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AABBSSTTRRAACCTT  
 
Polyaniline nanocomposites doped with poly(vinylsulphonate) (PV-SO3

−) and nano-

structured polystyrene (PSNP) latex beads functionalized with amine (PSNP-NH2) and 

sulphate (PSNP-OSO3
−) were prepared and characterised for use as nitrite electro-catalytic 

chemosensors and ochratoxin A immunosensors. The resultant polyaniline electro-

catalytic chemosensors (PANI, PANI|PSNP-NH2 or PANI|PSNP-OSO3
−) were 

characterized by cyclic voltammetry (CV), ultraviolet-visible (UV-Vis) spectroscopy and 

scanning electron microscopy (SEM). Brown-Anson analysis of the multi-scan rate CV 

responses of the various PANI films gave surface concentrations in the order of 10−8 

mol/cm. UV-vis spectra of the PANI films dissolved in dimethyl sulphoxide showed 

typical strong absorbance maxima at 480 and 740 nm associated with benzenoid -* 

transition and quinoid excitons of polyaniline, respectively. The SEM images of the 

PANI nanocomposite films showed cauliflower-like structures that were <100 nm in 

diameter. When applied as electrochemical nitrite sensors, sensitivity values of 60, 40 

and 30 µA/mM with corresponding limits of detection of 7.4, 9.2 and 38.2 µM NO2
−, 

were obtained for electrodes, PANI|PSNP-NH2, PANI and PANI|PSNP-SO3
−, respectively. 

Immobilisation of ochratoxin A antibody onto PANI|PSNP-NH2, PANI and PANI|PSNP-

SO3
- resulted in the fabrication of immunosensors. A 2-D gel electrophoresis of 

ochratoxin A antibody (anti-OTA) gave an isoelectric point (pI) value of 6.2 which made 

electro-deposition of the antibody by oxidation onto the PANI films possible. 

Impedimetric immunosensors for ochratoxin A (OTA), PANI|anti-OTA, PANI|PSNP-

NH2|anti-OTA and PANI|PSNP-OSO3
-|anti-OTA, were characterised and their responses 

to standard OTA solutions calibrated at pH 7.2. The surface morphology of the three 
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PANI platforms conditioned in buffer was characterised by SEM and atomic force 

microscopy (AFM). Nanocauliflower aggregates of <100 nm were observed under both 

surface techniques. Absorbance of ochratoxin A antigen in UV-vis was observed at 330 

and 390 nm due to the presence of phenolic species within the ochratoxin A structure. A 

reduction in absorbance values in the presence of antibody confirmed binding of OTA 

antigen-antibody. The limit of detection and sensitivity of the OTA immunosensors were 

calculated to be 7, 10 and 12 pg/kg and 400, 563 and 819 kΩ L/ng, for PANI|PSNP-

NH2|anti-OTA, PANI|anti-OTA and PANI|PSNP-OSO3
-|anti-OTA, respectively. The 

European Commission limit for OTA in roasted coffee and cereals is 5 µg/kg. Sensitivity 

of ELISA was 5 pg/kg with the limit of detection at 2 ppt making the use of ELISA 

appropriate in validating the fabricated PANI ochratoxin A immunosensors. Results of 

the immunosensors in detecting OTA in certified reference materials were comparably 

with ELISA results and vendor specification.  
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CHAPTER 1 

INTRODUCTION 

This chapter gives a brief background on sensors, project’s rationale and motivation, aim 

and specific objectives and also the thesis outline. 

1.1 Background 

Sensors are devices that measure physical quantities and convert them into signals which 

can be read by an observer or instrument. These sensor devices include the control and 

processing electronics, software and inter-connection networks. In living organisms, 

biological sensors in the form of specialized cells have functions similar to those of 

mechanical devices applied in machines, cars, aerospace and robotics. Sensors can 

therefore provide information on the physical, chemical and biological environment. The 

physical sensors measure parameters such as distance, mass, temperature and pressure. 

Chemical sensors measure chemical substances by chemical or physical responses and 

the final type of sensors are biosensors. These measure chemical substances by using a 

biological sensing element. (Bio)chemical sensors are used to improve point-of-care 

diagnostics in medical applications, monitor environmental pollution. These sensors 

provide compact, fast, low power, and sensitive tools for quality and process control in 

industrial applications, as well as improve or implement warfare threat detection and 

security1. With the heightened level of awareness for pathogenic organisms and toxin 

detection in respect to bio-safety and bio-security, the field of pathogen analysis has 
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expanded tremendously in the last few years with applications not only being confined to 

medical diagnostics but also to environmental control and food safety2.  

 

In recent years, research in the field of sensors has expanded exponentially in terms of 

financial investment, published literature and number of active researchers3. Advances in 

the medical or diagnostic test market and escalating use of sensors in large-scale 

industrial and environmental applications are driving the market for chemical sensors and 

biosensors4-7. The global market for sensors in consumer electronics was expected to 

grow from $10,221 million in 2009 to $22,190 million in 20158.  The number of 

published literature for sensors between 1995 and 2010 was 83 489 as reported by the ISI 

Thomson Scientific Web of Knowledge9. Of these, chemical sensors were 10 570, while 

3 467 were biosensors and the rest comprised physical sensors. The last 5 years has seen 

a 50% increase in the number of these publications. 

 

Sensor devices have been made from classical semiconductors, solid electrolytes, 

insulators, metals and catalytic materials. Since the chemical and physical properties of 

polymers may be tailored by the chemist for particular needs, polymers have gained 

importance in the construction of these sensor devices. Better selectivity, fast response 

and miniaturization have been achieved by replacing classical sensor materials with 

polymers exploiting either the intrinsic or extrinsic functions of polymers and 

immobilizing different biological materials on the polymers. This has given polymers 

tremendous recognition in the field of artificial sensors for mimicking natural sensing 

organs4, 6, 10. Conducting polymers are used as coating materials on electrode surfaces 
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while non-conducting polymers may be used for immobilization of specific receptor 

agents on sensor devices. Since the fabrication of the first biosensor by Leland Clark in 

1956 for oxygen sensing, the demand and application of sensors has increased 

tremendously over the years6. Due to their chemical and physical properties, polymers 

may be tailored to display a wide range of characteristics explaining why their use is 

finding a permanent place in sensor technology. These polymers are used in sensor 

devices in health care, food industries and environmental monitoring to mention but a 

few. They can either participate as sensing mechanisms or immobilize the component 

responsible for sensing an analyte.  

 

Understanding the polymer structure, morphology, adhesion properties and 

microenvironment is important in the design of a robust and stable sensor as these affect 

sensor performance11. Polymers belonging to polyenes and polyaromatics have been 

studied extensively in sensing applications3. Polyaniline (PANI) is the oldest conductive 

polymer known and was first prepared in 1862. PANI has generated much interest due to 

its wide range of conductivity from the insulating to metallic regime, unique redox turn-

ability, good environmental stability, low cost and ease of synthesis12. Advantages of 

utilizing polyaniline-coated electrodes in sensors are impressive signal amplification and 

elimination of electrode fouling13. The quest for suitable immobilization materials has 

become the challenge of electrochemists in designing highly sensitive, biocompatible 

sensors14.  
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1.2 Rationale and motivation 

In chemical detection systems, the problem of selectivity, particularly at the low analyte 

concentrations is of paramount importance and the development of sensors, which are 

highly selective and easy to handle is a possible solution to this problem. Conducting 

polymers have enough scope for the development of various sensors. In this project, 

polyaniline and its nano-composites are explored and applied in development of suitable 

chemical and biological sensors for nitrite and ochratoxin A, respectively. The 

determination of nitrite is of significance due to its important role in environmental 

process and its toxicity and suspected carcinogenicity in human body15. Trace levels of 

Ochratoxin A have shown toxic properties in human beings and animals including sever 

nephrotoxic, neurotoxic, carcinogenic, immunosuppressive and estrogenic effects16, 17.  

1.3 Aim  

To prepare polystyrene template based nanocomposite polyaniline structures on 

electrodes to be applied as chemosensor and immunosensors in detection of an 

environmental pollutant and a food contaminant. 

1.3.1 Specific objectives 

 

i. To electrochemically polymerise poly(vinylsulphonate) (PV-SO3
-) doped aniline. 

ii.  To prepare amine- and sulphate-modified polystyrene latex bead template based 

polyaniline nanocomposites on screen printed carbon and glassy carbon and 

platinum working electrodes.  
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iii. To study the morphology of polyaniline, polyaniline-polystyrene nanocomposites 

on screen-printed carbon paste electrodes using scanning electron microscope 

(SEM) and atomic force microscope (AFM). 

iv. To apply to polyaniline-polystyrene modified glassy carbon electrodes in 

detection of nitrite ions by amperometry. 

v. To immobilise ochratoxin A antibody on the polyaniline amd polyaniline 

nanocomposite electrodes. 

vi. To characterize ochratoxin A immunosensors by electrochemical impendence 

spectroscopy 

vii. To apply of the PANI immunosensors in the analysis of certified food extracts. 

 

1.4 Thesis lay-out 

This thesis consists of seven chapters. 

Chapter 1 presents a brief background, motivation, thesis statement and research aim and 

objectives. 

Chapter 2 introduces the scope of the literature review. 

Chapter 3 is on the experimental. It consists of a general section that explains procedures 

common to the work in general, and those peculiar to each milestone covered. The 

chapter also features the list of materials and procedures used.  

Chapter 4 and 5 results and discussions of nitrite and ochratoxin A detection on PANI 

and the PANI|PSNP, respectively.  

Chapter 6 is the conclusions, recommendations and future work. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

The main focus of this chapter is a review of polyaniline, a conducting polymer, its 

synthesis in the presence of a dopant, poly(vinylsulphonate) and layer by layer deposition 

of nano-structured polystyrene (PSNP) latex beads functionalized with amine (PSNP-NH2) 

and sulphate (PSNP-OSO3
-) to form nanocomposites. Occurrence and method of detection 

of nitrite and ochratoxin A analytes are also presented. The structure of antibody and 

immobilization techniques will also be investigated.  

 

2.1 Conducting polymers 

 

Polymers form an integral part of our existence. From the basic building blocks of life 

constituting of proteins, nucleic acids and polysaccharides, to commercial products 

obtained in automobile and construction industries and households1. Most of these 

materials are a combination of one or more of these materials to form polymer 

composites. Naturally occurring polymer composites such as bone, teeth and wood, 

possess a unique combination of material properties and a broad spectrum of applications 

which the constituents alone cannot offer. Early investigations used conductive filler 

materials such as carbon black, graphite fibres, or metal particles for preparation of 

composite materials. Scientists from many disciplines are now combining expertise to 

study organic solids that exhibit remarkable conducting properties2. A large number of 
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organic compounds which effectively transport charge are roughly divided into three 

groups, that is, charge transfer complexes or ion radical salts3-6, organometallic species7-10 

and conjugated organic polymers2, 11-16. However, the traditional role of polymers as 

electric insulators is being discarded as they are now taking charge as conductors with a 

range of novel applications. They have a wide range of potential applications in areas 

such as rechargeable batteries, light emitting diodes (LED), electrochromic display 

devices, gas separation membranes, electromagnetic interference (EMI) shielding, 

sensors and molecular electronic devices14 as shown in Figure 2.1.  

 
 
 
 
 
 

 
 

   

 

 

 

 

 

 

Figure 2.1: Applications of conducting polymers. 

 

Since their discovery in the mid-1970s, research into conducting polymers has supported 

the industrial development of conducting polymer products and provided the fundamental 
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understanding of the chemistry, physics and material science of these polymers17. 

Research on polypyrrole dates back to the 1960s, but little was understood about the 

polymer at the time and this discovery was essentially lost2. The impact of conducting 

polymers on science was recognized in 2000 by the awarding of the Nobel Prize for 

Chemistry to the three discoverers of conducting polymers: Alan MacDiarmid, Alan 

Heeger, and Hideki Shirakawa. In 1977, they reported a 10 million-fold increase in the 

conductivity of polyacetylene doped with iodine18. Polyacetylene was therefore the first 

inherently conductive polymer to be recognized. Although it is a non-cyclic polyene, 

polyacetylene is still one of the most studied polymers in this field; it has significant 

limitations, such as, difficulty with processing and high instability in air. However, unlike 

polyacetylene, polyphenylenes, cyclic polyenes, are known to be thermally stable as a 

result of their aromaticity. These polymers are conducting due to an extended -

conjugation along the polymer backbone18, 19. Their structure contains a one-dimensional 

organic backbone based on the alternation of single and double bonded sp2 hybridized 

atoms which endow the polymer with metal like semi-conductive properties. These 

enable -molecular orbitals to be formed for electronic conduction. However, in the 

neutral (undoped) state these polymers can only be semiconducting. The neutral polymer 

is converted into an ionic complex consisting of a polymeric cation or anion and a 

counter-ion which is the reduced form of the oxidizing agent or the oxidized form of the 

reducing agent, respectively20. Doping, p- or n-type, in conducting polymers refers to the 

oxidation or reduction of -electronic systems, respectively13. This doping can be 

effected chemically or electrochemically. In order to maintain electro-neutrality, doping 

requires incorporation of a counter-ion. The doped and undoped states have different 
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electronic, optical, physical, chemical and electrochemical aspects. Therefore, reversible 

interchange between the redox states in conducting polymers gives rise to the changes in 

its properties including polymer conformation, doping level, conductivity and colour. 

Electrons of -character can be easily removed or added to form a polymeric ion without 

much disruption of the -bonds which are primarily responsible for holding the polymer 

together. Unsaturated -bonded polymers also have small ionization potentials and large 

electron affinities. The electronic conductivity, a measure of electrical conduction and 

thus a measure of the ability of a material to pass a current, appears when the material is 

doped. Conductivity in conducting polymers is influenced by a variety of factors 

including polaron length, the conjugation length and overall chain length and by the 

charge transfer to adjacent molecules. Presented in Table 2.1 are structures, 

conductivities and type of doping of conducting polymers for polyaniline, polyacetylene, 

polypyrole, polythiophene and poly(para-phenylene) and their derivatives that have been 

studied extensively2, 17, 18, 20. Studies have demonstrated that planar conformation of the 

alternating double-bond system, which maximizes sideways overlap between the  

molecular orbitals, is critical for conductivity18. This -bonded system is further 

described in terms of electronic wave-functions that are delocalized over the entire chain. 

This delocalization allows charge mobility along the polymer backbone and between 

adjacent chains, but delocalization is limited by both disorder and Coulombic interactions 

between electrons and holes. Generally, materials with conductivities less than 10-8 S/cm 

are considered insulators, while those between 10-8 and 103 S/cm are semiconductors and 

those with conductivities greater than 103 S/cm are considered conductors. 
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Table 2.1: Conducting polymer structures 

 

The mechanism of conduction in conducting polymers is very complex because such 

materials exhibit conductivity across a range of about fifteen orders of magnitude and 

many involve different mechanisms within different regimes2. Conducting polymers 

show enhanced electrical conductivity by several orders of magnitude of doping. The 

concept of solitons, polarons and bipolarons has been used to explain the electronic 

phenomena in these systems20. 

Name Structure Conductivity 
(S/cm) 

Type of 
doping 

Polyacetylene 200-10 000    n,p 

Polypyrole 40-7500 p 

Polythiophene 

S

n

10-1000 p 

Poly(ethylenedioxythiophene) 10-600 n, p 

Poly(para-phenylene) 1000 n,p 

Poly(para-phenylene sulfide) 3-500 p 

Polyaniline 5-200 n,p 
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2.2 Synthesis of conducting polymers 

 

Various methods are available for the synthesis of conducting polymers2. However, the 

most widely used technique for the synthesis of conducting polymers is the oxidative 

coupling involving the oxidation of monomers to form a cation radical followed by the 

coupling to form di-cations and this repetition finally leads to formation of the polymer. 

Electrochemical synthesis is rapidly becoming the preferred general method of 

synthesizing conducting polymers because of its simplicity and reproducibility21. Other 

advantages of electrochemical polymerization reactions are that it can be carried out at 

room temperature and by varying either potential or current with time, the thickness of 

the film can be controlled. Electrochemical synthesis can be used to prepare free 

standing, homogenous and self doped films2. The electrochemical synthesis of 

conducting polymer is an electro-organic process rather than an organic electrochemical 

one. Emphasis is on the electrochemical process rather than organic synthesis. 

Electrochemical techniques employed in the polymerization of conducting polymers on 

the electrode surface are; pulse, galvanostatic, potentiostatic or sweeping techniques22. 

However, potentiodynamic techniques are preferred because of the homogenous film 

produced and strong adherence of the film to the electrode surface21. 

 

2.3 Synthesis of nanostructured conducting polymer  

 

Functionalized conducting polymer nanomaterials have been receiving great attention in 

nanoscience and nanotechnology because of their large surface area further increasing the 

merit of conducting polymers in designing and making novel sensors16. The specific 
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surface area of conducting polymers plays a key role in determining the sensitivity of a 

sensor. When a bulk polymer is used to construct a sensor, the response time is relatively 

long due to slow penetration of the target molecules into the conducting polymer often 

with an accompanying hysteretic effect23. In contrast, for a sensor constructed of 

conducting polymer nanostructures, the response time is expected to be significantly 

faster due to the porous structure of the nanomaterial. Hard- and soft-template methods 

have been widely used to synthesize conducting polymer nanostructures12, 24, 25. Basic 

concepts, advantages, and limitations are discussed as follows. 

 

2.3.1 Hard-template method 

 

A template-synthesis method was first explored by Martin’s group to prepare nanofibers 

or nanotubes and nanowires of conducting polymers26. In the hard-template method, a 

template membrane is required to guide the growth of the nanostructures within the pores 

or channels of the membrane as a hard-template, leading to completely controlled 

nanostructures in morphology and diameter, dominated by the pores or channels16. The 

advantages of the hard-template method include the fact that it is a general tool to prepare 

nanostructured materials that can be synthesized either chemically or electrochemically. 

The diameter of the nanostructure is controlled by the size of the pores or channels in the 

membrane, whereas the length and thickness of the nanostructure is usually adjusted by 

changing polymerization time. For these reasons, the hard-template method is the most 

commonly used and efficient approach for preparing well controlled and highly oriented 

nanostructures. However, one the disadvantages of the hard-template method include 
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complications in the removal of the membrane that can often destroy or disorder the 

formed nanostructures. Another disadvantage is that the quantity of the nanostructures 

produced by this method is limited by the size of the template membrane, therefore, 

limiting its applications in large-scale nanostructure production. 

 

The preparation of conducting polymer nanostructures by a hard-template method is 

carried out by either chemical or electrochemical polymerization. Chemical hard-

template synthesis is accomplished by simply immersing a membrane in a solution of the 

desired mixture of monomer, dopant, and oxidant, and then allowing monomer 

polymerization within the pores27, 28. By controlling the polymerization time, different 

types of nanostructures can be produced29. Short polymerization time periods lead to 

tubules with thin walls, while longer polymerizations can produce thick walled tubules or 

fibres. Compared to chemical hard-template method, the electrochemical hard-template 

method is more complex and expensive, but it is more controllable through changing 

current density, applied potential and polymerization time. On the other hand, large mass 

synthesis by the electrochemical hard-template method is impossible because of the 

limiting size of the membrane used as the template. The porous membrane is the basic 

and most important part of the hard-template method. Although alumina and 

polycarbonate membranes are commercially available, only a limited number of pore 

diameters are available. Martin’s group has synthesized polypyrrole (PPy), polyaniline 

(PANI) and polythiophene (PTh) nanostructures using alumina and polycarbonate as 

templates26, 28, 30. Other type of membranes, such as colloidal particles31-33, porous 

silicate34, mesoporous zeolites35 and carbon nanotubes36 have also been employed as the 

templates to prepare conducting polymer nanostructures.  
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2.3.2 Soft-template method 

 

Soft-template method also called template-free or self-assembly method, is a relatively 

simple, cheap, and powerful approach for fabricating conducting polymer nanostructures 

via a self-assembly process. Self-assembly is based on selective control of non-covalent 

interactions, such as hydrogen bonds, van der Waal forces, - stacking interaction, 

metal coordination and dispersive forces as the driving forces of self-assembly37. To date, 

surfactants, colloidal particles, structure-directing molecules, oligomers and colloids as 

soft-templates, as well as interfacial polymerization, have been employed to synthesize 

conducting polymer nanostructures.  

 

It must be noted that with the hard-template method, it is almost impossible to prepare 

complex micro-or nanostructures because of the limitations imposed by the porous 

morphology of the membrane used as the hard-template16. Three-dimensional (3-D) 

structures assembled from one-dimensional (1-D) conducting polymer nanostructures are 

required to provide high functionality and performance for technological applications. 

For a template-free method, formation, size and morphology are affected by the nature of 

the polymeric chain, the dopant and the oxidant, as well as the polymerization conditions. 

Therefore, with a combination of soft-templates and the molecular interactions as the 

driving forces 3-D nanostructures constructed via a self-assembly process have been 

prepared38-40. Based on this idea, the formation of perfectly ordered 3D polystyrene (PS) 

templates using the layer by layer deposition technique has been developed. 
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2.4 Layer-by-layer (LbL) deposition  

 

In order to prepare 3-D ordered macroporous PANI structures, close-packed assemblies 

of polystyrene latex beads as templates are used31. Layer-by-layer deposition is a 

technique based on the consecutive electrostatic adsorption of oppositely charged 

polyelectrolytes on a surface-charged particle41. LbL deposition is recognized as a low 

cost and environmentally friendly technology for surface functionalization of conducting 

polymers. The driving force of LbL deposition is mainly electrostatic in nature, thus, the 

resulting polymeric nanostructure are usually composed of polyelectrolytes. The 

dimensions of resulting polymeric nanostructures including, size, composition, thickness 

and uniformity, can therefore be easily controlled. Sodium salt of poly(styrene sulfonate) 

(PSS) is a widely used polyanion for LbL deposition38, 39, 42, 43. Using PSS as polyanions 

and poly(diallyldimethylammonium chloride) (PDDA) as polycations, sulphate- or 

amine-modified polystyrene (PS) core shell templates on bulk polyaniline, PANI|PS 

nanocomposites have been fabricated by alternating LbL deposition of PS-SO3
- and 

PDDA38-40. The thickness of polyelectrolyte shell in the nano-meter range can be 

precisely adjusted by controlling the adsorption time. 

 

2.4.1 Polystyrene latex beads 

 

Polystyrene (PS) latex beads are spherical amorphous polymer particles in the colloidal 

size range31, 44. The average molecular weight of the polymer chains in the particle is 

about 1x106 g for particles with diameter <100 nm and drops of about 2.4x105 g for larger 

 

 

 

 



 19

particles. A polystyrene chain is a linear hydrocarbon chain with a benzene ring attached 

to every second carbon atom. The aromatic rings control the way the chains coil, entangle 

and dominate the space. When a model of the particle surface is viewed, randomly 

stacked benzene rings are highly visible with an occasional chain end sticking out. 

Hence, the surface is very hydrophobic in character and provides for strong physical 

adsorption of molecular species with hydrophobic regions. Surfactants and protein 

molecules stick strongly by simple passive adsorption. Models of sulphate- and amine-

modified beads are shown in Figures 2.2 and 2.3.  

 

 

 

 

Figure 2.2: Structure of sulphate-modified polystyrene latex beads (PSNP-OSO3
-).  

 

Well-separated monovalent sulphate and amine groups occupy 5-10% of the bead, while 

the remaining 90-95% of the surface is hydrophobic and is made up of stacked benzene 

rings of the polystyrene.  

 

 

 

 

 

 

 

 



 20

 

 

 

  

Figure 2.3: Chemical structure of amine-modified polystyrene latex beads (PSNP-NH2). 

 

2.5 Electrocatalysis at conducting polymer electrodes  

 

During electrocatalytic conversion of solution species on conducting polymer modified 

electrodes, three processes can be considered45. The first process is a heterogeneous 

electron transfer between the electrode and a conducting polymer layer. This process is 

accompanied by the movement of charge compensating anions and solvent molecules 

within the conducting polymer film and possible conformational changes of polymer 

structure. The rate of this process is determined by many factors including, electric 

conductivity of a polymer layer, electron self-exchange rate between the chains and/or 

clusters of polymer and anion movement within polymer. The second process is the 

diffusion of solution species to the reaction zone, where the electro-catalytic conversion 

occurs. This process is more complicated in cases where electro-catalytic conversion 

occurs within the polymer film as compared to simple electrode reactions. In the 

diffusion process, the diffusion of species within the film, as well as the possible 

electrostatic interaction of the species with the polymer film should be taken into account. 

Finally, the third process is a chemical heterogeneous reaction that takes place between 
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solution species and conducting polymer. As a result of these complex processes, the 

kinetic behaviour and voltammetric responses are difficult to interpret and a great deal of 

attention has been paid to consider some simplified models. From both theoretical and 

practical points of view, the question on the location of electro-catalytic process is of 

primary interest. If the charge transfer within the layer of conducting polymer proceeds 

much faster than the mass transfer of reacting species and their electrochemical 

conversion, the electro-catalytic process should proceed at the outer conducting 

polymer|solution interface. However, if the opposite is the case, where mass transfer and 

electrochemical reaction proceed faster than the electron transfer in the conducting 

polymer, an electrocatalytic process occurs at the inner substrate electrode|conducting 

polymer interface. This is assuming permeability of a porous conducting polymer layer is 

sufficiently high enough to penetrate the reacting species and solution ions. In cases were 

both of above processes are occurring at a comparable rate, the electro-catalytic process 

is then located within the conducting polymer layer. The depth of the reaction zone 

within the conducting polymer layer will be determined by the balance between charge 

and mass transfer and also the rate of electro-catalytic conversion. It must be noted that 

the setback on the location of the electro-catalytic process is often considered as a 

question on whether the metal-like electro-catalysis is at a conducting polymer solution 

interface, or semiconductor-like electro-catalysis is either within the polymer layer, or at 

inner substrate electrode conducting polymer interface behaviour. Due to these electro-

catalytic properties, conducting polymers are used as transducers or as components of 

transducers.  
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2.6 Conducting polymers as transducers 

 

Many conducting polymers (CP) including polyaniline (PANI), polypyrole (PPy), 

polycarbazole and polyazines posses acidic or/and basic groups which can be protonated 

or deprotonated46. Strong and reversible influence of these oxidation/reduction, 

protonation/deprotonation and conformational changes on electrical and optical 

properties of conducting polymers make it possible for their use as transducers or as 

components of transducers.  

 

2.6.1 Conductometric and impedimetric transducers 

 

The conductivity change upon interaction with analytes is one of the mostly used 

transducing principles. Many processes that lead to changes in charge carrier density or 

mobility cause changes in conductivity. For instance, in conductometric gas sensors, an 

interaction of electron acceptors or donors with conducting polymers causes changes in 

the doping state of the polymer due to oxidation/reduction or protonation/deprotonation 

reactions, leading to changes in conductivity. Using this interaction, chemosensors for 

different gases were developed12, 46, 47. The change of charge carrier density due to 

protonation/deprotonation of CP is used not only in gas sensors for acidic/basic gases, but 

also in conductometric pH. The main principle in conductive transducers in enzymatic 

biosensors involve pH changes as well as modification of the redox state of conducting 

polymers induced by substrates, products or intermediates of enzymatic reactions48, 49. 

However in most cases, a simple two-point conductivity measurement on a chemoresistor 
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device is used46. The less used four-point conductivity measurement technique can 

provide a higher sensitivity, especially for highly conducting polymers or essential 

contribution of polymer/contact resistance into the value measured by two-point 

configuration50, 51. This technique was modified by combining the two- and four-point 

techniques for simultaneous measurements and was named as s2446, 52.This approach 

provides new analytical possibilities46. In cases were low conductivity of CP, as is typical 

for bioanalytical applications (neutral pH, modest oxidation potential), transversal 

resistance measurements between electrode coated by CP and an electrode in the solution 

are used53. Impedance spectroscopy has a number of advantages because of irreversible 

effects of applied electrical potential on CP46. 

 

2. 6.2 Potentiometric transducers 

 

In potentiometric transducers, the conducting polymer is deposited directly on the solid 

surface of metal or graphite. This configuration resembles ion-selective electrodes with 

polymer membrane without inner solution46. However, electrochemical activity of the 

conducting polymer results in interference of ionic and electronic equilibrium on the 

interface with electrolyte. This may lead to a strong interference in the presence of redox 

active compounds. 
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2.6.3 Voltammetric and amperometric transducers 

 

Voltammetric and amperometric transducers based on conducting polymers are used for 

detection of current caused by either electro-catalysis or by ion flux into or from 

conducting polymer during its oxidation or reduction38, 40, 53. Differences in redox 

behavior and specific chemical interactions allow one to get required selectivity for 

several particular analytes. The advantage of conducting polymer modified electrodes 

over conventional metal or glassy carbon electrodes is provided by the electro-catalytic 

ability of some conducting polymers. This often leads to better separation of oxidation or 

reduction peaks of the different analytes in voltammograms. The compounds are oxidized 

via electron transfer from the analytes to the oxidized polymer units. This process can be 

monitored by measuring the current of re-oxidation of the reduced polymer units. High 

selectivity in electro-catalysis can be achieved by incorporation of enzymes into polymer 

matrix. Such conducting polymer modified transducers with oxidases or peroxidases are 

used in amperometric biosensors46, 54, 55. The electron transfer from enzyme to electrode 

is realized by mediators immobilized in the conducting polymer matrix, and in some 

cases the conducting polymer itself can play the role as a mediator.  

 

2.6.4 Optical transducers 

 

Changes in the redox or protonation state of a conducting polymer can lead to a strong 

modification of its electronic band structure, therefore an interaction of analytes which 

oxidize/reduce or protonate/deprotonate conducting polymer can be measured by 
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ultraviolet-visible spectroscopy. This UV-visible property has been used in chemical 

sensors56, 57. More sensitive detection of optical changes in conducting polymer can be 

realized by application of surface plasmon resonance (SPR). The measurable parameter is 

in this case either refractive index or optical absorbance at a particular wavelength. This 

approach was used to detect changes in ultra-thin films of conducting polymer upon 

interaction with different analytes56, 57. Alternatively, Raman spectroscopy can be used 

for transducing58. Modification of the optical properties of conducting polymer due to 

analyte binding can be detected also by fluorescence measurements. However detection 

schemes based on energy transfer are more typical. Intrinsic fluorescence of some 

polymers caused by backbone units or a fluorescence of fluorophores introduced into the 

polymer can be used. Fluorescence changes can be induced by modification of self-

quenching effects by interaction with analyte or by quenching of polymer fluorescence by 

analyte46, 59, 60. 

 

2.7 Polyaniline 

 

Polyaniline is one of the oldest conductive polymers known21. The polyaniline family of 

conjugated polymers is of much interest worldwide because of its unique conduction 

mechanism and good environmental stability in the presence of oxygen and water15, 61, 62. 

Polyaniline is a dark-green precipitate that is an oxidative polymeric product of aniline 

under acidic conditions. It was first prepared by Letheby in 1862 by anodic oxidation of 

aniline in sulphuric acid and described as existing in four different states, each of which 

was an octamer14. It soon became known as aniline black21. The polymer is phenylene-
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based with imine group in a polymer chain flanked each side by a phenylene ring. The 

base forms of polyaniline contain only N-C and C-C covalent aromatic bonds as shown in 

Figure 2.463. 
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Figure 2.4: Polyaniline base. 

 

The terms “leucoemeraldine”, “emeraldine” and “pernigraniline” refer to the different 

oxidation states of the polyaniline. The base form of polyaniline consists of alternating 

reduced and oxidized repeated units. The presence of both the reduced and oxidised form, 

as shown in Figure 2.4 is referred to as the emeraldine base. The leucoemeraldine is the 

reduced state and the pernigraniline is the oxidised state of polyaniline and these are 

shown in Figure 2.5. 
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Figure 2.5: The reduced (leucoemeraldine) and oxidized (pernigraniline) forms of 

emeradine base. 
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Polyaniline can be prepared by either chemical or electrochemical oxidation of aniline 

under acidic conditions. The electrochemical method of polymerization is preferred 

because of its thin films and better-ordered polymers. The best films are reported to be 

produced in electrochemical techniques that employ the three electrode system in a cell, 

that is, working, counter and reference electrodes21. In principle, the imine nitrogen atoms 

can be protonated in whole or in part to give the corresponding salts. The degree of 

protonation of the polymeric base will depend on its oxidation state and on the pH of the 

aqueous acid. This protonated form of polyaniline is electronically conducting and the 

magnitude of increase in its conductivity is a function of the level of protonation21. The 

mechanism for the electrochemical polymerisation of aniline into polyaniline is shown in 

Scheme 2.1. 

 

2.8 Electropolymerisation of aniline 

 

The preparation of PANI-modified electrodes with the electropolymerisation method 

offers the potential to incorporate a wide range of dopants64. Desirable conductivity, 

optical and mechanical properties of the PANI film is controlled by doping the polymer 

by various chemical agents and blending with conventional polymer matrixes65, 66. The 

concept of doping implies the use of chemical agents that directly interact with the 

polymer chain. The functional group present in the doping acid, its structure and 

orientation plays an important role in solubilising a conducting form of polyaniline. The 

electrochemical oxidation of aniline followed by protonic doping has been reported for 

obtaining the polymer in conducting form67, 68.  
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Scheme 2.1: Mechanism for electrochemical polymerisation of aniline in acidic medium.  

 

Non-redox doping of polyaniline by protonic acids is an important aspect as a number of 

electrons in the polymer chain remain unchanged during the doping process while all the 

hetero atoms, in this case nitrogen, become protonated21. Electrochemical polymerisation 

is a radical combination reaction and is diffusion controlled. The radicals generated thus 

diffuse together and react faster than they can diffuse away from the electrode vicinity. 

An acid’s dissociation constant (pKa) is also an important aspect of polyaniline synthesis. 

The polyaniline protonation equilibrium exclusively involves the quinine diamine 
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segment having two imine nitrogen with pKa1 =1.05 and pKa2 =2.55. A suitable acid 

dopant should have a pKa value within this range. Anilinium ion has a pKa of 4.60 and 

acids with pKa values around that of anilinium ion would be suitable as solvents if they 

have liquid or can be used to prevent over-oxidation of polyaniline. The incorporation of 

polyelectrolytes is interesting in that, it is possible to form structures with high water 

content or are water soluble. The multifunctional nature of polyelectrolytes such as, 

poly(vinylsulphoic) acid also facilitates incorporation of electroactive groups into a 

polymer matrix69. However, it has been shown that some compounds that are not 

primarily dopants for PANI, can substantially improve conductivity of PANI films. These 

findings have led to the recognition of the fact that high conductivity of PANI films can 

be reached not only due to chemical doping of the polymer, but also due to suitable 

conformations of the polymer chains yielding specific morphology of the films70, 71. 

Therefore, both doping and processing of polyaniline films are needed to induce chemical 

and conformational changes of the polymer and to obtain highly conductive films, 

respectively. Polymerisation routes involving the use of templates have significantly 

improved the processability of polyaniline72. Initiating the polymerisation by first 

electrostatically complexing the aniline monomer to a polyelectrolyte template inherently 

minimizes the parasitic branching and promotes a more para-directed, head-to-tail 

polymerisation of aniline. A polyelectrolyte also helps to emulsify the monomer 

molecules prior to the polymerisation and provide counter ions for charge compensation 

in the doped polyaniline.  
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Doped PANI copolymer nanostructured networks have been electrochemically 

prepared73. However, compared with the template method, these template-free methods 

cannot precisely control the structure and morphology of the prepared PANI 

nanomaterial. Hence, template assisted synthesis is more promising in designing 

nanostructured PANI. The insertion of organic host material by intercalation technique 

has resulted in the preparation of nanocomposite materials74. Polyaniline-coated 

transducers have been found to be very useful as sensors due to the signal amplification 

characteristics of PANI and the elimination of electrode fouling15, 38, 40. Nanoparticles 

embedded in polymeric materials have been widely studied75. The layer-by-layer 

assembly (LbL), invented by Decher, as discussed in Section 2.4, is one of the most 

promising bottom-up assembly methods of thin film deposition76 77. 

 

2.9 Template synthesis of polyaniline 

 

One of the most effective and simple techniques of nanostructure formation is template 

synthesis as discussed in Section 2.3. The template method has been used for both 

chemical and electrochemical polymerization in order to obtain conducting polymer 

nanotubes38-40, 55, 64, 78. Template-based methods have attracted great attention as a viable 

technology enabling manipulation of length and diameter of PANI nanowires 28, 79, 80. 

One of the interesting and useful features of this method is its effectiveness in the 

preparation of one-dimensional microstructured or nanostructured PANI with a 

controllable diameter, length and orientation81. However, the disadvantages of the 

method are that a tedious post-synthesis process is required in order to remove the 

 

 

 

 



 31

templates and the nanostructured PANI may be destroyed or form undesirable aggregates 

after they are released from the templates82, 83. Polystyrene (PS) latex beads are functional 

polymer materials, which have many admirable properties such as biocompatibility, non-

toxicity, high surface area and chemical inertness84. Taking into account the advantages 

of PS and PANI, core-shell nanocomposites have been fabricated and applied as nitrite 

chemosensors, hydrogen peroxide biosensor38, 40 and immunosensors13, 18, 84. 

 

2.10 Nitrite: Occurrence and health effects  

Nitrite ion is found in soil, water, food and physiological systems85, and its determination 

is very important due to its role in environmental processes and its toxicity in humans86. 

In the environment, nitrites are active intermediate species in the nitrogen cycle (Figure 

2.6) in which they are formed during the oxidation of ammonia or reduction of nitrates87. 

One of the principal sources of nitrite is rainwater which can be a scavenger of soluble 

components from the atmosphere and thus can be a useful index of atmospheric pollution. 

Unpolluted rainwater is slightly acidic due to the absorption of CO2. Rainwater chemistry 

plays an important role in defining the level of acid deposition, anthropogenic activities 

and the state of biogeochemical cycle. Anthropogenic activities release acidic gases such 

as SO2 and NOx and basic gases like NH3 into the atmosphere. In the human body, 

nitrites combine with blood pigments to produce met-haemoglobin88 which does not 

transport oxygen to the tissues. It may also combine in the digestive tract with amines and 

amides to produce highly carcinogenic N-nitrosamine compounds89. 
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Figure 2.6: Nitrogen cycle90. 

 

2.10.1 Methods of nitrite detection 

 

Analytical techniques such as, chromatography91, spectrophotometry92, 93, capillary 

electrophoresis94 and electrochemistry95, 96 have been used to determine the nitrite content 

in environmental and physiological samples. Electrochemical sensors have been found 

very useful in nitrite determination due to their high sensitivity, relatively good 

selectivity and fast response time97. In acidic medium, amperometric techniques for 
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nitrite detection based on nitrite reduction are favoured more than that involving nitrite 

oxidation due to the high over-potential necessary for nitrite oxidation98. The high over-

potential tends to attract interference from co-existing substances. Apart from the fouling 

of the electrode surface96, denaturation of enzymes and slow removal of modifiers from 

the sensors’ surface99 are also some of the drawbacks in using the amperometric 

oxidative techniques. Nanomaterials have found broad applications in analytical 

chemistry64, 83 including the determination of nitrite in environmental samples, due to 

their high surface area-to-volume ratio and enhanced catalytic activity100. Nitrite 

detection methods have been reviewed by Moorcroft et al.101 Nitrite concentrations of the 

order of 10-4M have been detected on sulphamic-doped PANI102. Determination of nitrite 

based on the reduction of nitrite on nano-structured polystyrene (PSNP) latex beads 

functionalized with amine (PSNP-NH2) and sulphate (PSNP-OSO3
−) self-assembled on the 

modified PANI doped with polyvinyl sulphonate PV-SO3
− have been reported38, 40. In 

Chapter Four of this thesis, electro-catalytic determination of nitrite in standard solutions 

and in rainwater samples with electrode systems containing PANI, PANI|PSNP-NH2 and 

PANI|PSNP-OSO3
− nanomaterials will be reported40. Major cations and anions found in 

rainwater were also studied as potential interferences in nitrite determination. 

 

2.11 Mycotoxin 

 

Mycotoxins are secondary metabolites mainly produced by various mycelia structures of 

filamentous fungi growing on a wide range of agricultural commodities. The term 

“myco” in mycotoxin comes from the Greek word, mykes and it refers to fungus103. Some 
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fungi are capable of producing more than one mycotoxin and some mycotoxins are 

produced by more than one fungal species104. These mycotoxin compounds are acutely 

toxic to humans and animals105.  

 

2.11.1 Occurrence and health effects of mycotoxins 

 

Evidence of mycotoxicoses, an illness due to mycotoxins can be traced back to the 

ancient times and the middle ages. During the World War II, many Russians died after 

having eaten grain poorly stored and highly contaminated grains with mycotoxins105. 

However, it was only after 1960 that mycotoxins were identified as potential health 

hazards when 100 000 turkeys in the UK, died from an acute necrosis of the liver after 

consuming mycotoxin infected groundnuts106. Toxic properties of mycotoxins in human 

beings and animals include severe nephrotoxic, neurotoxic, carcinogenic, 

immunosuppressive and estrogenic effects. Intake of trace amounts of mycotoxins may 

result in mild conditions of reduced feed intake in animals and diarrhoea in humans. Over 

two hundred different mycotoxin species have been discovered so far. They exhibit a 

great structural diversity. Most of them also offer considerable thermal and chemical 

stability. They cannot or can only be partly removed by food processing or by other 

suitable decontamination procedures106. Mycotoxins of great agro-economic importance 

include aflatoxins, trichothecenes, zearelenone, ochratoxins, fumonisins, ergot alkaloids, 

putalin and cyclopiasonic104, 107. 
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2.11.2 Ochratoxin A 

 

Ochratoxin represents a group of mycotoxins produced by several Aspergillus and 

Penicillium species106, 108. The three types of ochratoxin; ochratoxin A, B and C (OTA, 

OTB and OTC) all have a polyketide-derived dihydroisocoumarin moiety linked via a 7-

carboxy group to ʟ-β-phenylalanine by an amide bond in common as shown in Scheme 

2.2. Ochratoxin A (OTA) is the most important one among the ochratoxins as it is 

distinctly more toxic and prevalent than OTB due to its chlorine atom and it is rapidly 

formed in vivo from OTC, an ethyl ester of OTA. OTA has weak acidic properties with 

pKa values in the ranges of 4.2-4.4 and 7.0-7.3, respectively, for the carboxyl group of the 

phenylalanine moiety and phenolic hydroxyl group of the isocoumarin part109. Two 

ionizable moieties of OTA, monoanion (OTA-) and dianion (OTA2-) are present at neutral 

pH at the pKas of the carboxyl and phenol groups in OTA. The presence of ochratoxin A 

depends on climatic and storage conditions110. Its diversity in nature is due to the facility 

of OTA-producing filamentous fungi, Aspergillus ochraceus and Penicillium 

verrucosum, to grow on a wide range of substrates under varying climatic and storage 

conditions111. High temperatures, moisture and unseasonal rains during harvest and flash 

floods lead to fungal proliferation and production of ochatoxin A. Poor harvesting  
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Scheme 2.2: In vivo metabolism of ochratoxin A and structures of other ochratoxins. 

 

practice, improper storage and less than optimal conditions during transportation, 

marketing and processing can also contribute to fungal growth and increase the risk of  

OH 
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mycotoxin production. These climatic conditions and food production chains are 

characteristic of- most parts of Africa, including South Africa 112, 113. 

 

Ochratoxin A is a stable molecule able to resist most food processing steps114. It is a 

common contaminant in improperly stored foods such as cereals, coffee beans, cocoa, 

milk, beer, wine, grape juice, spices and dried fruits108, 110, 115. The Food and Agricultural 

Organization (FAO) of the United Nations estimated that up to 25% of the world's food 

crops are significantly contaminated with mycotoxins 113, 116. The toxin is potently 

nephrotoxic, tetratogenic and an immuno-suppressive agent that has been considered by 

the International Agency for Research on Cancer (IARC) to be a group 2B potential 

carcinogen for humans117, 118. Bioaccumulation due to contaminated food has resulted in 

the detection of OTA in eggs, porcine liver, kidney, muscle and blood. Ochratoxin A has 

a 35-day half-life time required for its elimination. It has been found in blood and breast 

milk of people exposed to contaminated products. Toxicological studies show that upon 

adsorption from the gastrointestinal tract, OTA can easily reach the bloodstream and 

completely bind to serum proteins108. Re-adsorption of OTA from the intestine back to 

circulation, as a result of biliary recycling of blood, favours the systematic re-distribution 

of OTA towards different tissues. Kidney and liver are the most susceptible organs to 

OTA. Its accumulation in the kidneys can cause both acute and chronic lesions by 

induction of a defect in the anion transport mechanism115. Ochratoxin A is suspected to 

cause Balkan endemic nephropathy (BEN), a progressive nephritis occurring in 

populations from south-eastern Europe. Ochratoxin A also affects the immune system of 

many mammalian species and it is a genotoxic, tetragenic, myelotoxic, carcinogen and 
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possibly a neurotoxic agent to several animal species. In terms of OTA genotoxicity, the 

toxin promotes oxidative stress119, 120, oxidative damage120 and single strand 

deoxyribonucleic acid (DNA) cleavage through production of reactive oxygen species121. 

Redox-active transition metals facilitate oxidative DNA strand scission in the presence of 

copper without the aid of an external reducing agent122. The toxicity of OTA is therefore 

related to its ability to inhibit protein synthesis by competing with phenylalanine in the 

reaction catalyzed by phenylalanyl-tRNA synthetase and other systems requiring this 

amino acid123. However, ochratoxin A is rapidly metabolised in ruminants to non-toxic 

ochratoxin α and to a small degree, 4- and 10- hydroxyl OTA106
. 

 

2.11.3 Methods of ochratoxin A detection 

 

Persistence of mycotoxins in the food chain has prompted adoption of regulatory limits in 

several countries, which in turn require the development of validated official analytical 

methods for rapid, cost effective, sensitive and accurate screening of mycotoxins in 

different matrices124, 125. In Africa, the presence of mycotoxins in food is often 

overlooked due to public ignorance about their existence, lack of regulatory mechanisms, 

dumping of food products and introduction of contaminated commodities into the human 

food chain during chronic food shortage due to drought, wars, political and economic 

instability126-130. International enquiries on existing mycotoxin legislation in foodstuff and 

animal feeding stuff have been carried out and details on tolerances, official protocols of 

analysis and sampling have been published131-134. Due to these findings, many countries 

have set limits on OTA levels in food, typically between 1 and 10 ppb depending on the 
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type and quality of the food stuff131. However, these regulations require accurate and 

suitable methods of detection and quantification. Research studies have been conducted 

to develop appropriate methods for the detection of OTA in food and feed samples114. 

Traditional methods include gas chromatography, thin layer chromatography, capillary 

electrophoresis and high-performance liquid chromatography. Due to the strong native 

fluorescence activity of ochratoxin, high performance liquid chromatography coupled to 

a fluorescent detector (HPLC-FL) has been established as the preferred routine analysis 

technique for OTA, OTB and OTC and their metabolites. It offers better selectivity and 

sensitivity compared to other detectors. Other analytical methods available for 

mycotoxins determination include thin-layer chromatography (TLC), gas 

chromatography (GC) and enzyme-linked immunosorbent assay (ELISA)124. TLC is not 

ideal as a technique due to its comparably low sensitivity towards trace levels (ppb range) 

of OTA. GC-based methods suffer from a time-consuming and error prone methylation 

derivatisation protocol needed to achieve sufficient volatility of the analytes. However, 

more recently, there has been a tendency for the use of less costly techniques and a 

reduction in use of organic solvents since they result in high ecological costs. Even 

though ELISA assays have shown to be extremely suitable for rapid screening of large 

sample numbers, possible cross-reactivities with matrix components make confirmation 

by other techniques highly desirable to avoid false positive results or inaccurate and 

overestimated quantitative data106, 109. Owing to their high sensitivity, good specificity, 

and less dependence on sample cleanup, electrochemical sensors have also been 

developed for fast and effective screening of OTA in foodstuffs. Among these 

electrochemical sensors, immunological procedures seem most promising due to their 
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low cost, compatibility with miniaturization and portability, high sensitivity and low 

endogenous background135. Immunosensors also have the added advantage of analysing 

samples without need for intensive sample pre-treatment.  

 

Electrochemical immunosensors are used extensively for the direct detection of antibody-

antigen interactions. Various kinds of immunosensors including optical waveguide 

lightmode spectroscopy (OWLS)136, fluorescent biosensor arrays, electrochemical125 and 

impedimetric immunosensors137 have been developed for clinical and environmental 

purposes as a result of the possibility of generating a large number of antigens for the 

analysis of numerous chemical species125, 138. Their main advantages are that they are 

non-invasive and require little sample pre-treatment53. Electrochemical techniques such 

as voltammetry and impedance have been successfully used in the detection and 

determination of various biological compounds due to their high sensitivity. Since, 

electrochemical immunosensors are concerned with the formation of a recognition 

complex between the sensing biomaterial and the analyte under investigation in a 

monolayer or thin-film configuration on an electronic transducer, the formation of a 

complex on a conductive surface may alter the capacitance and the resistance at the 

surface-electrolyte interface139. This alteration can be exploited to determine 

concentration of the required analyte. Impedimetric immunosensors were chosen for this 

project due to their high stability and enhanced orientation137, 140. Impedance 

spectroscopy is a powerful tool for the characterisation of biological thin-films involved 

in the transduction of biomolecular interactions at electrode surfaces141. Kinetics and 

mechanisms of electron-transfer processes that correspond to the biocatalytic reaction 
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occurring at modified electrodes can also be derived from Faradaic impedance 

spectroscopy (FIS). Polyaniline has been successfully used for the immobilization of 

antibodies within the conducting thin-film at the electrode surface141-143. Sensor 

modification with neutravidin and biotin allowed site-specific coupling of the antibody to 

the polyaniline matrix. Electrochemical impendence spectroscopy was also used to 

measure the electro-activity of a TiO2-chitosan impedimetric immunosensors for 

ochratoxin A137. The matrix had free -NH2 and -OH groups due to a higher probability of 

hydrogen and covalent bonding between -OH group in chitosan molecules with Ti-O-Ti 

which supported immobilisation of rabbit antibodies (IgGs) and proteins. 

 

2.12 Biocomponents 

 

Biocomponents, which function as biochemical transducers can be enzymes, tissues, 

bacteria, yeast, antibodies or antigens, liposomes, organelles144, 145. Most of the biological 

molecules such as enzymes, receptors, antibodies and cells, have very short lifetimes in 

solution phase. Thus, they have to be fixed on a suitable matrix. The immobilization of 

the biological component against the environmental conditions results in decreased 

enzyme activity146. The activity of immobilized molecules depends upon surface area, 

porosity, hydrophilic character of immobilizing matrix, reaction conditions and the 

methodology chosen for immobilization. A number of techniques such as physical 

adsorption, cross-linking, gel entrapment and covalent coupling have been used to 

immobilize biological molecules in carrier materials2. Various matrices have been used 

for the immobilization of enzymes such as, membranes, gels, carbon, graphite, silica and 
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polymeric films147, 148. There is thus a great need to design electrodes that are compatible 

with the biological component that can lead to rapid electron transfer at the electrode 

surface. 

 

2.12.1 Antibodies 
 
 

Antibodies are ideal bio-recognition elements due to their exquisite specificities and 

strong affinities for cognate antigens. The antibody molecule has four polypeptide chains, 

two heavy (H) chains with molecular weights of 50 kDa and two light (L) chains (25 kDa 

molecular weight) linked by disulphide bonds as shown in Figure 2.7. The chains have 

both constant (C) and variable (V) regions. The H chain has one variable region (VH) that 

is responsible for antigen binding and three constant regions (CH1, CH2 and CH3).  

 

 

 

 

 

 

 

 

 

Figure 2.7: General structure of an antibody. 
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The light chain has one variable region (VL), which is an important part of the antigen-

binding site and one constant region (CL)149, 150. Antigen binding is mediated by the 

variable light (VL) and heavy (VH) domains which bring together the hyper-variable 

regions of the antibody, known as the complementarily determining regions (CDRs). The 

antibody constant regions are generally conserved with only small differences in 

sequence being found in the various antibody classes. In general, antibodies have 

positively charged amino acid residues on the outside due to a pI of 6.2151 and at neutral 

pH of 7, the antibody has a negative charge. Antibodies have numerous successful 

applications in the area of diagnostics with monoclonal and polyclonal antibodies being 

successfully exploited in many biosensors150. Polyclonal antibodies are derived from 

multiple plasma cells while monoclonal antibodies are derived from a single clonal 

hybridoma, all of which are terminally differentiated in response to an antigen. Some key 

parameters exist for antibodies in biosensor applications. These include sensitivity, 

selectivity, stability, immobilization, labelling and antibody size. Various chemical 

reactions have been applied to the immobilization of the antibody onto the solid 

surfaces152. Immobilization of biomolecules can either be by direct adsorption143 or by 

their incorporation into the polymer matrix during the growth of the latter53. Properly 

functionalized polymer precursors can create readily reactive polymer films to 

biomolecules bearing amino or carboxyl groups or to avidin-based conjugates53, 154. 

Linkage between the antibody and the solid phase material by glutaraldehyde, 

carbodiimide, succinimide ester, maleinimide and chitosan, have been developed. 

Albumin derivatized with aryldiazirines as a photolinker in photo-immobilization of 
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antibodies is applicable. Antibodies have to be properly immobilized on different types of 

immunosensing surfaces so as to improve reaction kinetic parameters152.  

 

2.13 Electrochemical biosensors 

 

A biosensor is an analytical device, which incorporates a biological recognition element 

in close proximity or integrated with a signal transducer to provide a sensing system 

specific to a target analyte2. Many different types of biosensors are presently available. 

However, all of them basically comprise a biological recognition element or bioreceptor, 

which interacts with the analyte and responds in a manner that can be detected by a 

transducer. The construction of biological assemblies on various conductive and semi-

conductive surfaces forms the basis of most electrochemical-based biosensors155. More 

than half of the biosensors reported in the literature involve the electrochemical detection 

method, that is, amperometric, potentiometric, capacitive and conductometric156-158. A 

number of investigators have reviewed the application of electrochemical impedance 

spectroscopy (EIS) in the development of biosensors at conductive and semi-conductive 

surfaces159-161. EIS provides important mechanistic information on adsorption by 

measuring the changes in the interfacial capacitance and resistance of surfaces162-165. 

Similarly, the immobilization and adsorption behaviour of various biomolecules onto 

conductive surfaces has also been investigated by impedance spectroscopy166-168.  
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2.13.1 Immunosensor 

 

An immunosensor is a biosensor that uses antibodies or antibody fragment as the 

biological element169. The specificity of molecular recognition of antigens by antibodies 

to form a stable complex is the basis of immunosensors on solid-state interfaces152. This 

fundamental concept of immunosensors as ligand assays is based on the observation of 

products of the ligand-binding reaction between a target analyte and a highly specific 

binding reagent. Therefore, the specificity for the measurement of analytes in 

immunosensor systems is dependent on application of binding molecules. The selectivity 

of the ligand-binding of antibodies allows immunosensors to be employed in analytical 

methods that are highly specific and in complex biological matrices, such as blood and 

urine. The transduction element in the case of immunosensors is largely based on optical, 

electrochemical, microgravimetric, thermometric and piezoelectric signals170. 

Electrochemical immunosensors are further divided into potentiometric, amperometric, 

conductometric or capacitative152. All immunosensor types can either be run as labelled 

or non-labelled. The non-labelled, also known as, direct sensors are able to detect the 

physical changes during the immune complex formation, whereas the labelled or indirect 

sensors use signal-generating labels which allow more sensitive and versatile detection 

modes when incorporated into the complex. A variety of labels including enzymes, 

electroactive compounds and fluorescent labels have been applied in indirect 

immunosensors.  
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2.13.1.1 Electrochemical immunosensor 

 

The electrochemical sensors include impedimetric, potentiometric and amperometric 

immunosensors169, 171.  

 

 

2.13.1.1.1 Potentiometric immunosensors 

 

These are based on the change in potential that occurs when an antigen in a sample reacts 

with the corresponding antibody previously immobilised to an electrode169. The potential 

difference between an antibody-immobilised electrode and a reference electrode is a 

function of the analyte in the sample.  

 

2.13.1.1.2 Amperometric immunosensors  

 

These rely on the measurement of current generated when an electroactive species is 

either oxidised or reduced at an antibody- (or antigen-) coated electrode to which an 

analyte binds specifically169. 

 

2.13.1.1.3 Impedimetric immunosensors 

 

Pioneering works in the late 1980s by Newman et al. and Martelet et al., on the concept 

of capacitive, or impedimetric based immunosensors, has led to a lot of work being done 
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on electrochemical impedance spectroscopy-based sensors171, 172. Impedimetric 

immunosensors possess a number of attractive characteristics associated with the use of 

electrochemical transducers, namely; low cost of electrode mass production, cost 

effective instrumentation, the ability to be miniaturized and integrated into multi-array or 

microprocessor-controlled diagnostic tools and remote control of implanted sensors171. 

Based on the nature of the measuring signal, impedance immunosensors can be classified 

as capacitive or faradaic. Capacitive, where the surface of the electrode is completely 

covered by a dielectric layer and the whole electrode assembly behaves as an insulator. In 

this type of sensor, no redox probe is present in the measuring solution and the capacitive 

current is measured under small amplitude sinusoidal voltage signal, at low excitation 

frequencies (typically 10-1000 Hz). Therefore, Ab-Ag interactions are expected to cause 

a decrease of the measuring capacitance. On the other hand, Faradaic impedimetric 

immunosensors are partially or wholly covered by a non insulating layer electrode 

surfaces. They can also be partially covered by an insulating layer that is able to catalyze 

a redox probe which exists in the measuring solution. In this case, the measured 

parameter is the charge transfer resistance (the real component of impedance at low 

frequency values, typically 0.1-1.0 Hz). Ab-Ag interactions are expected to cause an 

increase in charge resistance value as the faradic reaction becomes increasingly hindered. 

In general, faradic impedimetric immunosensors exhibit a higher sensitivity to Ab-Ag 

interactions. However, the redox species may have an effect on both the stability and 

activity of the electrode assembly. As the disassociation constant for the antigen-antibody 

complex is low, the reusability and reproducibility of these immunosensors is difficult to 

achieve. Regeneration procedures include, the use of low (<3), or high (>9) pH buffer 
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solutions, detergents, high ionic strength solution or non-polar water soluble solvents that 

normally have an influence on the activity of bio-recognition. 

 

2.13.1.2 Piezoelectric immunosensor 

 

A piezoelectric immunosensor is a device based on materials such as quartz crystals, 

which resonate on application of an external alternating electric field170. The frequency of 

the resulting oscillation is a function of the mass of the crystal. Thus, interaction of an 

analyte in a sample with the corresponding antibody, previously immobilised by passive 

adsorption or by covalent interaction to a quartz crystal, will increase the overall mass, 

which is measured as a change in the frequency of oscillation. The two types of 

piezoelectric immunosensors are bulk acoustic (BA) devices and surface acoustic wave 

(SAW) devices. In the BA device, the specific adsorption of an analyte with the 

corresponding antibody-immobilised crystal occurs at the surface, which is connected to 

an oscillating circuit, but resonance occurs on the entire mass of the crystal. Thus, the 

increase in mass will result in a decrease in the resonant frequency, which is a function of 

the analyte concentration. In SAW immunosensors, an acoustic wave travels only over 

the surface of the crystal that is coated with a specific antibody. A change in the 

frequency will occur as the analyte in a sample binds to the corresponding immobilised 

antibody. 
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2. 13.1.3 Optical immunosensor 

 

Optical immunosensors include the variants fibre optic (FO), surface plasmon resonance 

(SPR) and evanescent wave (EW) immunosensor170. In the FO immunosensor, antibodies 

are immobilised to the distal end of an optical fibre by a number of mechanisms, 

including passive adsorption, covalent interaction or immobilisation through a gel matrix. 

Light is then introduced at the proximal end, which travels to the distal tip by total 

internal reflection. In most cases, the fluorescence emission of either the analytes intrinsic 

fluorescence or subsequent binding of a fluorescent-labelled reactant in a competitive or 

non-competitive immunoassay format is measured. The extent of fluorescence 

corresponds either directly or inversely to the analyte concentration, depending on the 

assay format.  

 

The principle for SPR immunosensors is that it measures the mass concentration changes 

as a refractive index change caused by binding of an analyte (or antibody) to the 

corresponding antibody (or antigen) immobilised to the sensor surface. The change in 

mass concentration gives rise to a shift in the SPR angle. The SPR angle is the angle 

where the intensity of the reflected light is reduced as a result of resonance with free 

electrons in the sensor surface.  

 

In the EW immunosensor, light travelling through a waveguide by multiple internal 

reflections creates an electromagnetic wave called an evanescent wave, which penetrates 

a distance of approximately 200 nm away from the surface. An analyte bound to the 
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corresponding antibody immobilized on the surface of a waveguide will interact with the 

wave by absorption and then emission fluorescence which is measured as a function of 

the analyte concentration. 

 

Light-addressable potentiometric sensor (LAPS) is combination of an optical and an 

electrochemical transduction system that has an assay that comprises two stages173. The 

first stage comprises an immuno-ligand assay. The test bacteria are captured 

(sandwiched) between a biotinylated antibacterial antibody bound to streptavidin-

biotinylated bovine serum albumin which in turn is coupled to a nitrocellulose membrane 

and a fluoresceinated antibacterial antibody. This is subsequently detected with an anti-

fluorescein-urease conjugate in the presence of the urea substrate. In the second stage, the 

membrane containing the immune complex is in close contact with a pH-sensitive 

insulator coated onto a semiconducting silicon chip. Incident light from a light-emitting 

diode generates a photocurrent and allows independent measurement of the captured 

immune complexes. Conversion of the pH change associated with the urease activity to 

voltage allows fast measurement of the immune complexes. 

 

Evidently, the interface between the sensor surface and the chemical or biological system 

must be tailored in a way that ensures that the receptor molecules attached to the solid 

support retain their activity155. Consequently, EIS is an ideal tool for observing the 

dynamics of biomolecular interactions, and it has been used to predict important aspects 

of biosensor development such as rates of reaction, surface loading, surface reactivity or 

stability and binding constants.  
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In a physical adsorption process, the biomolecule gets adsorbed in the polymer/solution 

interface due to static interactions between the polycationic matrix of the oxidised 

polymer and the total negative enzyme charge, provided pH is higher than the isoelectric 

point (pI) of the enzyme174. But this process has some known disadvantages like binding 

forces can change with pH and adsorption is limited to one monolayer on the polymer 

surface hence amount of enzyme incorporated is very small175. Since biomaterial is 

immobilized on the outer layer of conducting polymer, it may also get leached out into 

sample solution during measurements. This decreases the lifetime stability of enzyme 

electrode176. 

  

2.13.2 Enzyme sensors 

 

Other biosensors include enzyme sensors based primarily on the immobilization of an 

enzyme onto an electrode. The development of enzyme-based sensors for the detection of 

glucose in blood represents a major area of biosensor research. Material selection is an 

important aspect of sensor development as it allows the response characteristics of a 

sensor to be altered in a way that minimizes non-specific adsorption by other molecules. 

The fabrication of a long-term amperometric enzyme biosensor for the real-time 

monitoring of biomolecules in blood demands a device that inhibits the adsorption or 

reaction of interfering components with the sensor surface155.  
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2.13.3 DNA sensors   

 

The use of nucleic acid recognition layers in DNA sensors represents a rapidly growing 

and an exciting area of biosensor research177-179. In most cases, the detection of DNA 

relies on the immobilization of a single-stranded oligonucleotide onto a transducer 

surface and exposure of the sensor to a sample containing the target results in a 

hybridization event. A crucial step in the development of DNA biosensors involves the 

immobilization of a single-stranded DNA, and a great deal of work has been carried out 

using EIS to understand this process180, 181.  

 

2.13.4 Ion channel sensors 

 

Ion channel sensors are chemically modified membranes, which incorporate biomimetic 

ion channels. They play an important role in the biomedical, pharmaceutical and 

bioanalytical fields. A unique approach for the development of biomimetic ion channel 

technology is the use of EIS. In fact, it has been shown that EIS is an ideal tool for 

investigating the formation of tethered bilayer membrane ion channels182, 183. Impedance 

measurements are made over a range of ionic species, ionic concentrations, reservoir 

chemistries, tether structures, spacer molecules and potentials. More importantly, changes 

in capacitance are interpreted in terms of variants which account for the ionic distribution 

on a metal surface182. It is clearly evident from the above studies that EIS is a reliable and 

sensitive tool for detecting the trans-membrane currents and interfacial changes on 

various modified surfaces. 
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CHAPTER 3 
 

EXPERIMENTAL 
 
 

This chapter consists of materials and experimental procedures for the electrochemical 

synthesis of polyaniline doped with poly(vinylsulphonate), layer-by-layer desoption of amine- 

and sulphate-modified polystyrene latex beads, ultraviolet-visible spectroscopy and scanning 

electron microscopy  characterization and application of the modified polyaniline nano-

composites in detection of nitrites and Ochratoxin A.  

 
 

3.1 Reagents 
 

 

Aniline (99%), purchased from Aldrich was vacuum distilled and stored frozen under 

nitrogen. Two types of polystyrene nanoparticles (PSNP) surface functionalized with 

amine (PSNP-NH2) and sulphate (PSNP-OSO3
-) groups, respectively, with mean particles 

sizes of 100 nm were obtained as 2.5% (w/v) aqueous suspensions from Sigma. 

Poly(sodium-4-styrene-sulfonate) (PS-SO3
-Na+, Mw ca.70000), poly(diallyldimethyl-

ammonium chloride) (PDDA, low molecular weight, 20% weight in water) and 

poly(vinylsulfonic acid sodium salt) (PV-SO3
-, 25 wt% in water) were purchased from 

Aldrich. Standard nitrite aqueous solutions were prepared daily in 0.1 M Na2SO4. 

Ochratoxin A (OTA) from Aspergillus ochraceus received from Sigma-aldrich, USA 

(product code 01877-5MG) was dissolved in ethanol at 1 mg/mL and stored as aliquots in 

tightly sealed vials at -20 ºC. A polyclonal antibody of ochratoxin A from Aspergillus 

ochraceus conjugated to Bovine serum albumin (BSA) was supplied by Acris antibodies, 

Germany (catalog number BP666). The antibody contained 5 mg of total protein per 
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millilitre and was quoted as specific to OTA having cross-reactivity with OTA (100%), 

OTB (1%) and BSA-absorbed (< 0.1%) in 0.1 M phosphate buffered saline (PBS) 

solution containing 0.09% NaN3 as a preservative. The antibody was also aliquoted and 

stored at −20 °C until use. ELISA kit and certified corn, wheat and coffee reference 

material were purchased from RIDASCREEN®. All electrochemical measurements for 

OTA were carried out in 0.1 M phosphate-buffered saline. Basic salts including, 

NaH2PO4, Na2HPO4 and KCl used in the preparation of 0.1 M PBS containing 0.1 M KCl 

at pH 7.2 were received from Sigma (SA). All other chemicals were of analytical grade, 

and Milli-Q water (resistance over 18 MΩ cm) from a Millipore Q water purification 

system was used throughout. 

 

3.2 Instrumentation 

 

Voltammetric and amperometric experiments were recorded with BASi 100B 

electrochemical work station (LG Fayette) using the conventional three-electrode system. 

For electropolymerization of aniline, the working electrodes used were screen printed 

carbon (SPCE) (diameter 3.0 mm), glassy carbon (GCE) (diameter 3.0 mm) electrodes 

and platinum (diameter 1.0 mm) while a platinum mesh or wire and a silver/silver 

chloride (3 M NaCl type) electrode (Bioanalytical Systems Ltd., UK) were used as 

counter electrode and reference electrode, respectively. Electrochemical impedance 

spectroscopy of the PANI modified electrodes was measured with a Voltalab instrument 

(Radiometer Analytical, France). Impedance measurements were performed in the 

frequency range from 100 kHz to 50 mHz at 0 V, which was found to have the least 
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impedance after potential step from 0 to 800 mV. The AC amplitude was 5 mV. The 

ultraviolet-visible spectra of the PANI and PANI|PSNP films were determined using a 

GBC UV-visible 920 spectrometer. The modified SPCEs were used for scanning electron 

microscopy (SEM) studies while the modified GCEs were used for the detection of NO2
-, 

using the same reference electrode and counter electrode. SEM images were taken with a 

Hitachi S3000N scanning electron microscope. An acceleration voltage of 20 kV was 

employed at various magnifications. Gold sputtering of the SEM samples was done using 

a SC7640 Auto/Manual high resolution super coater (Quorum Technology Ltd., England) 

at a voltage of 2 kV and plasma current of 25 mA for one minute. Surface morphology of 

the SPCE in buffer was studied with atomic force spectroscopy (AFM) tapping mode 

Veeco NanoMan V model with silicon tip using spring constant of 1-5 N/m and 

resonance frequency of 60-100 kHz. Alumina micro-polish (1.0, 0.3 and 0.05 mm 

alumina slurries) and polishing pads (Buehler, IL, USA) were used for polishing the 

electrode. 

 

3.3 Preparation of electrodes 

 

3.3.1 Polyaniline-poly(vinylsulphonate) (PANI-PV-SO3
-)  

 

Before the electro-synthesis of PANI-PV-SO3
- on the working electrode surfaces (GCE, 

SPCE or Pt), electrodes were preconditioned as follows: the Pt WE and GCE were first 

polished using 0.3 and 0.05 mm alumina slurries and then rinsed with distilled water. 

Hydrophilic sites on the GCE and SPCE were electrochemically activated in 0.2 M 
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H2SO4 using two cycles of cyclic voltammetry (CV) between -1200 and +1500 mV at a 

scan rate of 100 mV/s after briefly rinsing with water1, 2. The electropolymerization 

solution was prepared by mixing 1.0 M HCl (3.9 mL), 0. 2 M distilled aniline (93 µL) 

and PV-SO3
- (1.0 mL); and the mixture was degassed with nitrogen for 10 min before 

electropolymerization. Doped aniline was polymerized on the surfaces of the Pt, GCE 

and SPCE by scanning the working electrode potential between -200 and +1100 mV for 

10 cycles at a scan rate of 100 mV/s. The PANI-modified Pt, GCE and SPCE thus 

prepared are hence denoted as Pt|PANI, GCE|PANI and SPCE|PANI, respectively. 

 

3.3.2 Electrostatic layer by layer preparation of PANI-PV-SO3
- electrodes templated 

with sulphate modified polystyrene (PSNP-SO3
-)  

 

Polyaniline-polystyrene nanocomposites were fabricated via the layer-by-layer 

electrostatic adsorption strategy according a procedure described by Luo, et al.3 A PANI 

film-modified electrode was first dipped into a solution of the PS-SO3
-Na+ (5.0 mg mL-1), 

then into a solution of the PDDA (5.0 mg mL-1), and finally into an aqueous suspension 

of the PSNP-OSO3
- (0.1% (w/v) for 30 min, 30 min and 1 h, respectively. Each step was 

followed by a thorough rinse of the resulting layer with water in order to remove any 

excess polyelectrolyte that had not been adsorbed. Scheme 3.1 shows a proposed 

mechanism for polymerisation of aniline on PSNP- SO3
-
 template. 
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Scheme 3.1: Electropolymerisation of 0.2 M aniline and layer by layer self-assembly of 

negatively charged PSNP-OSO3
-. 

 

3.3.3 Electrostatic layer by layer preparation of PANI-PV-SO3
- electrodes templated 

with amine modified polystyrene (PSNP-NH2)  

 

Similarly, a separate PANI-modified electrode was coated with amine-functionalized 

polystyrene beads (PSNP-NH2) used without the PDDA adsorption step discussed in 

Section 3.3.2 and replacing the PSNP-OSO3
- suspension with a suspension of the PSNP-

NH2. Scheme 3.2 shows a proposed mechanism for polymerisation of aniline on PSNP-

NH2 template. 
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Scheme 3.2 Proposed electropolymerisation of 0.2 M aniline and layer by layer self 

assembly of PSNP-NH2 template. 

 

The assumption behind this strategy was that, the first steps would convert the PANI 

surface into a robust polyanionic composite platform and the nanoparticles would 

electrostatically self-assemble on the preceding oppositely charged layer of PS-SO3
- or 

PDDA. The resulting layer-by-layer constructed nanocomposite systems on the working 

electrodes, (SPCE, GCE and Pt), at this stage was represented as PANI|PSNP-OSO3
- and 

PANI|PSNP-NH2 (omitting the electrodes and interceding polyionic interlinks). A final 

layer (1 CV) of PANI was electropolymerised onto the PANI|PSNP-SO3
- and PANI|PSNP-

NH2 at a scan rate of 50 mV/s. The intention of this final step was to cover the outer most 

surface of the modified electrode with a thin layer of nanostructured PANI. Henceforth, 

we shall denote the resulting nanocomposite systems as PANI|PSNP-OSO3
-|PANI and 

PANI|PSNP-NH2|PANI. Electrochemical behaviour of PANI and PANI|PSNP-OSO3
-|PANI 
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and PANI|PSNP-NH2|PANI nanocomposite structures were studied in 0.1 M HCl and 0.1 

M PBS solutions by cyclic voltammetry at 100 mV/s from -200 to 1100 mV. 

 

3.3.4 Application of polyaniline-polystyrene nanocomposite electrodes as 

amperometric nitrite nanosensor 

 

The three different electrodes, GCE|PANI, GCE|PANI|PSNP-SO3
-|PANI and 

GCE|PANI|PSNP-NH2|PANI were tested for amperometric sensing of nitrite. 

Amperometric determination of nitrite was carried out at an applied potential of +50 mV 

under magnetic stirring in aqueous 0.1 M HCl solution as the supporting electrolyte. 

Nitrite standards were prepared daily from sodium nitrite stock solutions by appropriate 

dilutions in 0.1 M Na2SO4 as nitrites are unstable at low pH4. The background current 

was allowed to reach steady value before aliquots of standard nitrite solutions were 

spiked successively into the supporting electrolyte. The steady-state current values were 

recorded as the response. All experiments were carried out at room temperature.  

 

3.3.5 pH, interference studies and application in rainwater 

 

The pH range of the nitrite test solutions were adjusted with 1 M HCl. For the 

interference studies; K+, Mg2+, Na+, NH4
+, Cl-, SO4

2- and NO3
-
 ions were dissolved in 

distilled water and each was added to 50 µM NO2
- acidic solution. The applicability of 

these nanosensors in determining NO2
- in a natural sample was demonstrated in rainwater 

collected in an open space outside the chemistry department, UWC. The pH of the 
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rainwater samples was on average found to be 6.0. It was adjusted to pH 1 by adding a 

few drops of concentrated HCl. Different standard concentrations of NO2
- were added to 

5 ml aliquots of rain water. The water was then analysed without any further pre-

treatment by amperometry at 50 mV. 

 

3.4 Procedure for the 2-D gel protein electrophoresis 

BioRad strip (7 cm) immobilized pH gradient (IPG) strip (pH 4-7) was rehydrated 

passively overnight at room temperature with a total sample volume of 125 L; 

containing 150 g equivalent polyclonal ochratoxin A antibody sample, 1.25 L 

Ampholyte (pH 3-10) and made up to 125 L with urea buffer (9M urea, 2M thiourea, 

4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.002% 

bromophenol blue, 0.08% dithiothreitol (DTT)). The IPG strip was covered with mineral 

oil to prevent dehydration.  The resultant hydrated strip was run on Amersham 

Biosciences Ettan IPGphor II in a three stepwise programmed run; step 1: 250 V for 0.15 

hr, Step 2: 3500 V for 3800 Vhr, Step 3: 4200 V for 4600 Vhr. The IPG strip was then 

equilibrated, reduced and alkylated with urea equilibration buffer (50 nM Tris-HCl pH 

8.8, 6 M Urea, 30% glycerol, 2% SDS, 0.002% bromophenol blue), in the first instance 

with 2% DTT added, and secondly with 2.5% iodoacetic acid, with shaking for 10mins 

each respectively, after which the strip was transferred to 12% SDS polyacrylamide gel 

and run in the second dimension. The strip was initially run at 50 V until the dye from the 

agarose sealing gel had migrated into the resolving gel. The voltage was then changed to 

100 V until the dye front just runs out of the base of the gel. 
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3.5 Ochratoxin A antibody immobilization 

 

The three different modified electrodes, PANI, PANI|PSNP-OSO3
-|PANI and PANI|PSNP-

NH2|PANI were transferred to a 2 mL cell. The surface of the polymer nanocomposite 

was reduced in 2 mL PBS at -500 mV versus Ag/AgCl for 600 s. The polyclonal OTA 

antibody was diluted to 10 µg/mL in PBS prior to use. After reduction was complete, 

PBS was removed from the cell and replaced with the negatively charged OTA antibody 

solution. Oxidation was performed at 700 mV versus Ag/AgCl for 600 s. During 

oxidation, the antibody was electrostatically attached to the polymer surface. The 

antibody solution was then carefully removed from the cell and the immobilized 

electrode denoted as Pt|PANI|anti-OTA, Pt|PANI|PSNP-OSO3
-|PANI|anti-OTA and 

Pt|PANI|PSNP-NH2|PANI|anti-OTA were left for 15 min in blank buffer solution, 

standard buffer solution of OTA or buffer solution of the extracts of certified reference 

materials, before making electrochemical measurements. 

 

3.6 Extraction of OTA from certified corn, wheat and coffee reference material  

 

Preparation of ground certified corn, wheat and coffee reference material involved the 

weighing out of 1 g of the sample which was then added to 50 mL centrifuge screw cap 

vials with 20 mL of 0.13 M sodium hydrogen carbonate buffer. The solution was shaken 

vigorously for 15 min and centrifuged for 15 min at 3500 rpm and the supernatant was 

extracted through a filter paper. 4 µL of the filtrate was diluted with 2 mL PBS solution 

in the electrochemical cell for EIS measurements of OTA. 
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CHAPTER 4 
 

PART 1-RESULTS AND DISCUSSION: FABRICATION OF CHEMOSENSORS 

FOR NITRITE  

 
This chapter presents results and discussion on the electrochemical synthesis, 

characterization and application in nitrite determination in rainwater on polyaniline and its 

amine- and sulphate- modified polystyrene nanocomposites. Ultraviolet-visible spectroscopy, 

scanning electron microscope morphology and electrochemistry of the poly(vinylsulphonate) 

doped PANI nanocomposites are discussed.  

 
4.1 Polymerisation of aniline 

 

Electropolymerisation of aniline in an acidic medium with PV-SO3
- as dopant was carried 

out at 100 mV/s on the pre-conditioned electrodes by 10 cyclic voltammograms (Figure 

4.1). This resulted in a green emeraldine film on the electrode surface. The 

polymerisation reaction was initiated by the formation of resonance-stabilised aniline 

radical cations from the protonated aniline monomer1.The polymerisation current 

increased as the number of cyclic voltamograms increased confirming that the polymer 

was conducting. The polymer thickness increased with successive potential cycles2. A 

homogenous film was produced after the 10 cyclic voltamograms1. There anodic peaks 

and cathodic peaks were observed as shown in Figure 4.1. Similar voltamograms have 

been reported by other researchers for the polymer in acid media1, 3-7. The peak 

characteristics depend on the type and concentration of the acid. The first redox peak is 

leucoemeraldine/leucoemeraldine radical cation (A/A')5, 7. Peaks B/B' are emeraldine 
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radical cation/emeraldine and the final redox peak is the pernigraniline radical 

cation/pernigraniline (C/C'). From the experimental design, voltammograms represent the 

electrochemical behaviour of the PANI composite at a high potential scan rate, 100 mV/s 

in this case. Studies carried out by Iwouha, et al.,2 at varying scan rates proved that the 

polymer was electroactive and the diffusion of electrons took place along the polymer 

chain. 

 

Figure 4.1: Electropolymerisation of aniline by cyclic voltammetry. 

 

Other researchers8 showed that the first anodic peak was a one electron transfer process 

in which leucoemaraldine is oxidised to leucoemeraldine radical. The prominence of the 

leucoemaraldine cation radical at the anodic peak and emeraldine at the cathodic peak 
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indicated that the growth of PANI film and its reversible electrochemistry. It has been 

reported1 that polymer films grown at other scan rates exhibit slower electron transfer 

rates than films grown at 100mV/s. 

 

4.2 Layer-by-layer assembly and scanning electron microscope (SEM) 

characterisation of PANI, PANI|PSNP-NH2 and PANI|PSNP-SO3
- electrodes 

 

Figure 4.2 shows SEM images of the bare and PANI modified electrodes. Clusters of the 

carbon paste for the bare SPCE were evident in Figure 4.2(a). Aggregates of sponge-like, 

nodular porous-structured PANI on the surface of the SPCE|PANI electrode were 

observed under SEM at 50000X magnification as shown in Figure 4.2 (b). These PANI 

clusters varied in size, from 100-500 nm.  

 

Figure 4.2: (a) SEM images of SPCE at 3000X. 
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Figure 4.2: (b) SPCE|PANI at 50000X. 

 

 

Figure 4.2: (c) SPCE|PANI| PSNP-NH2 | at 50000X. 

b 

c 
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Figure 4.2: (d) SPCE|PANI| PSNP-OSO3
- |PANI at 50000X. 

 

Addition of polyelectrolytes, poly(sodium 4-styrene-sulfonate) (PS-SO3
-) and 

poly(diallydiminethylammonium chloride) (PDDA), adsorbed on the 

poly(vinylsulphonate) (PV-SO3
-) doped PANI film did not show any difference when 

compared to the images of SPCE|PANI in Figure 4.2(b). Positively charged, amine-

modified polystyrene (PSNP-NH2) latex beads of 100 nm were self-assembled onto the 

prepared PANI film followed by a final layer of PANI incorporated by CV as depicted in 

Scheme 3.2. This LbL composite, SPCE|PANI|PSNP-NH2
-|PANI, resulted in a cauliflower 

like nano-composite structure of about 100 nm in size as shown in Figure 4.2(c). For the 

negatively charged sulphate-modified polystyrene beads (PSNP-OSO3
-) self assembly on 

SPCE|PANI surface adsorbed with PS-SO3
- and PDDA polyelectrolytes and a final layer 

d
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of PANI on the negatively charged PSNP beads (Scheme 3.1), a well defined 

nanocauliflower structure in the SEM images in Figure 4.2(d) can also be observed. The 

100 nm beads are visible in Figure 4.2(b), (c) and (d) at 50 000 magnification within the 

PANI clusters. A similar LbL approach has also been reported9, 10. 

 

4.3 Characterisation of PANI, PANI|PSNP-NH2 and PANI|PSNP-SO3
- 

 

In Figure 4.3 at scan rates above 50 mV/s in 1 M HCl, the distinct emeraldine and 

leucoemeraldine peaks could not be seen, but rather a single broad anodic and cathodic 

peak due to the incorporation of the dopant and PSNP templates was observed. The redox 

couple in Figure 4.3 has a formal potential of approximitely 500 mV. The couple can be 

explained as resulting from the merging of the emeraldine and leucoemeraldine peaks. 

Using this couple, the surface concentration, Γ* of PANI, PANI|PSNP-NH2 and 

PANI|PSNP-OSO3
- films were estimated from a plot of peak current, Ip against scan rate, υ 

in accordance with Brown-Anson equation11: 

RT
AFnIp

4

*22 
   Equation 4.1 

 

where n is the number of electrons transferred F, is the Faraday constant (96500 C/mol), 

A is the area of the electrode (0.071 cm2), R, is the gas constant (8.314 J/mol/K) and T 

(K) is the absolute temperature of the system. 

 

The surface concentration of PANI, PANI|PSNP-NH2 and PANI|PSNP-OSO3
- films was 

estimated to be 2.66 x 10-8, 3.07 x 10-8 and 2.36 x 10-8 mol cm-2, respectively.  
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Figure 4.3: Cyclic voltammograms of PANI|PSNP-NH2 in 1 M HCl in the potential range 

-500 to +1100 mV at scan rates 500-50 mV/s for a-g, respectively.  

 

In order to compare the conductivity of the three modified electrodes, cyclic voltammetry 

of PANI, PANI|PSNP-NH2 and PANI|PSNP-SO3
- nanocomposite films were performed in 

0.1 M HCl solution at 20 mV/s  as presented in Figure 4.4. The typical PANI redox peaks 

(emeraldine and leucoemeraldine) of PANI were observed for all three electrode surfaces 

that is, PANI (a), PANI|PSNP-NH2 (b) and PANI|PSNP-OSO3
- (c). Peak currents of the two 

redox couple for PANI were higher than that of both amine- and sulphate- modified 

PANI|PSNP because the PSNP latex bead templates in the nano-composites are insulating.  
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Figure 4.4: Cyclic voltammograms of PANI (a), PANI|PSNP-NH2 (b) and PANI|PSNP-

SO3
-(c) in 0.1 M HCl scanned at 20 mV/s. 

 

4.4 Spectroscopic characterisation of PANI, PANI|PSNP-NH2 and PANI|PSNP-SO3
-  

 

UV-visible spectroscopy has been widely adopted in studying the electronic structure of 

conducting polymers including PANI12. The UV-visible spectra of PANI, PANI|PSNP-

NH2 and PANI|PSNP-OSO3
- films in DMSO are shown in Figure 4.5. The green coloured 

films showed two absorption peaks at 480 nm due to π-π* transition within the benzenoid 

segment and a broad peak in the visible region at 740 nm was ascribed to exciton 

formation in the quinoid rings12, 13. The fact that there was no shift in the wavelength of 

PANI at 480 nm in the nanocomposite suggests that the chemical structure of PANI was 
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not altered in the modified electrode preparation. Rather the composites were 

incorporated by physical bonding which is characteristic of self assembly.  

 

Figure 4.5: UV-visible spectra of PANI (1), PANI|PSNP-NH2 (2) and PANI|PSNP-SO3
- (3) 

films in DMSO (4). 

 

4.5 Reduction of nitrite at the PANI modified electrodes 

 

Reduction of nitrite was carried out using steady state amperometry at a potential of 50 

mV as shown in Figure 4.6.  
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Figure 4.6: Amperometric response of PANI|PSNP-NH2 (1), PANI (2) and PANI|PSNP-

SO3
- (3) modified electrodes at +50 mV after successive addition of 50 µM nitrite.  

 

The electrocatalytic mechanism for the reduction of NO2
- is shown in Scheme 4.1. The 

reduction potential of 50 mV converted emeraldine to leucoemeraldine. Leucoemeraldine 

irreversibly reduces nitrite (which is at equilibrium with HNO2) to nitric oxide (NO)14. 

This results in the oxidation of leucoemeraldine back to emeraldine. 
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Scheme 4.1: Electrocatalytic reduction mechanism of NO2
- on PANI modified electrodes.  

 

From Figure 4.7, the highest current response was at -200 and 50 mV. However, 50 mV 

was chosen as the optimised potential because the negative potentials could interfere with 

the reduction of nitrite due to high background current because of dissolved oxygen in 

solution15.  

 

 

Figure 4.7: Influence of applied potential (vs. Ag/AgCl) on the response of PANI to 100 

μM NaNO2 in 0.1 M HCl.  
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Modified electrodes of PANI, PANI|PSNP-NH2 and PANI|PSNP-OSO3
- were catalytic 

towards nitrite ions. Interestingly as seen in Figure 4.8, response due to PANI|PSNP-NH2 

nanocomposite had the highest reduction current of the three electrodes.  

 

Figure 4.8: Nitrite ion responses of GCE|PANI|PSNP-NH2|PANI (1), GCE|PANI (2) and 

GCE|PANI|PSNP-OSO3
−|PANI (3) nanosensors.  

 

This can be explained by the electrostatic attraction between the positively charged 

PANI|PSNP-NH2 and negatively charged nitrite ion. PANI|PSNP-OSO3
- electrode had the 

lowest response due to the repulsion of like negative charges of the nanocomposite 

electrode and nitrite ion. It should be noted that the effect of this repulsion was reduced 

by convection mass transport during stirring at 150 rpm. PANI electrode response to 

nitrite was lower than PANI|PSNP-NH2 but less than PANI|PSNP-OSO3
-. Though a similar 
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response is expected due to charge similarities between PANI|PSNP-NH2 and PANI 

(polyaniline is a cationic polymer), the smaller size of the PANI|PSNP-NH2 

nanocomposite resulted in the higher response. From the response curve in Figure 4.8, 

saturation was attained at concentrations greater than 600 μM. As concentration of nitrite 

detected increased (over 800 µM), the noise to signal level also increased with each 

addition (Figure 4.6). This made it difficult to quantify the current response at these 

higher concentrations.  

 

A linear plot of the reduction of nitrite on the different electrodes is shown in Figure 4.9. 

The correlation coefficient of the linear plots were all greater than 0.992 and the 

sensitivity was obtained from the slope of each plot. Sensitivity was 60, 40 and 30 µA/ 

mM for PANI|PSNP-NH2, PANI and PANI| PSNP-OSO3
-, respectively. The reason for this 

trend has been explained above. A correlation between surface concentration in mol cm-2 

of PANI (2.66 x 10-8), PANI|PSNP-NH2 (3.07 x 10-8) and PANI|PSNP-SO3
- (2.36 x 10-8) 

with the calculated sensitivity was also observed. The sensitivity for the electrodes was 

higher than that reported by Luo et al.16 for PANI|PSNP nanocomposite electrodes. The 

limit of detection was calculated and found to be 7.4, 9.2 and 38.2 µM for PANI|PSNP-

NH2, PANI and PANI|PSNP-OSO3
-, respectively. These values are lower than that 

reported by Ojani, et al.17 
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 Figure 4.9: Linear plot of the amperometric reduction of nitrite on PANI|PSNP-NH2 (1), 

PANI (2) and PANI|PSNP-OSO3
- (3) electrodes. 

 

4.6 Effect of pH on nitrite ion determination  

 

The determination of nitrite on PANI, PANI|PSNP-NH2 and PANI|PSNP-OSO3
- modified 

electrodes was carried out at different pH values of the test using cyclic voltammetry at a 

potential of about 200 mV.  A pH of about 1 was chosen as the optimum pH current 

response due to nitrite reduction (Figure 4.10). PANI is highly conducting at this low pH 

and due to the pKa value for HNO2 of 3.3, nitrite ions are fully protonated14, 17. 
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Figure 4.10: Anodic peak currents of PANI|PSNP-NH2 (1) and PANI (2), PANI|PSNP-

OSO3
- (3) at different pH values of HCl in 0.2 mM nitrite ion. 

 

4.7 Interferences on nitrite ion determination  

 

Possible interferences, such as, K+, Mg2+, Na+, NH4
+, Cl-, SO4

2- and NO3
- were 

investigated on PANI, PANI|PSNP-NH2 and PANI|PSNP-OSO3
- 14, 18-20. No interference 

was observed in the presence of 800-fold excess of all ions at 50 mV. This is an 

advantage for the determination of nitrite on PANI, PANI|PSNP-NH2 and PANI|PSNP-

OSO3
- nanosensors.  
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4.8 Application of PANI nanosensors on rainwater  

 

The applicability of these nanosensors in determining NO2
- was demonstrated in 

rainwater. Concentrations of NO2
- determined on PANI|PSNP-NH2, PANI and 

PANI|PSNP-OSO3
- in rainwater was estimated to be 107.2, 63.2 and 67.0 µM, 

respectively. These results indicate that the method is applicable to rainwater and can also 

be applied to other natural waters, including lake and river water. 
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CHAPTER 5 

 

PART 2-RESULTS AND DISCUSSION: FABRICATION OF IMMUNOSENSORS 

FOR OCHRATOXIN A 

 

This chapter presents results obtained after the conditioning of polyaniline and its amine- 

and sulphate-modified polystyrene nanocomposites in phosphate buffer saline (PBS) at 

pH 7.2. The immobilization of ochratoxin A antibody onto the modified electrode 

surfaces, their SEM and AFM morphological characterization, electrochemistry of the 

polyaniline-polystyrene nanocomposite immunosensors, their application in certified 

reference corn, wheat and roasted coffee extracts and validation of these latter (certified 

materials) results by ELISA are all discussed. 

 

5.1 Optimisation of electrosynthesis of polyaniline and polyaniline-polystyrene 

nanocomposites 

 

Aniline doped with PV-SO3
- was polymerized on Pt electrode in 1 M HCl as explained in 

Section 4.1. Acidic medium is required to produce polyaniline emeraldine salt which is 

the polymer’s most conducting state1-5. It must be noted that in this discussion, the outer 

surface on the polyaniline-polystyrene nanocomposites, PANI|PSNP-OSO3
-|PANI and 

PANI|PSNP-NH2|PANI and PANI-modified electrodes will all be referred to as PANI-PV-

SO3
-. The acidic PANI-PV-SO3

- was conditioned in 0.1 M PBS to lower the effects of 

hysteresis6. The electronic structure in the protonated ES metal is similar to that of a 
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metal and its conductivity is due to the formation of a polaron band resulting from the 

proton-induced spin-unpairing mechanism7. Treatment of the emeraldine salt with a 

neutral solution such as PBS at pH 7.2 converted it into its semiconducting emeraldine 

base (EB) as shown in Scheme 5.1. 

NH NH NH NH

A A

NHN NHN

n

n

2n H A
Emeraldine salt

Emeraldine Base  

 

Scheme 5.1: Protonated PANI-PV-SO3
- emeraldine salt (ES) is de-protonated by 

conditioning in PBS to emeraldine base (EB). 

 

A high current was observed in the first CV (Figure 5.1 (i)) performed in PBS because 

the polymer was still in its emeraldine salt state and its internal microscopic environment 

was still acidic. In subsequent CVs, as shown in Figure 5.1 (ii), a decrease in current was 

observed as the emeraldine salt was converted to an emeraldine base as shown in Scheme 

5.1. The emeraldine base is an n-type semiconductor in PBS at pH 7.2. The presence of 

PV-SO3
- dopant modulated the distribution of electrons within the polyaniline film. The 

conductivity of emeraldine salt has been reported to be 1 Scm-1 while that of emeraldine 

base (EB) is between 10-8 to 10-10 Scm-1 8. The Fermi level now lies below the conduction 

band in this semiconductor9. The electrochemical potential of the buffer solution 
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determined by the redox potential of the electrolyte solution and the semiconductor is 

determined by the Fermi level. The charge transfer abilities of the PANI- PV-SO3
- doped 

semiconductor electrode depends on the availability of excess charge in the accumulation 

layer or a depletion layer. This excess charge on the semiconductor does not lie at the 

surface, as it would for a metallic electrode. This region referred to as the space charge 

region, has an associated electrical field. Therefore, the interfacial equilibrium between 

the semiconductor PANI-PV-SO3
- electrode and PBS electrolyte solution was attained 

when the electrochemical potential of the two phases (PANI-PV-SO3
-|PBS) became 

equal.  

 

Figure 5.1: Cyclic voltammograms of PANI-PV-SO3
- in PBS: (i) immediately after 

electrosynthesis and (ii) after conditioning (cycling until equilibration of voltammetric 

current). 
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Figure 5.1(ii) voltammograms showed that within a potential window of 0 to +800 mV 

the conditioned polymer had zero current which meant that it could be used as a catalytic 

surface without interferences from the background current of the polymer. 

 

5.2 Scanning electron microscope (SEM) characterisation of PANI, PANI|PSNP-

NH2|PANI and PANI|PSNP-OSO3
-|PANI electrodes 

 

Aggregates of PANI and its polystyrene nanocomposites, PANI|PSNP were observed at 

50000X magnification on the surface of a SPCE under a scanning electron microscope 

(SEM) as shown in Figures 5.2. The PANI clusters in Figure 5.2 (a) appeared more 

amorphous in texture and varied in size, from 25-100 nm. The polyaniline-polystyrene 

nanocomposites in Figures 5.2(b) and (c) of PANI|PSNP-NH2|PANI and PANI|PSNP-

OSO3
-|PANI, respectively, provided a highly controlled charge and size (approximately 

100 nm) polystyrene (PSNP) template nano-aggregates. The benefit of using self- 

assembled PSNP scaffolds is that they allowed fabricating structures such as the observed 

nano-cauliflower that was otherwise not possible4, 10-12. It has been explained that the 

final layer of PANI electropolymerized on the positively charged PSNP-NH2 template 

grew from the surface of the electrode into the interstitial spaces between the latex beads 

whereas the negatively charged PSNP-OSO3
- nanoparticles enforced growth of PANI 

around the template particles to form PSNP-OSO3
-|PANI core-shell nanostructures10. 
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Figure 5.2: (a) SPCE|PANI at 50000X after conditioning in 0.1 M PBS at pH 7.2. 

 

 

Figure 5.2: (b) SPCE|PANI|PSNP-NH2|PANI at 50000X after conditioning in 0.1 M PBS 

at pH 7.2. 

 

a

b 
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Figure 5.2: (c) SPCE|PANI| PSNP-OSO3
- |PANI observed at 50000X after conditioning of 

the modified electrode in 0.1 M PBS at pH 7.2. 

 

5.3 Electrochemical impedance spectroscopy (EIS) characterization of Pt|PANI 

PANI|PSNP-NH2|PANI and PANI|PSNP-OSO3
-|PANI electrodes  

 

The EIS of buffer-conditioned Pt|PANI, Pt|PANI|PSNP-NH2|PANI and Pt|PANI|PSNP-

OSO3
-|PANI electrodes were studied over a potential range of 0 to +800 mV. A similar 

trend shown by Nyquist plots in Figure 5.3 was observed for all three Pt|PANI platforms. 

The Nyquist plot shows the magnitude of impedance, |Z|, given by Real, Z' and 

Imaginary, Z'' impedance. 

      Equation 5.1 

 

c

22 ZZZ 
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Figure 5.3: Nyquist plots of Pt|PANI at different bias potentials (a, b, c, d and e are 0, 

100, 400, 600 and 800 mV, respectively). 

 

Based on an equivalent circuit (Figure 5.4) in which the solution resistance, Rs, precedes 

a constant phase element, CPE, which is in parallel with charge transfer resistance, Rct; 

the optimal AC potential was found to be 0 mV. A similar potential was reported by 

Owino et al., for PANI doped with polystyrene sulphonic acid13.  

A zero bias potential is ideal for the EIS studies as it leads to electronic circuit simplicity 

and low induced diffusion current. It may also be noted that this electrical circuit (Figure 

5.4) is a simplified representation of an amorphous semiconductor in which charge 
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transport occurs through hopping as reported by Dyre,1998 14 . The hopping contribution 

is included in the real part of the impedance while the capacitor collects unrelated purely 

imaginary contributions from the atomic polarizability given by the high frequency 

dielectric constant15. 

Rs CPE

Rct

 

Figure 5.4: Equivalent circuit of Pt|PANI, PANI|PSNP-NH2|PANI and PANI|PSNP-OSO3
-

|PANI (Rs = solution resistance, CPE = constant phase element; Rct = charge transfer 

resistance). 

 

The Nyquist plots of the bare Pt and Pt|PANI-PV-SO3
- electrode systems at 0 mV are 

shown in Figure 5.5. The frequency of maximum imaginary impedance of PANI-PV-

SO3
- and Pt electrodes were calculated to be 1.0 and 0.794 kHz, respectively. The surface 

coverage of the Pt by the semiconductor PANI|PV-SO3
- film was calculated to be 64%. A 

comparison of the impedimetric parameters of Pt (Rs = 445.9 ; Rct = 181.500 k) and 

Pt|PANI-PV-SO3
- (Rs = 176.5 ; Rct = 65.591 k) electrodes in PBS shows that the Rs 

and Rct values of the polymer-modified Pt were lower than those of unmodified Pt. The 

difference in Rs values of Pt and Pt|PANI-PV-SO3
- electrodes has been attributed to a 

change in the proximity of the working electrode to the reference electrode16. These Rs 

values represent the property of the bulk solution and make up for uncompensated Ohmic 

resistance via a non-Faradaic process17. On the other hand, the drastic drop in the Rct 
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value of Pt when modified with PANI-PV-SO3
- is as a result of the charge delocalization 

along the conducting polymer film, which makes the polymer electrode very suitable for 

charge transfer applications and electrostatic deposition of charged biomolecules. 

 

Figure 5.5: Nyquist plots of bare Pt (a) and Pt|PANI-PV-SO3
- (b) in PBS at 0 mV. 

 

The frequency dependence of both the impedance and the phase angle of the electrodes 

are shown in Figure 5.6. The figure shows a decrease in the impedance of the electrodes 

as frequency increases. However, the impedance of PANI-PV-SO3
- modified electrodes 

was generally lower than that of unmodified Pt electrode over the frequency range 

studied, which is an indication of improved conductivity of the PANI-containing system. 

At low frequencies, the phase shift was below 10º for both electrodes. This is expected 
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for a simple equivalent circuit (Figure 5.4) that has a capacitor in parallel with a 

resistor15. The phase shift increased with frequency until a characteristic frequency, fc, 

where the phase shift has a maximum value of 71º for Pt electrode and 75º for PtPANI-

PV-SO3
- electrode. For frequencies higher than fc, the phase shift of Pt|PANI-PV-SO3

- 

was greater than that of Pt until a frequency is reached where both materials had the same 

phase shift value of 10º. The kinetic analysis of the two electrode systems showed that 

the exchange current, io 

ctnFR

RT
i 0   Equation 5.2 

 and heterogeneous rate constant, ket: 

 CnFAKi eto    Equation 5.3 

 of Pt|PANI-PV-SO3
- (io = 3.92 x10-7 A; ket  = 2.02 x 10-3 cm/s) were 3 times the values 

for bare Pt (io = 1.42 x10-7 A; ket  = 7.32 x 10-4 cm/s). The implication is that the 

modification of the Pt electrode with PANI-PV-SO3
- improved the kinetics at the 

electrode surface. 
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Figure 5.6: Frequency dependences of the impedance (a1and b1) and phase shift (a2 and 

b2) in the Bode plots for bare Pt (a1 and a2) and Pt|PANI-PV-SO3
- (b1 and b2) in PBS at 0 

mV. 

 

5.4 Electrochemical impedance spectroscopy (EIS) characterization of Pt|PANI 

PANI|PSNP-NH2|PANI and PANI|PSNP-OSO3
-|PANI immunosensors in PBS 

 

Electro-deposition of the antibody onto the Pt|PANI, PANI|PSNP-NH2|PANI and 

PANI|PSNP-OSO3
-|PANI platforms by chrono-potentiometry shown in Figure 5.7 was 

carried out by a method adapted from Owino et al.13 
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Figure 5.7: Oxidation (a) and reduction (b) of PANI, PANI|PSNP-OSO3
-|PANI and 

PANI|PSNP-NH2|PANI in 0.1 M PBS and 10 µg/mL polyclonal OTA antibody in 0.1 M 

PBS, respectively. 

 

The mechanism of the antibody-antigen reaction at the electrodes involved a variation in 

the capacitive properties of the polymer 17, 18. At neutral pH, the antibody give a negative 

charge and the interactions between the immobilized negatively charged antibody at 

neutral pH and the polymer chain of the semiconductor induced changes in the 

capacitance of the PANI modified electrode. A comparison of the Nyquist and Bode plots 

for the templated PANI|PSNP nanocomposites and PANI immunosensors are shown in 

Figures 5.8 and 5.9. 
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Figure 5.8: Nyquist plots of PANI|PSNP-NH2|PANI|anti-OTA (a), PANI|anti-OTA (b) and 

PANI|PSNP-OSO3
-|PANI|anti-OTA (c) immunosensors in PBS 
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Figure 5.9: Bode plots of PANI|PSNP-NH2|PANI|anti-OTA (a), Pt| PANI|anti-OTA (b) 

and PANI|PSNP-OSO3
-| PANI|anti-OTA (c) immunosensors in 0.1 M PBS. 

 

The electrochemical impedance spectroscopy (EIS) parameters are summarized in Table 

5.1. PANI|PSNP-NH2|PANI|anti-OTA immunosensor showed higher resistance, constant 

phase element and phase shift values as compared to PANI|anti-OTA and PANI|PSNP-

OSO3
-|PANI|anti-OTA immunosensors. 
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Table 5.1: EIS parameters of Pt|PANI-PSNP|anti-OTA immunosensors in PBS at 0 

mV 

Circuit Element Pt|PANI|anti-
OTA 

Pt|PANI-PSNP-
NH2|anti-OTA 

Pt|PANI-PSNP-OSO3
-

|anti-OTA 
Rs (Ω) 215.7 379.2 333 

Rct (Ω) 18556 24788 14155 

CPE (F) 2.80 e-6 3.56 e-6 3.82 e-6 

Phase shift || 2.66 17.6 6.77 

 

 

5.5 Ultraviolet-visible spectroscopic characterization of ochratoxin A antigen and 

antibody 

 

Ultra violet-visible (UV-vis) spectroscopy was used to study the electronic structure of 

ochratoxin A antigen and antibody as shown in Figure 5.10. Absorbance was observed at 

330 and 390 nm for spectra of OTA antigen (a) and OTA antibody-antigen (b) due to the 

phenolic species of the OTA antigen. Protonated phenol has been reported to absorb at 

332 nm19, 20. At a buffer pH of 7.2, deprotonation of the phenolic species resulted in 

absorbance at 390 nm. A lower absorbance was observed in the presence of OTA 

antibody (Figure 5.9 (b)) due to binding of the antigen to the antibody. A spectrum of 

OTA antibody (Figure 5.10 (c)) did not show any absorbance. 
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Figure 5.10: UV-visible absorption spectra of OTA antigen (a), OTA antibody-antigen 

(b) and OTA antibody (c).  

 

5.6 Characterization of the immunosensors by atomic force microscope (AFM) 
 
Atomic force microscope (AFM) analysis was carried out on PANI and PANI|PSNP 

immunosensors to investigate the difference in surface morphology. Screen printed 

carbon electrodes (Figure 5.11a) were used as substrate on which AFM analysis of the 

immunosensors was to be carried out. Carbon ink clusters were observed in 3-D 

providing an in-depth profile of the morphology. The globular, cauliflower 

nanostructured images observed in SEM images in Figure 5.11 were observed after 

immoblization of antibody onto their surfaces on both the 1-D and 3-D profiles of 

PANI|anti-OTA (b and c) PANI|PSNP-NH2|PANI|anti-OTA (d and e) and PANI|PSNP-

OSO3
-|PANI|anti-OTA (f and g), respectively. 
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Figure 5.11(a): AFM image of SPCE  

 

 
 
Figure 5.11: AFM images of SPCE|PANI|anti-OTA (b and c) 

 
 
 
 

b c
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Figure 5.11: SPCE|PANI|PSNP-NH2|PANI|anti-OTA (d and e)  

 
 

 
 
Figure 5.11: AFM images of SPCE|PANI|PSNP-OSO3

- |PANI|anti-OTA (f and g) 

 

5.7 Isoelectric point (pI) studies ochratoxin A polyclonal antibody by 2-D gel 

electrophoresis 

 

The pI of ochratoxin A antibody was found to be 6.2 as shown in Figure 5.12. At a buffer 

pH of 7.2, this meant that the antibody had more negative charges on its surface. Hence, 

g

f

e

d
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the determination of the antibody’s pI was important on deciding on reduction or 

oxidisation of the antibody onto the PANI nanocomposites during electrostatic deposition 

(immobilisation). In this instance, electrodeposition in buffer solution at pH 7.2 was by 

oxidation. 

 

Figure 5.12: SDS-PAGE gel in determination of OTA polyclonal antibody pI by 

electrophoresis. 

 

5.8 OTA responses to PANI|anti-OTA, PANI|PSNP-NH2|PANI|anti-OTA and 

PANI|PSNP-OSO3
-|PANI|anti-OTA immunosensors  

 

The impedimetric responses on PANI|anti-OTA, PANI|PSNP-NH2|PANI|anti-OTA and 

PANI|PSNP-OSO3
-|PANI|anti-OTA immunosensors to ochratoxin A were studied in the 

frequency range of 100 kHz-50 mHz as shown in Figures 5.13 (i), ii and (iii), 

Biomarker 

pI 6.2 

4 
5 6 7IPG Strip 

             pH 
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respectively. Artefacts were observed at lower frequencies due to inductance as has been 

reported for PANI21. The antigen exists as a di-anion (OTA2-) at neutral pH due to the 

ionization of carboxyl and phenol groups22. Binding of this charged antigen to the OTA 

immunosensors reduced the charge transfer resistance in both imaginary and real 

impedance as shown in Figures 5.13. 

 

Figure 5.13 (i): EIS responses of Pt|PANI|anti-OTA immunosensor to standard OTA 

solutions in PBS (a, b, c, d, e and f are 0, 2, 4, 6, 8 and 10 ng/mL OTA antigen, 

respectively).  
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Figure 5.13 (ii): EIS responses of Pt|PANI-PSNP-NH2|anti-OTA immunosensor to 

standard OTA solutions in PBS (a, b, c, d, e and f are 0, 2, 4, 6, 8 and 10 ng/mL OTA 

antigen, respectively).  
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Figure 5.13 (iii): EIS responses of Pt|PANI-PSNP-OSO3
-|anti-OTA immunosensor to 

standard OTA solutions in PBS (a, b, c, d, e and f are 0, 2, 4, 6, 8 and 10 ng/mL OTA 

antigen, respectively).  

 

The equivalent circuit in Figure 5.4 was used to fit the responses of the immunosensor to 

standard OTA solutions. The Rct values were subtracted from those of the blank PBS (i.e. 

response at 0 ng/mL OTA) to obtain the normalized values that were plotted in Figure 

5.13. An automated solution handling and delivery system along with real-time sensing 

measurements could improve the accuracy23 of the results.  
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Figure 5.14: Linear calibration plot of Pt|PANI|anti-OTA (a), Pt|PANI|PSNP-OSO3
-| 

PANI|anti-OTA (b) and Pt|PANI|PSNP-NH2|PANI|anti-OTA (c) immunosensors to 

various OTA concentrations. 

 

The detection limit of the sensors (s/n = 3) were calculated as shown in Table 5.2. 

Pt|PANI|PSNP-NH2|anti-OTA immunosensor had the lowest limit of detection of 7 pg/kg 

with a sensitivity of 819 k L/ng. The positive charge of the polystyrene nano-beads 

increased the affinity of the Pt|PANI|PSNP-NH2|anti-OTA immunosensor for the 

negatively charged OTA2-. 
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Table 5.2: Sensitivity and detection limits (LOD) of Pt|PANI-anti OTA, Pt|PANI-

PSNP-NH2-anti OTA and Pt|PANI-PSNP- OSO3
--anti OTA 

 

 

5.9 Detection of ochratoxin A standards and certified reference materials by 

RIDASCREEN® enzyme-linked immunosorbent assay (ELISA) test kit 

 

Ochratoxin A standards and certified reference materials of corn, wheat and roasted 

coffee were also detected by ELISA for validation of the immunosensors. The 

concentration range of OTA standard in the ELISA test was 50-1800 ppt. A standard 

calibration curve was obtained by plotting [OTA] against absorbance as shown in Figure 

5.15. The sensitivity of the slope from the initial linear part of the graph was calculated to 

be 5.0 pg/kg and the limit of detection was 2.0 ppt. These values represent a better 

feedback in detecting ochratoxin A, making the use of ELISA appropriate in validating 

the fabricated PANI ochratoxin A immunosensors. 

Immunosensor Sensitivity (k.L/ng)  LOD (ppt)  

Pt|PANI-anti-OTA 563 10 

Pt|PANI|PSNP-NH2|PANI|anti-OTA 819 7 

Pt|PANI|PSNP-OSO3
-| PANI|anti-OTA  400 12 
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Figure 5.15: Detection of ochratoxin A standards by ELISA 
 

 

The OTA was extracted from certified reference material of wheat, corn and roasted 

coffee using the RIDASCREEN® rapid extraction procedure. The OTA extract was 

analyzed on Pt|PANI|anti-OTA, Pt|PANI|PSNP-NH2|PANI|anti-OTA and Pt| PANI|PSNP-

OSO3
-| PANI|anti-OTA immunosensors and results are shown in Table 5.3. The Pt| 

PANI|PSNP-NH2|PANI|anti-OTA had a higher sensitivity to all the certified samples. The 

OTA values of the immunosensors to certified reference material were comparable to 

those obtained with ELISA technique as well as the quantity advertised by the vendor. 

This was not the case for wheat and roasted coffee. It is not clear whether the differences 

in the ELISA, immunosensors and vendor values for OTA in certified roasted coffee and 

wheat are due to incomplete extraction or matrix effects. 
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Table 5.3. Ochratoxin A content of wheat, corn and roasted coffee certified 

reference materials 

 

Certified 
reference 
material  

Pt|PANI- 
anti OTA 

(µg/kg) 

Pt|PANI|PSNP-
NH2|PANI|anti
-OTA (µg/kg) 

Pt|PANI|PSNP-
OSO3

-

|PANI|anti-OTA 
(µg/kg) 

Vendor 
(µg/kg) 

ELISA 

(µg/kg) 

Roasted 
Coffee 

2.5 3.2 2.3 7.7 1.2 

Wheat 8.6 7.8 7.2 7.1 13.8 

Corn 21.5 22 19.1 18.8 19 
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CHAPTER 6 
 

  CONCLUSIONS AND RECOMMENDATIONS 

 

6.1 Conclusions 

 

Polyaniline plays an important role in sensors, either in the sensing mechanism of nitrite 

ions or as a platform to immobilise ochratoxin A antibodies responsible for sensing 

ochratoxin A antigen. Nanocomposites of PANI with functionalized polystyrene latex 

beads, PANI|PSNP-NH2|PANI or PANI|PSNP-OSO3
−|PANI were successfully prepared. 

These nano-sized cauliflower-like polymeric films were applied as amperometric 

chemosensors for nitrite ion in acidic solution (pH<1) at +50 mV/Ag-AgCl, based on the 

electro-catalytic reduction of nitrite ion on PANI. The sensitivity of the nanosensors for 

nitrite followed the order: PANI|PSNP-NH2|PANI > PANI > PANI|PSNP-OSO3
−|PANI. 

The sensor containing positively charged PSNP-NH2 exhibited the highest sensitivity and 

lowest detection limit compared to that containing negatively charged PSNP-OSO3
− and 

the PANI that did not contain any functionalised polystyrene nanoparticles. Operated at a 

low potential of +50 mV, the sensor systems showed high selectivity for nitrite ion in the 

presence of interferences. With very little sample preparation (adjusting pH), the novelty 

of the three PANI modified chemosensor nano-systems was displayed when they were 

successfully applied in the detection of nitrite in rainwater. PANI|PSNP-NH2 was found to 

be twice as sensitive as compared to the other two sensors. PANI|PSNP-NH2|PANI and 

PANI sensors can be used to detect nitrites in drinking water (permissible limit of 46 

µM).  
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In order to fabricate more specific sensors, an antibody for ochratoxin A (anti-OTA) was 

immobilised on PANI and the nanocomposites, PANI|PSNP-NH2|PANI and PANI|PSNP-

OSO3
−|PANI. For the first time, studies on PANI and PANI-PSNP nanocomposites 

conditioned in buffer as biocompatible platforms for attaching polyclonal antibodies in 

impedimetric immunosensors were successfully carried out. Theses polyclonal antibodies 

were opted for as they have been reported to be easier to produce, were commercially 

available, cheaper and more stable as compared to monoclonal or recombinant 

antibodies1. Affinity of OTA antigen to the immunosensors was observed in the 

following order: Pt|PANI|PSNP-NH2|PANI-anti OTA > Pt|PANI-anti OTA > 

Pt|PANI|PSNP-OSO3
−|PANI-anti OTA. This detection of ochratoxin antigen was a 

positive feedback that can be put to use for trace detection of OTA. The Pt|PANI|PSNP-

NH2-anti OTA immunosensor had the lowest limit of detection of (7 pg/kg) with a high 

sensitivity of (819 k.L/ng) for OTA. Apart from increase in surface area due to 

nanostructure of the modified electrodes, charge of the latex beads played a major role in 

the affinity of the charged analytes to the electrochemical nanocomposite sensors. These 

detection limits of OTA by label-free immunosensors in pg/kg range are the lowest 

reported to date and are lower than the European Commission limit of 5 µg/kg OTA in 

roasted coffee and cereals. This work has demonstrated its applicability on certified 

reference materials of wheat, roasted coffee and corn. The limit of detection of the 

immunosensors agreed with both ELISA and vendor data. This confirmed that PANI 

immunosensors can be successfully applied in detecting ochratoxin A in real samples.  
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6.2 Future work and recommendations 

 

Great interest has been generated in polyaniline (PANI) because it is inexpensive, easy to 

process and dope, has high conductivity and the raw materials for its synthesis are readily 

available. Miniaturisation of these chemosensors would make it possible to use in remote 

operations hence making them ideal for rapid on-site analysis. Electro-catalysis of other 

environmental pollutants such as persistent organic pollutants can also be studied on 

these PANI nanocomposite transducers. In the long-run, these transducers can be for 

multi-array detection. Other polymer nanocomposites may also be developed and used in 

the detection of nitrite. Research into functional substrates of PANI electrodeposited 

nanostructures for the development of molecularly imprinted polymer based sensors may 

also be carried out2-4. These imprinted sensors would couple the intrinsic advantages of 

the nano-structured PANI transducer and the robustness and stability of molecular 

imprinted polymers. More research may be done to improve specificity of the 

immunosensors in order to discriminate more efficiently between closely related forms of 

ochratoxin A. Recombinants are the product of genetic manipulation of antibody genes 

and have the capability of engineering affinity and monoclonal antibodies. These 

recombinants can be raised as they are more specific to the different forms of ochratoxin 

A. Novel antibody fragments aid in immobilisation, high throughput screening and this 

facilitates improvements in sensitivity due to the ability to screen much larger 

recombinant libraries1. Possible interferences on the ochratoxin A immunosensors should 

also be studied. This would shed more light on possible sample matrix effects. Other pH 

values can be used to study the behaviour of the immunosensors. This will optimise the 
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pH value of the immunosensors and enable the detection of OTA in different 

environments other than the human physiological pH of 7.2. 
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