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Abstract 

 

This thesis investigates methods of studying oxidative stress, particularly its role in Parkinson’s 

disease (PD) with a specific focus on the substrates oxygen (O2), nitric oxide (NO) and 

superoxide (O2). The primary aim was the in-vitro development and characterisation of a new 

O2
- biosensor suitable for neurochemical monitoring. This thesis also details the neurochemical 

monitoring of NO and O2 in an animal model of PD utilising the technique of Long Term In-

Vivo Electrochemistry (LIVE). 

Chapter 1 provides an introduction to the brain, biosensors, the chemical reactivity and 

formation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) in biological 

systems, and concurrently their role in oxidative stress and the manifestation of PD. Chapter 2 

describes the background theory relevant to the research undertaken, while Chapter 3 details 

the analytical techniques and experimental methods used in the fabrication and characterisation 

of the various sensor types utilised throughout this research. 

The results are divided into three chapters. The first of these, Chapter 4 discusses the 

development and characterisation of the O2
- biosensor outlining the various steps undertaken 

in the optimisation of the biosensor design with respect to O2
- sensitivity. Chapter 5 details the 

interferences in the O2
- calibration process and the relevant modifications made to the biosensor 

in order to minimise these interferences in the in-vivo environment. This chapter also includes 

further in-vitro characterisation of the O2
- biosensor determining the response time, limit of 

detection (LOD) and the biosensor’s ability to reject endogenous electroactive interferences 

present in the brain.  

Chapter 6 focuses on the electrochemical detection of NO and O2 in a reserpine mediated 

animal model of PD. The specific focus of this chapter is to elucidate the role of 

oxidative/nitrosative stress in the etiology and pathophysiology of PD. Additionally, this 

chapter discusses the O2/NO circadian/diurnal changes over any 24 hr period and shows 

preliminary results of the impact light reversal induces on striatal NO and O2 levels. Finally, 

Chapter 7 concludes the thesis, discusses the main experimental outcomes of this research and 

highlights potential future investigations. 
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1.1. Introduction 

The primary aim of this thesis is the development of a sensor that can detect, with appropriate 

sensitivity and selectivity, the reactive oxygen species (ROS) superoxide (O2
-) in the 

mammalian brain. The development of this sensor is well recognised as a critical need as O2
- 

is speculated to be involved in oxidative stress which leads to neurodegenerative diseases such 

as Parkinson’s disease (PD) and several other pathological conditions. 

The mammalian brain is a very complex organ that supports a wide range of functions including 

sensory input and processing, behavioural output or response, emotional response, memory 

and cognition. The brain is comprised of approximately 1011-1012 neurons and by at least twice 

as many glial cells (Emerit et al., 2004). The neurons are the functional units of the central 

nervous system (CNS) and are comprised of three parts; dendrites, cell bodies and axons. These 

neurons function by sending and receiving messages to and from other nerve cells. The key 

process of neural function is the manner in which neurons influence one another through 

synaptic contacts. The three main parts of a synapse include the axon terminal, the membrane 

encasing the tip of the dendritic spine and the synaptic cleft (See Figure 1.1). The transfer of 

messages between neurons occurs through synaptic transmission, which releases a 

neurotransmitter, which carries the message from neuron to neuron. Synaptic transmission is a 

complex process consisting of four steps; synthesis, release, receptor action and inactivation. 

When an action potential is propagated on an axon terminal, a neurotransmitter is released from 

the presynaptic membrane into the synaptic cleft. The neurotransmitter diffuses by exocytosis 

across the cleft where it binds to transmitter–activated receptors on the postsynaptic membrane, 

after which the neurotransmitter is deactivated.  

Glial cells provide physical and functional support in the CNS and there are three types; 

astrocytes, microglial and oligodendrocytes. The primary function of the astrocytes is to protect 

the neurons from the depolarising effects of high concentrations of potassium which 

accumulates during high rates of neuronal activity. They also function to maintain electrical 

neutrality (Feldman et al., 1997). Microglial are the equivalent in the nervous system of 

monocytes and marcophages, scavenging any dead or damaged cells (Emerit et al., 2004). 

Oligodendrocytes produce myelin sheaths that envelop groups of axons. This significantly 

increases the speed and efficacy of axonal conduction. 
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Figure 1.1.: An image displaying the structure of neurons and a synapse. 

https://www.alz.org/braintour/synapses_neurotransmitters.asp 

 

As outlined above, the brain is hugely complex and understanding the mechanisms underlying 

its function remains a challenge. A growing number of methodologies have been developed, 

including sampling, spectroscopic and electrochemical techniques, to study the neurochemical 

phenomena of the living brain.  

 

1.2. Neurochemical Analysis 

A number of techniques have been employed to determine the structure, metabolism and the 

role of neurochemicals in the brain. These include non-invasive techniques such as functional 

magnetic imaging (fMRI) (Austin et al., 2003), positron emission tomography (PET) (Breier 

et al., 1997) (Phelps, 2000), spectroscopic analyses, 1H-NMR (Rothman et al., 1993)  (Mangia 

et al., 2003) (Shulman et al., 1993) and 13C-NMR (Gruetter et al., 1998) (Rothman et al., 1999) 

(Shen et al., 1999). Other invasive techniques have also been developed including 

microdialysis (MD) (Miele and Fillenz, 1996) (Fray et al., 1996) and long term in-vivo 

electrochemistry (LIVE) (O'Neill et al., 1998) (O'Neill and Lowry, 2006). 

The technique of MD facilitates the monitoring of neurotransmitters and other molecules in 

interstitial tissue fluid. This method is widely used for sampling and quantifying 

neurotransmitters, neuropeptides, and hormones in the brain and periphery (Chefer et al., 

2001). MD involves the implantation of a small probe into the brain which consists of a hollow 

tube and a semi permeable membrane. This membrane allows the passage of water and small 

Neurotransmitter 

Neuron 

Synapse 
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solutes (typically with molecular masses less than 20 kDa). On insertion of the probe into an 

external medium (i.e., tissue), substances at the outside surface of the dialysis membrane that 

are present in lower concentrations in the perfusate diffuse through the membrane into the 

perfusate. The perfusate slowly flows through the length of the dialysis probe into the outflow 

tubing where it can be collected for subsequent analyte quantification using for example high 

performance liquid chromatography (HPLC) and mass spectrometry (Shippenberg and 

Thompson, 2001). An advantage of this technique is that it provides a physical barrier between 

the perfusate and tissue, therefore limiting the tissue exposure to the flow of the perfusate. The 

selectivity of the technique and its ability to detect small concentrations of the relevant analyte 

are also beneficial. Conversely, MD also has drawbacks including poor temporal resolution, 

depletion around the probe area and also its large size limits the technique’s use in smaller 

brain regions.  

The first reports of voltammetry in the brain date back to 1958 when Clark used voltammetry 

to monitor oxygen (O2) and glucose (Clark et al., 1958) (Clark and Lyons, 1962). However, 

this technique is generally credited to the work by Adams et al. in 1973  (Kissinger et al., 

1973). Electrochemical techniques involve the application of a potential across an electrode-

solution interface to oxidise or reduce species close to the electrode surface resulting in the 

generation of a Faradaic current (O'Neill, 1994). Several electrochemical techniques have been 

employed including cyclic voltammetry (CV), chronoamperometry, linear ramps, differential 

pulse amperometry (DPA) and constant potential amperometry (CPA). 

Voltammetry/Amperometry has been utilised to develop sensors for the detection of several 

electroactive species in the extracellular fluid (ECF) including O2 (Bolger and Lowry, 2005) 

(Bolger et al., 2011(b)), nitric oxide (NO) (Brown et al., 2005), homovanillic acid (O'Neill and 

Fillenz, 1985(b)), ascorbic acid (AA) (O'Neill and Fillenz, 1985(a)) (Boutelle et al., 1989), uric 

acid (UA) (O'Neill, 1990), dopamine (Robinson et al., 2003) (Zachek et al., 2008) and 5-

hydroxytryptamine (5-HT) (Kristensen et al., 1987) (Jackson et al., 1995) (Wu et al., 2003). 

However, in order to extend its application to the detection of electroinactive species (eg. 

glucose, lactate, glutamate) biosensors have been developed.  
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1.3. Biosensors 

Biosensors provide a mediated system for the detection of electroinactive species in the brain. 

Therefore, as O2
- is not electroactive, the development of a O2

- biosensor is required for its 

detection and is the primary aim of this thesis. Chapter 4 details the various steps involved in 

the development of a sensitive and selective biosensor suitable for the in-vivo monitoring of 

O2
-. A biosensor is defined as a self-contained integrated device incorporating a biological 

recognition element in close proximity to an electrochemical transduction element (Wilson and 

Gifford, 2005) (Thévenot et al., 2001). A biosensor consists of three main parts; the biological 

recognition element, transducer and the signal processing system (Ronkainen et al., 2010) (Yoo 

and Lee, 2010). The biological recognition element, typically a protein, peptide or 

oligonucleide, translates information from the biochemical domain, usually the target analyte 

concentration into a chemical or physical output signal with a defined sensitivity. The 

transducer converts the signal from the recognition system into a measurable signal, while the 

signal processing system converts the signal into a readable form (Yoo and Lee, 2010) 

(Thévenot et al., 2001). Biosensors can be classified as electrochemical, optical, thermometric, 

piezoelectric or magnetic depending on the transducer utilised (Newman and Setford, 2006). 

Enzymatic biosensors are the most thoroughly investigated sensors in the biosensor field. The 

immobilisation of the enzyme component onto the metal electrode is achieved by various 

strategies including entrapment, physical adsorption and chemical bonding (Wilson and 

Thévenot, 1989). Enzymatic biosensors usually employ an analyte-specific molecular 

recognition element which enhances the sensitivity and selectivity of the sensor. 

Amperometric enzyme electrodes can be divided into three categories; first, second and third 

generation devices. A first generation sensor monitors the consumption of O2 (Clark and Lyons, 

1962) or the production of hydrogen peroxide (H2O2) (Lowry and O'Neill, 1994). These sensors 

have limitations due to fluctuations in response to O2 and interference from electroactive 

species as a result of the large potential required for the oxidation of H2O2. Second generation 

biosensors use a low overpotential and replace the O2 required in the enzymatic reaction with 

a redox mediator (El Atrash and O'Neill, 1995) (Cass et al., 1984). Problems associated with 

these devices include leaching of the untethered mediator from the enzyme layer, toxicity in 

biological tissues and redox interferences (McMahon et al., 2007). Third generation biosensors 

are based on direct electron transfer between the active centre of the redox enzymes and the 

electrode (Chaubey et al., 2000) (Kulys et al., 1980).  This approach is extremely difficult for 
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oxidase enzymes as the distance between the flavin adenine dinucleotide (FAD) active site and 

the electrodes is such that direct electron transfer to the electrode takes place slowly, or not at 

all. However, third generation biosensors based on peroxidase and laccase enzymes have been 

developed (Radi et al., 2009) (Rodríguez-Delgado et al., 2015). Early reports of third 

generation biosensors using organic salt electrodes are now considered mediated systems 

(Lowry and O’Neill, 2005).   

Biosensors have found applications in a diverse range of areas including biomedical studies, 

medical diagnostics, drug discovery, food safety, process control, environmental monitoring 

and are key components in HPLC detectors (Turner, 2013) (El Atrash and O'Neill, 1995). 

Biosensors used for neurochemical analysis, benefit from high temporal resolution and small 

size. The small diameter size (127-µm bare diameter, 203-µm coated diameter) of the Pt 

electrode used throughout the development of this biosensor is below the threshold for cellular 

damage in-vivo. This finding was established by measuring UA release as a result of glial 

reaction during perturbation of brain tissue by metal electrodes of varying diameters and 

demonstrated that 5T Pt wire showed no significant difference in the glial cell count measured 

at three different regions; near, mid and far from the 5T sensors (Duff and O'Neill, 1994). 

 

1.4 Reactive Oxygen Species 

Molecular O2 is relatively unreactive, however, O2 derivatives more prone to participate in 

chemical reactions are formed during aerobic metabolism and in the environment (see Figure 

1.2). The primary ROS produced in-vivo is O2
- by the univalent reduction of O2. This radical 

has both reducing and oxidising properties, reacting predominantly with metal ions and iron-

sulfur clusters. Other ROS include H2O2, peroxynitrite (ONOO-), myeloperoxidase, carbonate 

radical, hydroxyl radical (OH) and also singlet oxygen (Kowaltowski et al., 2009) (Bartosz, 

2009).  
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Figure 1.2: The main reactive oxygen species (Bartosz, 2009) 

The respiratory chain produces O2
- by the univalent reduction of molecular O2. This process is 

mediated by enzymes such as xanthine oxidase (XOD) and nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase or non-enzymatically by redox reactive compounds (Dröge, 

2002). Seven separate sites have been identified as sources of mitochondrial ROS production. 

These sites include complex 1 (siteIQ), complex III (site IIIQo), complex 1(site IF), complex 

II, glycerol 3-phosphate dehydrogenase, flavoprotein Q oxidoreductase, 2-oxoglutarate and 

pyruvate dehydrogenases. The latter three sites are poorly characterised in relation to the extent 

of O2
- production (Brand, 2010) (Brand et al., 2004). The majority of mitochondrial ROS 

generation occurs during the electron transport chain, therefore, the generation can occur at 

relatively high rates compared to cytosolic ROS production. The concentration of O2
- is kept 

remarkably low in the in-vivo environment by the enzyme superoxide dimustase (SOD) (See 

Section 2.5.3). The brain contains a large quantity of this enzyme with ~0.5% of the soluble 

protein in the brain being Cu-Zn-SOD with an intracellular concentration of ~ 4–10 µM 

(Beckman and Koppenol, 1996). 

Mitochondrial and cytosolic SOD regulate the levels of O2
- by converting two O2

- molecules 

into H2O2 and O2. In biological tissues O2
- can also undergo spontaneous dismutation producing 

H2O2 and singlet oxygen (Dröge, 2002). H2O2 has been implicated as an intracellular regulator 

of neuronal activity, growth and organelle function in brain cells. It also acts as a diffusional 

messenger for neuron-glia signalling and interneuronal communication which includes 
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regulation of synaptic transmission and plasticity (Rice, 2011). H2O2 is regulated by peroxidase 

enzymes, such as glutathione peroxidase which is cytosolic and mitochondrial (Rice, 2011), 

and catalase which is localised in intracellular peroxisomes (Dringen et al., 2005) (Cohen, 

1994). Additional regulation of H2O2 is provided by thioredoxins, cellular thiols and 

peroxiredoxins which are abundant, however, they express lower catalytic efficiency to H2O2 

compared to glutathione peroxidase or catalase (Rice, 2011) (Rhee et al., 2001) (Rhee, 2006). 

The tight regulation of H2O2 and O2
- by an antioxidant system is important as highly reactive 

OH radicals can be formed by interaction of H2O2 with trace metal ions, particularly iron and 

copper which initiates lipid peroxidation (Brand et al., 2004).  

O2
- can react with iron under in-vivo stress conditions, an excess of O2

-  results in the release 

of ‘free iron’ from iron-containing molecules (Jomova and Valko, 2011) (Valko et al., 2006). 

The release of iron also has a negative impact on the [Fe4-S4] cluster-containing enzymes. 

Inactivation of these enzymes by O2
- is a rapid process (rate constant estimated in the range 106 

– 107 M-1s-1) leading to the oxidation of the iron–sulphur cluster. The oxidised protein binds 

with the Fe (III) more tightly so the protein releases Fe (II) ions. The released Fe (II) can 

participate in the Fenton reaction generating the highly reactive OH radicals (Fridovich, 1999) 

(Jomova and Valko, 2011).The iron catalysed Haber Weiss reaction is also another source of 

the OH radical. This reaction proceeds by the reaction of O2
- with H2O2 where the O2

- reduces 

the Fe rather than H2O2 (Kanti Das et al., 2015). 

The OH radical is highly reactive with a half-life in aqueous solutions of less than 1 ns (Pastor 

et al., 2000). OH radicals formed in-vivo react in close proximity to the area of formation and 

have the ability to oxidise nucleic acids, proteins and phospholipids. The production of OH 

radicals close to DNA can have detrimental effects reacting with DNA bases or the deoxyribose 

backbone of DNA to produce damaged bases or strand breaks (Jomova and Valko, 2011). The 

most abundant in-vivo production of the OH radical occurs when the Mn+ is iron or copper, 

however, this reaction has also been demonstrated using chromium, cobalt and other metals 

(Valko et al., 2006). Conversely, the significance of the Fenton/Haber Weiss reaction in-vivo 

is still not understood since iron is effectively sequestered by various metal-binding proteins, 

therefore, the iron concentration in cells is relatively small. The effective and proper chelation 

of iron in-vivo is important to avoid the harmful effects of this ‘free iron’ in the physiological 

and pathological formation of inflammatory disorders, neurodegeneration, cardiovascular and 

metabolic disorders (Kell, 2009). 
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1.5 Reactive Nitrogen Species  

The term reactive nitrogen species (RNS) encompasses a diverse range of compounds with 

different and distinct properties, however, they have one unifying characteristic in that they are 

all derivatives of NO (Patel et al., 1999). NO is an uncharged lipophilic molecule that contains 

a single unpaired electron, which makes it reactive with other molecules such as O2, glutathione 

and the O2
- radicals (Drew and Leeuwenburgh, 2002). NO has a diverse range of functions 

including modulating blood flow, thrombosis and neural activity and it also serves as an 

intercellular messenger (Beckman and Koppenol, 1996). Another important role of NO is its 

involvement in host defence, being produced by macrophages as a cytotoxic agent in response 

to an inflammatory or immune stimulus (Dedon and Tannenbaum, 2004).  

NO is produced within cells by the actions of a group of enzymes called nitric oxide synthases 

(NOS). There are three principle isoforms of the NOS enzyme; neuronal NOS (nNOS), 

endothelial NOS (eNOS) and inducible NOS (iNOS) (Lacza et al., 2006) (Ghafourifar and 

Cadenas, 2005) (Marletta, 1993). The NOS enzymes have very similar structures and all exhibit 

a bi-domain structure. The first site consists of a C–terminal reductase domain that contains 

binding sites for NADPH, FAD, flavin mononucleotide (FMN) which are linked by a 

calmodulin recognition site to a N terminal oxygenase domain containing binding sites for 

haem, BH4 and L-arginine (Alderton et al., 2001) (Guix et al., 2005). Both eNOS and nNOS 

activation are dependent on the levels of calcium/calmodulin and NO is produced in a transient 

manner (Mungrue et al., 2003) (Drew and Leeuwenburgh, 2002). However, iNOS is 

independent of calcium levels producing NO at high concentrations for longer periods of time 

(Iadecola et al., 1995) (Dedon and Tannenbaum, 2004). L-Arginine is used by NOS to produce 

NO and citrulline in a process requiring NADPH and O2 (see Figure 1.3). N-Hydroxyarginine 

is produced as an intermediate before being reoxidised to form citrulline and NO (Lacza et al., 

2006) (Guix et al., 2005). 

 

Figure 1.3.: A schematic illustrating the synthesis of NO by NOS. 
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NO is a relatively stable and non-reactive free radical and under normal physiological 

conditions exerts no toxic effects on cells. However, NO can react with O2
- to produce a 

powerful oxidant, ONOO- with a rate constant near the diffusion controlled limit (Pryor and 

Squadrito, 1995) (Squadrito and Pryor, 1995) (Radi et al., 2002) (Wink and Mitchell, 1998) 

(Estévez and Jordán, 2002). ONOO- formation occurs during ischemia-reperfusion injury, 

inflammation and neurodegenerative diseases, where NO and O2
- levels are elevated and 

therefore is suggested to play a role in oxidative stress (Murphy, 1998). ONOO- can react 

directly with electron rich groups particularly sulfhydryls, iron sulphur centres, zinc-thiolates 

and the active-site sulfhydryl in tyrosine phosphate. ONOO- is very stable in solution, as a 

result of the cis-conformation which localises the negative charge over the entire molecule. 

The ONOO- anion reacts directly with molecules with a partial positive charge, reacting with 

carbon dioxide producing nitrosoperoxycarbonate as a transient intermediate that then rapidly 

decomposes to nitrogen dioxide and the carbonate radical (Pacher et al., 2007). ONOO- can 

react with the active sites of SOD in a catalytic reaction which fails to inactivate the enzyme. 

It is hypothesised that the ONOO- is attracted by the same electrostatic field that draws the O2
- 

anion to the active site with the copper centre essential for the nitrating activity of the enzyme 

(Beckman and Crow, 1993). 

 

1.6. Oxidative Stress 

For the past fifty years, oxidative stress has been increasingly recognised as a contributing 

factor in ageing, but its conceptual origins can be traced back to the 1950’s (Hybertson et al., 

2011). Harham, in the 1950’s articulated a ‘free radical theory’ of ageing, speculating that 

endogenous O2 radicals were generated in cells and resulted in a pattern of damage. (Harman, 

1955). Oxidative stress is described as an imbalance between the generation and elimination of 

ROS and RNS (Emerit et al., 2004) (Simonian and Coyle, 1996). The human body produces 

O2 free radicals and other ROS as by-products through numerous physiological and 

biochemical processes in the body (see Section 1.4 & Section 1.5), however, these radicals are 

primarily generated as a result of aerobic metabolism (Uttara et al., 2009). The overproduction 

of ROS (arising either from mitochondrial electron-transport chain or excessive stimulation of 

NAD(P)H) results in oxidative stress, a deleterious process that can be an important mediator 

of damage to cell structures, including lipids, membranes, proteins and DNA (Valko et al., 

2007). This overproduction eventually leads to many chronic diseases such as atherosclerosis, 
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cancer, diabetes, rheumatoid arthritis, cardiovascular diseases, chronic inflammation, ageing 

and neurodegenerative diseases (Fridovich, 1999) (Uttara et al., 2009). 

The brain is highly vulnerable to oxidative damage by O2 free radicals because of its high rate 

of metabolic activity, intensive production of reactive O2 metabolites, relatively low 

antioxidant capacity, low mechanism activity, non-replicating nature of its neuronal cells and 

the high membrane surface to cytoplasm ratio (Evans, 1993) (Reiter, 1995) (Shohami et al., 

1997). The main effector of the oxidative stress process in the brain is the neurotransmitter 

glutamate, primarily through the activation of its ionotropic receptors. The ionotropic receptors 

are characterised by their electrophysiological and pharmacological properties which include 

the kainic acid and N-methyl-D aspartate (NMDA) receptors (Gilgun-Sherki et al., 2001). The 

excitatory amino acids and neurotransmitters whose metabolism produces ROS, are unique in 

the brain as sources of oxidative stress. Other endogenous sources of ROS in the brain include 

enzymatic processes in which ROS are generated directly or indirectly (e.g. NOS, monoamine 

oxidase (MAO)) and various cells such as activated neutrophils. Exogenous sources of ROS 

include irradiation and pollutants which can cross the blood brain barrier, as well as xenobiotics 

and drugs (Shohami et al., 1997).   

Antioxidants are classified as exogenous (natural or synthetic) or endogenous compounds. 

Both remove free radicals, scavenging ROS or their precursors, inhibiting the formation of 

ROS and binding metal ions required for the catalysis of ROS generation and up-regulation of 

endogenous antioxidant defences. The antioxidant system can be classified into two major 

groups, enzymes and low molecular weight antioxidants. Enzymatic antioxidants include SOD, 

catalase, and glutathione peroxidase along with other supporting enzymes. Low molecular 

weight antioxidants can be further classified into indirect-acting antioxidants and direct-acting 

antioxidants. The direct-acting antioxidants are extremely important as a protective mechanism 

for oxidative stress (Uttara et al., 2009) (Harman, 1955). These antioxidants include ascorbic 

and lipoic acids, polyphenols and carotenoids (Shohami et al., 1997). The indirect-acting 

antioxidants, on the other hand, include mainly the chelating agents which prevent free radical 

generation, as they bind to the redox metal (Uttara et al., 2009).  

Cell death occurs by necrosis or apoptosis. In neurodegenerative diseases, apoptotic cell death 

is predominant. During this process, mitochondria play a major role and glutamatergic over 

stimulation (excitotoxicity) leads to increased neuronal calcium and apoptosis (Hybertson et 

al., 2011). Many studies have considered the role of mitochondria in the pathogenesis of 

http://topics.sciencedirect.com/topics/page/Neurotransmitters
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neurodegenerative diseases, however, it is unclear whether mitochondria and oxidative stress 

are involved in the onset and progression of these diseases or whether they are consequences 

of neurodegeneration (Federico et al., 2012). The next section discusses the role of oxidative 

stress in the pathogenesis of PD and the current therapies for the treatment of this 

neurodegenerative disease. 

 

1.7. Parkinson’s Disease  

PD is the second most common neurodegenerative disease, primarily affecting people over 55 

years (von Bohlen und Halbach, 2005). In about 95% of PD cases, there is no apparent genetic 

linkage, but in the rest of the cases the disease is hereditary (Dauer and Przedborski, 2003). PD 

was first reported by James Parkinson in 1817 when he published a monograph describing the 

clinical features of PD in six individuals. PD or Primary Parkinsonism is a neurological 

disorder that is characterised by any combination of six specific motoric features: tremor at 

rest, bradykinesia, rigidity, loss of postural reflexes, flexed posture and the freezing 

phenomenon (Fahn, 2003). Other non-motor symptoms such as sleep disorders, anxiety, 

depression, impulsivity, dementia and olfactory dysfunction can also be presented by PD 

patients.  

Dopamine is a toxic neurotransmitter that has long been attributed to the pathogenesis of PD. 

The striatum receives its dopaminergic input from neurons of the substantia pars compacta 

(SNpc) via the nigrostriatal pathway (Betarbet et al., 2002). Progressive degeneration of the 

dopamine containing neurons in the SNpc results in a substantial deficiency in striatal 

dopamine, which is thought to lead to many of the clinical symptoms of PD (Caudle et al., 

2008) (Valko et al., 2007). The clinical signs of PD only appear when striatal dopamine is 

reduced by about 80% (Betarbet et al., 2002) (Spina and Cohen, 1989). 

The familial forms of PD are very infrequent with only about 5% of PD patients reporting a 

positive history. Six genes have been identified to be linked with heritable monogenic PD, 

while mutations and Lewis neuritis in SNCA and LRRK2 are responsible for autosomal-

dominant PD. Mutations in Parkin, PINK1, DJ-1 and ATP132A account for PD that displays 

an autosomal recessive mode of inheritance (Klein and Schlossmacher, 2006). SNCA was the 

first gene to be associated with familial PD and usually patients develop early onset PD. The 

pathological hallmark of this disease is large cytoplasmic inclusions called Lewy bodies and 
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Lewy neuritis (Schiesling et al., 2008) (Emerit et al., 2004). Parkin was the second identified 

PD gene and usually patients develop the disease in their thirties or forties. The Parkin protein 

functions as an E3 ubiquitin ligase in the process of ubiquitination. Post-mortem examinations 

show evidence of neuronal loss and gliosis in the SNpc, however, the brain is frequently lacking 

Lewy bodies (Klein and Schlossmacher, 2006).  

These genetic factors are in accordance with epidemiological associations to PD. These 

associations consist of exposure to environmental toxins that act on the respiratory chain, such 

as pesticides, heavy metals and carbon monoxide, as well as neuroinflammation (Leão et al., 

2015). The presence of Lewy bodies in the dopaminergic neurons of SNpc, as well as the cortex 

and magnocellular basal forebrain nuclei are a pathological feature of PD. A major component 

of these Lewy bodies is a protein called α-synuclein (Spillantini et al., 1997). The exact 

pathway of the involvement of the α-synuclein protein or its mutants in the degeneration 

remains unclear. One potential mechanism is an interaction between α–synuclein and cysolic 

dopamine, in particular the oxidative by-products of dopamine metabolism, which stabilises 

the pathogenic protofibril conformation of α-synuclein to inhibit its conversion to the 

nonpathogenic fibril (Caudle et al., 2008). 

Oxidative stress and mitochondrial dysfunction have also been strongly implicated in PD 

pathogenesis (Betarbet et al., 2002). The link between mitochondrial dysfunction and PD was 

first discovered when a group of drug abusers developed PD symptoms after accidental 

exposure to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in the 1980’s (Langston et 

al., 1983). The toxicity of MPTP is attributed to its ability to cross the blood brain barrier where 

it is metabolised to its active metabolite MPP+ by MAO-B. MPP+ is a complex I inhibitor, 

therefore this leads to the generation of large quantities of free radicals. MPP+ is selectively 

taken up by dopaminergic neurons via its affinity for the dopamine transporter and therefore is 

selectively toxic to dopamine neurons (Tsang and Chung, 2009) (Javitch et al., 1985) (Betarbet 

et al., 2002).  

Dopamine synthesis primarily occurs at the neuronal terminal via the hydroxylation of tyrosine 

by tyrosine hydroxylase to form L-3,4-dihydroxyphenylalanine (L-DOPA). L-DOPA is then 

decarboxylated by aromatic acid decarboxylase to yield dopamine (Caudle et al., 2008). 

Dopamine can autoxidise into dopamine quinone species or alternatively cytotoxic molecules 

including O2
-, OH or H2O2 consequently leading to oxidative/nitrosative stress. Dopamine can 

be enzymatically deaminated by MAO into the metabolite 3,4-dihydroxyphenylacetic acid 
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(DOPAC) and H2O2 (see Equation 1.1) (Lotharius and Brundin, 2002) (Chinta and Andersen, 

2008). Cellular free radical scavenging systems, including glutathione and SOD, scavenge 

ROS preventing these radicals from damaging cellular and mitochondrial structures. However, 

partial inhibition of complex I increases the quantity of ROS produced, usually overcoming 

these protective mechanisms (Betarbet et al., 2002). A deficiency in glutathione, which results 

in the brain’s inefficiency to clear H2O2 and also an increase in reactive iron promoting OH 

formation are also other sources of oxidative stress leading to cell death (Olanow and Tatton, 

1999). 

 

  

 

Post-mortem findings of PD brains demonstrate that the systems decomposing OH radicals and 

other ROS are decreased substantially. It was demonstrated that the levels of glutathione are 

reduced and oxidative damage occurs to lipids, proteins and DNA, suggesting that the SNpc is 

in a state of oxidant stress (Ebadi et al., 1996) (Olanow and Tatton, 1999). In PD, the iron 

content of the SNpc is elevated compared to controls with an increase of the Fe(III)/Fe(II) ratio 

from 2:1 to almost 1:2. This increases the overall iron content and Fe(II) enhances the 

conversion of H2O2 to OH leading to further oxidative stress (Chinta and Andersen, 2008). 

However, there is still considerable debate whether oxidative stress is the causative factor in 

the development of PD or whether it is as a result of a cascade of events initiated by some other 

influence such as mitochondrial impairment, inflammation, excitotoxicity and also the toxic 

effects of NO (Jenner, 2003) (Schapira and Jenner, 2011). 

There are currently many therapies for the management of the motor symptoms and motor 

complications observed in PD. These therapies are based on a dopamine replacement strategy. 

However, alternative therapies such as anticholinergics, antiglutamatergic agents, MAO-B 

inhibitors or surgical procedures have also shown antiparkinsonian properties (Rascol et al., 

2003). The most effective drug to treat the motor symptoms of PD is L-DOPA (levodopa) and 

is regarded as the therapeutic ‘gold standard’ (Schapira et al., 2009) (Lipski et al., 2011). 

Levodopa/L-DOPA is orally administered and is usually combined with a DOPA-

decarboxylase inhibitor to improve absorption and reduce peripheral metabolism. The majority 

of levodopa is metabolised in the liver and gut by 3-O-methyl transferase (COMT) to produce 

3-O-methyldopa, which on accumulation can interfere with the brain penetration of L-DOPA. 

Eqn 1.1 
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COMT inhibitor drugs such as entacapone increase the amount of L-DOPA absorbed and 

maintained in the effective range for extended periods of time, therefore providing a reduced 

off-time and enhancing availability of the drug in the brain (Rascol et al., 2003) (Schapira et 

al., 2009).  

L-DOPA is highly efficient in the initial treatment of PD by the direct replacement of dopamine. 

However, significant long-term complications of the administration of  L-DOPA as a treatment 

for PD is the development of dyskinesia and motor complications due to the ‘wearing off’ 

effect of  L-DOPA (Lipski et al., 2011) (Schapira et al., 2009). Other adverse side effects of 

the drug include nausea, hypertonia, vomiting and headache and these side effects are 

significantly more common on administration of higher doses of the drug (Group, 2004). Some 

evidence has suggested that treatment with L-DOPA may have a propensity to induce dopamine 

metabolism related oxidative stress (Lipski et al., 2011) (Schapira et al., 2009). In-vitro studies 

have demonstrated that L-DOPA is toxic in cell cultures via the process of oxidative stress 

(Lipski et al., 2011). However, clinical trials in humans and studies conducted with animals, 

including rodents and primates, have failed to conclusively reveal a toxic effect following the 

administration of L-DOPA (Ferrario et al., 2004) (Schapira et al., 2009) (Group, 2004). The 

general consensus is that L-DOPA is not capable of stopping the progression of dopaminergic 

cell loss in the SNpc but can only slow the rate of PD progression. Currently none of the 

antiparkinsonian therapies offer a therapeutic strategy to manage patients with PD on a long-

term basis; many motor and non-motor symptoms are resistant to current treatments with such 

treatments inducing adverse side effects and the quality of life and life expectancy remain 

abnormal (Rascol et al., 2003). This fact necessitates the further development of novel PD 

therapeutic strategies. 

 

1.8. Overview of Thesis  

This thesis describes the in-vitro development of a O2
- biosensor and also investigates the role 

of oxidative stress in the manifestation of PD. For this NO and O2 sensors were implanted in 

the striatum and high and low doses of reserpine were administered.  

Chapter 1 provides an introduction to the brain, biosensors, the chemical reactivity and 

formation of ROS and RNS in biological systems and concurrently their role in oxidative stress. 

This chapter also emphasises the harmful effects of oxidative stress with particular focus on its 
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role in the manifestation of PD. Chapter 2 describes the background theory that is relevant to 

the research undertaken, while Chapter 3 details the analytical techniques and experimental 

methods used in the fabrication and characterisation of the various sensor types utilised 

throughout the research. The results chapters commence with the development of the O2
- 

biosensor (Chapter 4). This chapter outlines the steps undertaken in the optimisation of the 

biosensor design with respect to O2
- sensitivity. Chapter 5 details the interferences in the O2

- 

calibration and the relevant modifications made to the biosensor in order to minimise/eliminate 

these interferences in the in-vivo environment. Chapter 6 focuses on the electrochemical 

detection of NO and O2 in a reserpine mediated model of PD. The specific focus of this chapter 

is to elucidate the role of oxidative/nitrosative stress in the etiology and pathophysiology of 

PD. Finally, Chapter 7 concludes the thesis and discusses the main experimental outcomes.  
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2.1. Introduction 

The in-vitro development and characterisation of a superoxide (O2
-) biosensor suitable 

for in vivo use was the primary goal of this research. In order to achieve this goal 

constant potential amperometry (CPA) was utilised throughout the course of the 

research which is described in Section 2.4. As O2
- is not electroactive its direct 

measurement is not feasible. Therefore, this thesis discusses the development of a first 

generation biosensor involving the incorporation of superoxide dismutase (SOD) onto 

a Pt surface producing electrochemically detectable hydrogen peroxide (H2O2). 

However, to facilitate this enzymatic reaction, XOD must be added to the phosphate 

buffer saline (PBS) and different concentrations of xanthine are added to the buffer 

solution in order to generate O2
- which can then undergo dismutation to produce H2O2. 

The application and different types of biosensors are discussed in detail in Section 1.3.  

The effectiveness and suitability of each of the O2
- biosensor designs are described 

and compared by their response to the target substrate and interferent species using 

linear/non-linear regression and other statistical analysis. Non-linear regression 

includes fitting the experimental data to Michaelis-Menten kinetics, and determining 

the important parameters KM, Vmax and α which are used to describe the activity of 

immobilised enzymes towards a substrate and the electrodes deviation from ideal 

kinetics, is detailed in Section 2.5.2.  

Two important parameters govern the electrochemical analysis used in this research; 

the theory of mass transport and the rate of electron transfer. In general, a reaction at 

the electrode surface involves the transformation of a dissolved oxidised species to a 

reduced form and this results in an electrochemical signal (see Section 2.2). The theory 

of mass transport is based on three main processes; migration, convection and 

diffusion and these processes are discussed in detail in Section 2.3.  
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2.2. Oxidation and Reduction 

Electrochemical analysis is based on the reactions that take place at the electrode 

surface. CPA involves the application of a fixed potential between the working and 

the reference electrode, which results in the oxidation or reduction of the target 

species. The H2O2 produced by the enzymatic dismutation of O2
- at the working 

electrode is oxidised upon the application of a suitable potential giving a proportional 

Faradic current. The reaction symbolising the oxidation and reduction of a species 

occurring at the active surface is described in Equation 2.1, where O and R represent 

the oxidised and reduced species, respectively, and n symbolises the number of 

electrons involved in the reaction. 

 

 

 

The two main processes which contribute to the rate of reaction include mass transport 

of the reactant to the active surface of the electrode and electron transfer. This type of 

reaction is defined as a faradaic process as the reaction is governed by Faraday’s law 

(i.e. the amount of chemical reaction caused by the flow of current is proportional to 

the amount of electricity passed). Some processes are non-faradaic; adsorption and 

desorption are examples and in this instance the structure of the electrode–solution 

interface changes with applied potential (Bard and Faulkner, 2000). 

At equilibrium (Eeq), i.e. no negative or positive potential is applied compared to the 

energy of the solution species and consequently no oxidation/reduction processes 

occur. The Fermi level (EF) or highest energy level of the metal based working 

electrode is equal in energy to the highest occupied molecular orbital (HOMO) of the 

solution species. An electrical potential applied to a metal acts to increase or decrease 

the energy of the Fermi levels. The application of a positive potential greater than Eeq 

results in a decrease in the energy of the Fermi level. It is then energetically more 

favourable for electrons to move from the HOMO level of the solution species to the 

lower lying EF of the metal. This process results in an oxidation reaction (see Figure 

2.2). A reduction reaction occurs when a negative potential is applied relative to Eeq 

2.1 
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and electrons move from the increased EF of the metal to the lowest unoccupied 

molecular orbital (LUMO) level of the solution species (see Figure 2.1)  (Fisher, 

1996). 

 

Figure 2.1: A schematic of a reduction reaction 

 

 

Figure 2.2: A schematic of an oxidation reaction 

 

Additionally, upon application of a potential, a capacitance current arises as a result 

of the existence of opposing charges between the metal electrode and the target 

medium. This current is generated in the absence of any target analyte and all 

experimental data presented in this thesis is background subtracted to remove this 

capacitance current.  
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2.3. Mass Transport 

Mass transport is a factor that affects the rate of reaction at the surface of an electrode. 

It is defined as the movement of substances from one place in solution to another. The 

experimentally measured current (I) is a direct indication of the rate of the 

electrochemical reaction and is represented by Faraday’s law 

 

I = nFAJ    

                

Where (I) represents the current, n refers to the number of electrons, F is the Faraday 

constant, A is the area of the electrode (m2) and J is the flux of the ions (mol m-2 s-1).   

The mass transport process is influenced by three main properties; migration, 

convection and diffusion. 

 

2.3.1. Migration 

The external electric field which exists at the electrode/solution interface as a result of 

a decrease in electrical potential between the two phases is capable of exerting an 

electrostatic force on charged species, therefore inducing the movement of ions away 

or to the electrode. This type of transport is defined as migration. Conversely, the 

migration effect is made negligible in this research by using an inert electrolyte (PBS, 

pH 7.4, Section 3.3.2.1) at larger quantities than the target species. In addition, the 

ionic strength of the electrolyte is high so λ, the Debye length is very small. 

 

2.3.2. Convection 

Movement due to convection occurs when a mechanical force acts on a solution. There 

are two types of convection; natural which arises from thermal gradients and/or 

density differences within the solution, and forced convection which is achieved by 

external forces such as stirring and bubbling (Fisher, 1996). In-vitro experiments 

introduce forced convection into the electrochemical cell by the use of a magnetic 
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stirrer alongside the addition of aliquots of substrate. However, this contribution can 

be neglected as the analysis of all calibration data was taken from the steady-state 

currents in a quiescent solution.  

 

2.3.3. Diffusion 

Diffusion arises from uneven concentration distributions and movement of molecules 

always occurs from an area of high concentration to a region of lower concentration. 

The rate of diffusion at a given point in the solution is dependent upon the 

concentration gradient and is governed by Fick’s first law (see Equation 2.3) which 

states that the diffusional flux is proportional to the concentration 

 

J =  ‐D
∂c

∂x
 

                 

J denotes the diffusional flux of the species, 
∂c

∂x
 is the concentration gradient in 

direction x and D represents the diffusional coefficient. The negative sign signifies the 

material moving down a concentration gradient, i.e. moving from a region of higher 

concentration to a lower concentration.  

Generally researchers are concerned with the change of concentration at a point as a 

function of time and this movement is described in Fick’s second law of diffusion (see 

Equation 2.4). 

 

∂c

 ∂t  
= D

∂2c

∂t2
 

                     

The progress of a reaction can result in the generation of a concentration gradient due 

to one of the species being consumed. However, in the case of microelectrodes which 

utilise very small diameters in the range of 5 – 300 µm (O'Neill et al., 1998), currents 

2.4 
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are small and minimal substrate is consumed, therefore a steady-state current is 

generated (i.e. 
∂c

∂t
 = 0 no change in c with t).  

For planar electrodes, which are uniformly available to species from the bulk solution, 

the variation of current with time is calculated from Fick’s second law of diffusion, 

resulting in the generation of the Cottrell equation (Equation 2.5)  

 

I = nFAJ =  
nFAD1/2c∞

(πt)1/2
 

                     

 
 

With I, the measured current at time t at the electrodes active site A being directly 

proportional to c∞, the bulk concentration of the electroactive species. J is the flux, n 

denotes the number of electrons, D is the diffusion coefficient and F is the Faraday 

constant. 

 

For any coordinated system a Laplace operator is substituted into Equation 2.3 to 

determine the flux for all electrode geometries which gives  

 

J =  ‐D∇2c 

       

 

and as a result, Fick’s second law of diffusion for any geometry, becomes  

 

  ∂c

 ∂t
= D∇2c 

                                       

This research utilised cylinder electrodes so the laplacian operator is: 

 

∂2

∂r2
+ (

1

r
)(

∂

∂r
) 2.8 

2.7 

2.6 

2.5 
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In order to solve the above diffusion equations it is necessary to set conditions for 

the system to obey. These conditions include initial conditions (values at t = 0) and 

two boundary conditions.  

 

Fick’s first law for a species R at the electrode surface determines that the flux at the 

electrode, JR(0,t), is proportional to the current density, 
i

A
.         

  

            

‐JR(0, t) =  
i

nFA 
=  DR [

∂cR(x, t)

∂x
]

x=0
 

          

A is the surface area of the electrode, F is the Faraday constant, n is the number of 

electrons transferred and i is the current. The sum of the electrons transferred per unit 

time must be proportional to the concentration of R reaching the electrode surface over 

the specific time period.  

 

 

2.4 Constant Potential Amperometry  

Throughout this research project, the most commonly used electrochemical technique 

was CPA. This technique allows for the continuous monitoring of current by the 

application of a fixed potential where the redox reaction of the substrate of interest 

occurs (O'Neill, 1994). The application of a fixed potential during amperometric 

detection results in a negligible charging current, which minimises the background 

signal that adversely affects the limit of detection (LOD) (Ronkainen et al., 2010). 

CPA allows for high temporal resolution to be achieved and also using sampling rates 

in the kHz range can resolve signals on a sub-millisecond timescale (Hermans, 2007). 

These characteristics make CPA an ideal technique for the in-vitro/in-vivo research 

discussed in this thesis.   

Diffusion is considered to be the only mass transport form affecting CPA. In this 

instance, Equation 2.10 characterises the diffusion limits associated with the 

consumption of the analyte to produce a steady-state current (iss) 

2.9 
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                      iss =  
nFADC

r
 

                         

 
 

Where the iss is the steady-state current, n is the number of electrons, A is the area of 

the electrode, D is the diffusion coefficient, F is the Faraday constant, C is the 

concentration and r is the radius. However, other factors such as the geometry or the 

insulation thickness of the electrode have an effect on the steady-state current and 

therefore a geometric factor, G, is introduced into Equation 2.10: 

 

 

                             iss =  
GnFADC

r
 

                      

 

The resulting current is directly proportional to the diffusion coefficient and the 

substrate concentration. 

 

 

2.5 Enzymes 

 

 

2.5.1 Introduction 

 
Enzymes are efficient and selective biological catalysts; they increase the rate of 

reaction without themselves being used up in the process. The majority of enzymes 

are proteins and they are classified into six groups; oxidoreducatases, transferases, 

hydrolases, lyases, isomerases and ligases. These groups are classified based on the 

general class of organic chemical reaction that the enzyme catalyses. Enzymes are 

highly selective both in the reaction they catalyse and the substrates they act on, and 

the degree of substrate selectivity varies. Many enzymes exhibit stereoselectivity 

acting on only a single stereoisomer of the substrate. Reaction specificity is a key 

characteristic of enzymes and therefore the generation of wasteful by-products is very 

small (Horton et al., 2002) (Berg et al., 2002). Due to the selectivity of enzymes, they 

are highly desirable in the fabrication of biosensors. The use of the enzymes 

2.11 
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superoxide dismutase (SOD) and xanthine oxidase (XOD) were essential in this 

research, for the development of a O2
- biosensor.  

Enzymes are constructed from long chains of amino acids which are folded into 

complex structures. The active site of an enzyme is the region that binds the substrates. 

The active site is a three-dimensional cleft or crevice that takes up a relatively small 

part of the total volume of the enzyme. The substrates are usually bound to the enzyme 

by multiple weak attractions with the specificity of substrate binding depending on the 

precisely defined arrangement of atoms in the active site (Berg et al., 2002). Cu-Zn-

SOD isolated from bovine erythrocytes is utilised throughout this thesis. It is a dimeric 

enzyme containing a Cu and a Zn ion, each subunit containing two active sites with 

each Cu ion coordinated by four histidine (His) residues in a distorted square-planar 

geometry (Carloni et al., 1995). 

 

 

2.5.2 Enzyme Kinetics 

The primary function of enzymes is to enhance the rates of reactions so that they are 

compatible with the needs of the biological organism. The complex structure of 

enzymes leads to complex reaction mechanisms with many variables. A single 

substrate enzyme-catalysed reaction where one substrate binding site is present results 

in the following general enzyme equation which can be utilised to define the enzyme’s 

kinetic activity. 

 

 

 

 

 
 

E is the enzyme molecule, S is the substrate and P is the resulting product of the 

reaction. kx  refers to the rate constant for each specific reaction (x = 1, -1, 2, -2). The 

extent of the product formation is determined as a function of time. Initially, during 

the enzymatic reaction it is found that the concentration of the product is low and thus 

the reverse reaction of product to the enzyme-substrate complex, indicated by k-2, is 

negligible. This yields the result shown in Equation 2.13 

2.12 



Chapter 2 Theory  
 

35  

 

 

 

In 1913, Leonar Michaelis and Maud Menten proposed a simple model to account for 

the kinetic characteristics (Michaelis and Menten, 1913). The steady-state 

approximation can be applied to the formation and destruction of the enzyme- 

substrate complex which is the necessary intermediate of the enzyme catalysis. As a 

result the rate of change of [ES] with time is shown in Equation 2.14.   

 

     
d[ES]

dt
= k1 [E][S]‐ k‐1[ES]‐ k2[ES]                    

 

Where [E] is the concentration of unbound enzyme and [ES] is the concentration of 

the bound enzyme. Hence the total enzyme concentration [E]0 can be substituted by, 

 

                                    [E] = [E]0 - [ES]                                                  

 

Therefore, 

 

d[ES]

dt
= k1 [E]0[S]‐ k‐1[ES][S]‐k‐1 [ES]‐ k2[ES] 

 

Applying the steady-state approximation indicating the concentration of [ES] remains 

constant, setting 
d[ES]

dt
 = 0 gives:    

 

k1 [E]0[S]‐ k‐1[ES][S]‐k‐1 [ES]‐ k2[ES] = 0 2.17 

2.16 

2.15 

2.14 

2.13 
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Using Equation 2.17 above, it is possible to isolate the concentration of the [ES] 

complex, yielding Equation 2.18 

 

[ES] =  
[E]0[S]

[S] +  
k‐1 + k2

k1

 

 

Michaelis and Menten replaced the 
k‐1 +k2

k1
 with KM (Michaelis constant) to reduce 

Equation 2.18 to yield: 

 

[ES] =  
[E]0[S]

[S] +  KM
 

 

KM is an important characteristic of the [ES] interaction and is independent of enzyme 

and substrate concentrations. [ES] has been isolated as it governs the rate of reaction 

(v) and therefore the rate of formation of products, k2, and is given by 

 

v = k2[ES] 

 

Substituting into Equation 2.19 gives 

 

   v =  
k2[E]0[S]

[S] +  KM
           

 

2.18 

2.19 

2.20 

2.21 
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If the concentration of the substrate is very high compared to the enzyme then the 

enzyme will only exist as the complex ES and the rate of reaction can reach its 

maximal initial velocity, Vmax. Thus, since [S] >> KM and: 

 

                                    Vmax = k2[E]0                                                     

 

then  

 v =  
Vmax[S]

[S] +  KM
 

  

Michaelis and Menten assumed that the substrate was usually present in higher 

concentrations than the enzyme. Therefore the initial substrate concentration [S]0 is 

much greater than the initial enzyme concentration [E]0. In this instance, [S] = [S]0 and 

as a result Equation 2.23 becomes: 

 

 v =  
Vmax[S]0

[S]0 +  KM
 

              

When experimental values of v are plotted against [S]0, as shown in Figure 2.3, we 

observe a rectangular hyperbola. From this graph we observe the Vmax which is the 

maximal initial velocity, at a particular [E]0. The Km can also be calculated from the 

graph, when v = 
VMAX

2
 

 

 

 

 

2.22

2 

 
2.22 

2.23

2 

 
2.22 

2.24

2 
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Figure 2.3: Graph of v against substrate concentration [S]0 for a given enzyme 

concentration [E]0 for a single substrate enzyme catalysed reaction from the Michaelis-

Menten equation. 

The Michaelis-Menten equation is a very useful analytical tool, because of its 

simplicity to make approximations, however, this equation fails to take account of 

specific circumstances. Some enzymes exhibit sigmoidal behaviour, rather than the 

hyperbolic curve seen in Figure 2.3, and in this case a deviation is made to the 

Michaelis-Menten equation. This kinetic behaviour is observed when more than one 

molecule of substrate binds to a single molecule of enzyme. However, when the 

enzyme binding sites are similar and independent the response will be hyperbolic as 

illustrated in Figure 2.3. In circumstances where a co-operative effect is observed, the 

binding of a substrate to one active site on the enzyme increases the affinity of other 

sites on the enzyme to bind more molecules of substrate - then sigmoidal kinetics is 

observed. For sigmoidal behaviour, deviations were made to ideal Michaelis-Menten 

kinetics and the Hill type equation was formulated (see Equation 2.25) by Lowry et 

al. (Lowry and O'Neill, 1994) (Lowry and O'Neill, 1992). 

 

i =  
Vmax

1 + (
KM

[S]
)

α 

 

Where i is the current observed from the oxidation of H2O2 at the surface of the 

electrode used to measure the rate of reaction. The α value acts as an indication of the 

deviation from ideal Michaelis-Menten kinetics, where an α value of 1 equates to ideal 

2.25

2 

 
2.22 
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behaviour. Conversely, an α value greater than 1 is indicative of sigmoidal behaviour 

indicating positive cooperativity. 

 

2.5.3 Superoxide Dismutase 

The discovery of SOD, has been termed the most important discovery of modern 

biology never to win a Nobel prize (Perry et al., 2010). The ubiquitous SODs catalyse 

the dismutation of O2
- to oxygen (O2) and H2O2 at one of the fastest enzyme rates 

known with an enzymatic turnover of ∼106 reactions per second (McCord, 2001) and 

therefore, are critical for protecting the cell against the toxic effects of the ROS species 

(Perry et al., 2010). Three types of SOD enzymes have been identified, all 

characterised by their prosthetic metal centre and their cellular localisation: Cu-Zn-

SODs, Mn-SOD/Fe-SODs and Ni-SODs. However, they are all classified as SODs by 

virtue of their ability to catalyse the dismutation of O2
-  (Miller, 2012) (Perry et al., 

2010) (Maier and Chan, 2002). A schematic representation of the common mechanism 

utilised by the SOD’s to scavenge O2
- is shown below in Figure 2.4.  

Cu-Zn-SOD also known as SOD 1 is a 32 kDa dimer consisting of 153 amino acids 

that exist intracellularly (Maier and Chan, 2002). This relatively small protein 

constitutes a large fraction of total cell protein with an approximate in-vivo 

concentration of 10 µM (Rae et al., 1999). The active site of the oxidised form of SOD 

1 has a Cu2+ ion coordinated in a distorted square pyramid by a solvent molecule and 

four His, with one acting as a ligand to a distorted tetrahedral Zn2+ coordinated by two 

other His and an aspartate (Asp-) (Miller, 2004). SOD 1 is located primarily in 

astrocytes throughout the central nervous system (CNS), but is also detectable in 

neurons (Lindenau et al., 2000). The enzyme used throughout this thesis is Cu-Zn-

SOD purified from bovine erythrocytes. 

Mn-SOD called equivalently SOD 2 is a mitochondrial enzyme composed of a 96 kDa 

homotetramer which is localised in the mitochondrial matrix. Fe-SOD shows similar 

homology to Mn-SOD, however, this enzyme is usually absent in eukaryotes (Fukai 

and Ushio-Fukai, 2011). The active site of Mn/Fe-SOD is located between the N and 

C terminal domains and contains just one metal ion. The metal ion is coordinated in a 

strained trigonal bi-pyramidal geometry by four amino acid side chains, His 26, His 
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74, Asp 159 and His 163, and by one solvent molecule. The O2
- reaches the active site 

through a funnel that uses electrostatics for guidance and has a narrow entrance to the 

active site allowing access for only smaller ions (Perry et al., 2010). Mn-SOD is 

primarily located in neurons throughout the brain and spinal cord which is expected 

due to the high metabolic rate of these cells (Maier and Chan, 2002). However, Mn-

SOD is only responsible for approximately 20% of SOD activity in the brain, whereas 

80% is due to the Cu-Zn-SOD activity. Therefore, neuronal mitochondria seem to 

account for only a small proportion of  the total SOD activity (Lindenau et al., 2000).  

The third class of SOD, Ni-SOD, originally identified in Streptomyces and 

cyanobacteria is characterised by the presence of a Ni metal centre (Youn et al., 1996). 

Ni-SOD is a protein consisting of 120 amino acids. Access to the narrow active site 

channel is limited to O2
-  and a nearby group of conserved lysine residues aids 

electrostatic steering, while the tyrosine (Tyr9) functions as a gatekeeper (Perry et al., 

2010). However, there is no evidence that Ni-SOD is contained in gram-positive 

bacteria, archaea or eukaryotes other than green algae (Schmidt et al., 2009) (Miller, 

2012).  

 

Figure 2.4: A schematic representation of the common mechanism of scavenging O2
- by 

the SOD (Fukai and Ushio-Fukai, 2011).  
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2.5.4. Xanthine Oxidase 

Milk XOD was originally described as aldehyde oxidase and since its discovery in 

1912 has served as the benchmark for the whole class of complex metalloflavoproteins 

(Enroth et al., 2000). Notably the enzyme xanthine oxidoreductase exists in two 

interconvertible forms; xanthine dehydrogenase and XOD. Corte and Stripe reported 

the first evidence of this enzyme originally in the form of xanthine dehydrogenase, but 

this enzyme can be converted under certain circumstances to XOD (Corte and Stirpe, 

1972). This conversion occurs due to two mechanisms; the first by the oxidation of 

the sulfhydryl residues or by proteolysis.  

 XOD utilises xanthine and O2 as a cofactor to produce uric acid (UA) and O2
- (see 

Equation 2.26), therefore XOD can be postulated to be a major source of O2
- 

intracellular production (Aitken et al., 1993) (Kuppusamy and Zweier, 1989). 

Conversely, the native form of the enzyme xanthine dehydrogenase acts with xanthine 

but utilises nicotinamide adenine dinucleotide (NAD) as a cofactor for the reaction 

resulting in the formation of nicotinamide adenine dinucleotide phosphate (NADPH) 

and UA and this form of the enzyme is the predominant form in well organised tissues 

(Doehner and Landmesser, 2011): 

 

 

 

The active form of the enzyme is a 290 kDa homodimer, with each subunit containing 

one molybdopterin cofactor, two spectroscopically distinct Fe2S2 centres and one 

flavin adenine dinucleotide (FAD) (Chung et al., 1997) (Enroth et al., 2000). Xanthine 

oxidoreductase enzymes have been isolated from a wide variety of organisms from 

bacteria to man (Enroth et al., 2000); throughout this research XOD isolated from 

bovine milk was utilised. This enzyme was placed in the PBS (pH 7.4) and various 

aliquots of xanthine were injected into the electrochemical cell to generate O2
-.  

 

 

2.26 
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2.6 Hydrogen Peroxide  

The use of Pt as an electrochemical catalyst for the oxidation of H2O2 in amperometric 

biosensors incorporating enzymes has been used extensively by many research groups 

(Lowry et al., 1994) (O’Brien et al., 2007) (Zain et al., 2010) (Burmeister et al., 2003) 

(Mitchell, 2004) (Parikh et al., 2004). The H2O2 is generated by a specific enzyme 

reaction and the rate of oxidation is proportional to the analyte concentration (O’Neill 

et al., 2004) (Hall et al., 1998(a)). The oxidation process is well characterised as a 

two-electron transfer first proposed by Hickling and Wilson, and further investigated 

by Lingane and Lingane (Hickling and Wilson, 1951) (Lingane and Lingane, 1963). 

The mechanism is based on the formation of a thin Pt oxide with which the H2O2 acts 

to reduce, and then the current is attributed to the re-oxidation of the Pt (Hall et al., 

1998(b)). The mechanism of oxidation is detailed below (Hall et al., 1998(b))  

 

                            H2O2 + Pt(OH)2  Pt(OH)2 . H2O2                                        

 

                            Pt(OH)2 . H2O2  Pt + 2H2O + O2                           

 

                            Pt + 2H2O  Pt(OH)2 + 2H+ + 2e-                                  

 

The first two equations (Eqn 2.27, Eqn 2.28) detail the breakdown of this Pt oxidised 

complex into H2O, O2 and an unoxidised Pt. Equation 2.29 shows the re-oxidation of 

the Pt surface and it is the release of these two electrons that generates the current that 

is measured at the electrode surface.   

 

 

 

 

 

 

 

2.27 
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2.29 



Chapter 2 Theory  
 

43  

 

2.7 Electropolymerisation of o-Phenylenediamine  

   
Enzyme-based amperometric biosensors incorporating the permselective layer poly-

o-phenylenediamine (PPD) have been manufactured for various analytes including 

glucose, glutamate and H2O2 (McMahon and O'Neill, 2005) (Lowry and O'Neill, 

1994) (Malitesta et al., 1990) (Wilson and Gifford, 2005) (O’Brien et al., 2007). PPD 

can be deposited electrochemically from o-PD to produce a thin self-sealing insulating 

polymer on the Pt surface (Killoran and O’Neill, 2008). The film thickness of PPD 

grown under these experimental conditions are generally in the region of 10-35 nm 

(Malitesta et al., 1990) (Myler et al., 1997). PPD demonstrates beneficial traits being 

highly permeable to the enzyme generated H2O2 (Hamdi et al., 2005) (Lowry and 

O'Neill, 1994) and effectively rejects larger interferent species such as ascorbic acid 

(AA) (Craig and O'Neill, 2003) (O’Neill et al., 2008). 

The structure of the insulating form of PPD is still not determined, however, two 

structures have been hypothesised (Prună and Brânzoi, 2012) . A ladder-like structure 

(Figure 2.5(A)) is proposed where the amino groups are condensed, within the benzene 

ring adjacent to each other along the polymer chain. Alternatively, an “open” 1,4-

substituted benzenoid-quinoid structure (Figure 2.5(B)) has been assumed (Yano, 

1995). Recent reports have determined that increased amino content is found when 

PPD is formed in neutral pH (Losito et al., 2003) suggesting that the PPD films formed 

in this research are of the “open” structure. Ullah et al. performed density functional 

theory (DFT) and time dependent (TD-DFT) calculations to gain insight into the 

structure of the PPD layer with both proposed structures investigated using the 

oligomer approach. This research proved to be inconclusive for identifying the 

dominant form of the structure, as both the Raman and IR results indicated a 

contribution from both structures. However, the UV-Vis spectra calculated using TD-

DFT concluded that the real molecular structure of the PPD has a major contribution 

from the ladder structure and a small contribution from the open structure (Ullah et 

al., 2013).   
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Figure 2.5: Possible structures for the polymeric form of o-PD (Sayyah et al., 2009). 

 

 

 

2.8 Ascorbic Acid  

AA is a water soluble antioxidant essential for normal physiological function, with 

roles in the repair and growth of tissues and wound healing (Iqbal et al., 2004). AA 

has been identified as an important antioxidant, enzyme cofactor and neuromodulator 

in the brain. The brain, spinal cord and adrenal glands have the highest AA 

concentration of all the tissues in the body and the total brain ascorbate levels are kept 

under strong homeostatic regulation (Rice, 2000). The AA concentration in the 

extracellular fluid (ECF) of the brain is approximately 500 µM  (Miele and Fillenz, 

1996).  

A 

B 
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This electroactive compound is readily oxidised at metal electrodes having an E1/2 

between -100 to +400 mV vs. SCE (O'Neill et al., 1998). The mechanism for this 

reaction is a 2 e- process resulting in the formation of L-dehydroascorbic acid. The 

hydrolysis of L-dehydroascorbic acid results in the production of an electro-inactive 

open chain product L-2,3-diketogulonic. The mechanism for this reaction is shown in 

Figure 2.6. 

 

 

Figure 2.6: Reaction scheme for the oxidation of AA. 
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2.9 Data Analysis 

All data was analysed after cessation of the experiments using linear or non-linear 

regression. The regression was applied after the average steady-state current value was 

obtained and this value was plotted on a graph of current response against substrate 

concentration.  

 

2.9.1 Linear and Non-Linear Regression 

Regression fitting involves finding a line or a curve which minimises the sum of the 

squares of the vertical distances of the points to the fitted line or curve. Linear 

regression is also known as the line of best fit. Linear regression fits were applied to 

AA, H2O2, NO and O2 calibrations. Non-linear regression fits taking the form of the 

Michaelis-Menten equation and the modified Hill Type equation (see Section 2.5.2) 

were applied to enzymatic calibrations. On completion of the linear and non-linear 

regression, other statistical analysis tests were performed on the data sets in order to 

provide additional information and to enable comparisons to be drawn.  

 

2.9.2 Statistical Analysis 

Statistical analysis is carried out to determine if various data sets are significantly 

different. Throughout this research t-tests were employed as the method of analysis. 

Two forms of t-tests were utilised; unpaired t-tests and paired t-tests. Paired t-tests 

were performed on electrodes that differed only by post production intervention, for 

example stability over days or protein treatment. Unpaired t-tests were performed on 

electrodes that differed in their production method, for example different layering 

process or incorporation of different biosensor components. These t-tests were 

performed using GraphPad Prism and yielded a resulting P-value. 

The assigned P-value is a probability, thus its value lies between 0 ≤ P ≤ 1. It describes 

the statistical difference between two values and allows one to decide whether or not 

it is significantly different. The smaller the P-value the more likely it is to be 

significantly different. A confidence interval of 95% was used for these tests therefore, 

a P-value of < 0.05 was required to indicate a significant difference between the two 
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data sets involved. A P-value greater than 0.05 indicated no significant difference 

between the data sets involved. 

The R2 value, also known as the (coefficient of correlation)2, is a measure of the 

goodness of fit of a data set to a line. It is a unitless value within the range 0 ≤ R2 ≤ 1. 

A value of 1 indicates a perfect fit, where all points lie directly on the line. A value of 

0 indicates that there is no linear (non-linear) relationship between the X and Y values 

in the data set. 
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3.1. Introduction 

This chapter outlines the materials and methods used in the development and 

characterisation of a superoxide (O2
-) biosensor in-vitro. The design of this sensor is 

based primarily, on previously designed Pt-based biosensors recently characterised in 

the research group. These biosensors have used styrene and methyl methacrylate 

(MMA) as an immobilisation matrix and used the dip adsorption method to 

incorporate the enzyme onto the Pt surface (Baker, 2013) (Bolger, 2007). The rejection 

of potential endogenous electroactive interferents by the application of an o-

phenylenediamine (o-PD) layer has also previously been utilised in sensor designs 

(Lowry et al., 1994) (Malitesta et al., 1990) (Ryan et al., 1997). This chapter also 

describes the design of the oxygen (O2) and nitric oxide (NO) sensors utilised in an 

animal model of Parkinson’s disease (PD). The O2 sensor is a carbon paste electrode 

based on previous work carried out by Bolger et al. and Lowry et al. (Lowry et al., 

1996) (Bolger et al., 2011(b)).  The NO sensor is a Nafion®-modified Pt electrode 

which has been extensively characterised in the research group (Brown et al., 2005) 

(Brown et al., 2009) (Brown and Lowry, 2003).  

Section 3.2 and Section 3.3 outlines the computer-based instrumentation, equipment 

and chemicals used throughout this project. Section 3.4 describes the manufacturing 

process of the different sensor types. The modifications to the O2
- sensor are detailed 

in Section 3.5. The electrochemical set-up and the in-vitro experiments performed to 

characterise the various sensor types are described in Section 3.6. Section 3.7 gives 

details on the synthesis of NO and the use of UV spectrometry to determine the stock 

concentration. Finally, Section 3.8 provides details of the procedures performed in 

order to utilise these sensors in the in-vivo environment.  
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3.2 Computer-Based Instrumentation and Equipment 

Throughout this research project, computer-based instrumentation was utilised in 

order to collect the experimental data. This instrumentation consisted of three main 

components; the computer, the PowerLab® interface system and the potentiostat. The 

function of each of these different components is outlined in the next section. The in-

vitro experimental set-up is shown below in Figure 3.1. 

 

 

Figure 3.1: The in-vitro experimental set-up. 

 

3.2.1 The Computer 

A Dell Latitude D531 laptop running at 1.6 GHz was utilised for all in-vitro 

experiments. In-vivo data was attained using an iMAC operating with OS X and an 

Intel core 2 duo processor running at 2.4 GHz. 
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3.2.2 The PowerLab® 

The PowerLab® is a data acquisition system comprising of hardware and software to 

record and display experimental data. These systems contain the digital-to-analogue 

converters (DAC) and the analogue-to-digital converters (ADC) which allow 

communication between the computer (digital) and the potentiostat/electrochemical 

cell (analogue). The system used throughout this research was an eight channel 

PowerLab® 8/30 from AD Instruments (see Figure 3.2). 

 

 

 

Figure 3.2: An image of the PowerLab® 8/30 utilised in the research 

 

3.2.3 The Potentiostat 

The potentiostat used throughout this research was a 4-channel Biostat from ACM 

instruments (see Figure 3.3). The main function of the potentiostat is to apply a known 

potential to the working electrodes and to monitor the resulting current.  

 

Figure 3.3: An image showing the potentiostat used in this project 
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3.2.4 Computer Programs 

Constant potential amperometry (CPA) was carried out and analysed using LabChart 

6 (AD Instruments, Oxford, UK.). All graphical and statistical analysis was performed 

using GraphPad Prism version 5.01 (GraphPad Software Inc., CA. USA). The former 

included linear regression and non-linear regression (fitting Michaelis-Menten 

enzymatic curves to the Hill-type equation), while statistical analysis consisted of 

paired and unpaired t-tests (See Section 2.9.1 and Section 2.9.2).  

 

3.2.5 Supplementary Equipment 

 

3.2.5.1 In-Vitro Equipment 

Air-pump  

The air pump used was a Rena Air 200 from RENA®, France. 

Electronic Balance 

Two electronic balances were used in this research; a three decimal place BP 210P 

and a four decimal place LA 230S, both supplied from Sartorius®, AG Gottingen, 

Germany. 

Microscope 

The microscope used in in-vitro electrode preparation was the stereo microscope SZ51 

from Olympus America Inc. For in-vivo surgeries a SZ61 microscope (Olympus) was 

utilised. 

pH meter  

The pH meter used was the S20 Seveneasy TM from Mettler-Toleda Switzerland and 

the CyberScan pH 510 from Eutech Instruments 

Sonicator 

The sonicator used was a Fisherbrand FB11002, Leicestershire, UK. 
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Vortex  

The vortex used was a REAX Top Vortex supplied by Heidolph, Germany. 

Magnetic Stirrer  

The magnetic stirrer utilised was the Yellowline MST mini supplied by Lennox, 

Ireland. 

Oven 

A Binder ED 23 oven (Binder Scientific, Manchester, UK) was utilised for the 

production of the NO sensors.  

 

3.2.5.2 In-Vivo Equipment 

Anaesthetic Set-up  

This set-up consisted of a vaporiser for induction and a Univentor 400 anaesthesia 

unit. The air pump in the system was a stellar S30 and the induction chamber used was 

a 1.4 L perspex box all supplied by AgnThos, Sweden. The entire anaesthetic set-up 

was contained within a laminar flow unit supplied by AirScienceTM and the induction 

chamber was contained within a fumehood. 

Incubator 

On completion of surgery, the animals were placed in a pre-heated Thermacage MKII 

heated incubator from Datesand Ltd, UK. 

Stereotaxic Frame 

The digital stereotaxic frame was sourced from Kopf Instruments. 

 

 

 

 



Chapter 3 Experimental  
 

59  

 

3.3 Chemicals and Solutions 

All chemicals were used as supplied unless otherwise stated. All solutions were 

prepared from doubly distilled, deionised water. 

 

3.3.1 Chemicals 

A list of the in-vitro and in-vivo chemicals utilised throughout this research project is 

shown below. The relevant supplier is also stated for each chemical. 

 

3.3.1.1 Enzymes 

Catalase       Sigma Aldrich  

Superoxide Dismutase (SOD)     Sigma Aldrich 

Xanthine oxidase (XOD)     Sigma Aldrich 

 

3.3.1.2 Enzyme Substrate 

Xanthine       Sigma Aldrich 

 

3.3.1.3 In-Vitro Chemicals 

3,4-Dihydroxypheylacetic acid     Sigma Aldrich 

5-Hydroxyindoleacetic acid      Sigma Aldrich 

5-Hydroxytryptomine (5-HT)     Sigma Aldrich 

Acetone       Sigma Aldrich  

Ascorbic Acid (AA)      Sigma Aldrich 

Bovine Serum Albumin (Fraction V) (BSA)   Sigma Aldrich 

Dehydroascorbic acid      Sigma Aldrich 

Dopamine (DA)      Sigma Aldrich 

Glutaraldehyde (GA)      Sigma Aldrich 

Graphite powder      Sigma Aldrich 
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Homovanillic acid (HV)     Sigma Aldrich 

Hydrogen Peroxide (30% w/w ACS reagent)   Sigma Aldrich 

L-Cysteine       Sigma Aldrich 

L-Glutathione       Sigma Aldrich 

L-Tryptophan       Sigma Aldrich 

L-Tyrosine       Sigma Aldrich 

Methyl Methacrylate (MMA)     Sigma Aldrich 

Nafion®        Sigma Aldrich 

N-1-naphthyl-ethylenediamine (NEDD)   Sigma Aldrich 

Nitrogen gas (N2)      BOC Gases 

Nitric oxide gas (NO)      In-house synthesis 

Oxygen gas (O2)      BOC Gases 

o-Phenylenediamine (o-PD)     Sigma Aldrich 

Polyethyleneimine (PEI)     Sigma Aldrich 

Potassium hydroxide (KOH)     Sigma Aldrich 

Potassium chloride (KCl)     Sigma Aldrich 

Pyrogallol       Sigma Aldrich 

Silicon oil       Aldrich Chemical  

Sodium Chloride (NaCl)     Sigma Aldrich 

Sodium Hydroxide (NaOH)     Sigma Aldrich 

Sodium nitrite (NaNO2)     Sigma Aldrich 

Sodium Phosphate Monobasic Monohydrate (NaH2PO4.H2O)Sigma Aldrich 

Styrene       Sigma Aldrich 

Sulfanilamide (SULF)     Sigma Aldrich 

Sulphuric acid (97%) (H2SO4)    Fischer Scientific 

Uric Acid (UA)      Sigma Aldrich 
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3.3.1.4 In-Vivo Chemicals 

Acetic Acid (100%) (CH3COOH)    VWR 

Buprenorphine hydrochloride (Tamgesic®)   Sigma Aldrich 

Dentalon®       Hereaus Kulzer Gmbh 

Isoflurane                 Abbott Laboratories, IRL. 

Sodium chloride (NaCl)     Sigma Aldrich 

Reserpine       Sigma Aldrich 

 

3.3.2 Solutions 

All solutions were prepared on the day the experiment was carried out, unless 

otherwise stated. All solutions were dissolved in Millipore water (H2O), unless stated 

otherwise. All solutions were prepared as stated below. 

 

3.3.2.1 In-Vitro Solutions 

Enzyme solutions 

Superoxide Dismutase  

Three enzyme solutions were used in the development of this biosensor. A 100 U, 200 

U and 400 U solutions were prepared by dissolving 0.00036 g, 0.00072 g and 0.00144 

g of SOD, respectively, in 1 mL of H2O.  

 

Xanthine Oxidase 

One enzyme solution was used in the development of the O2
- biosensor. A 0.002 U 

solution was prepared by adding 33.4 µL of XOD in 5 mL of PBS. This solution was 

made immediately before use. 
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Catalase 

25 mg of catalase was dissolved in 1 mL of PBS. The solution was agitated until all 

the catalase had dissolved.  

 

Enzyme Substrates 

Xanthine 

A 1 mM stock solution of xanthine was prepared by dissolving 0.0015 g of xanthine 

in 10 mL of H2O. This required sonication for five minutes for complete dissolution 

yielding a cloudy solution. 

 

General Solutions 

Ascorbic Acid 

A 0.1 M stock solution of AA was prepared by dissolving 0.176 g in 10 mL of H2O. 

 

Bovine serum albumin 

For sensor designs 0.1% and 1% solutions of BSA were used. These solutions were 

prepared by dissolving 0.001 and 0.01 g of BSA in 1 mL of H2O, respectively. The 

0.01% solution of BSA was prepared by taking 0.1 mL of the 0.1% BSA solution and 

making this solution up to 1 mL in H2O. 

 

Carbon paste 

250 µL of silicon oil was added to 0.71 g of graphite powder and this solution was 

thoroughly mixed together. This mixing process lasted approximately 3 hrs and was 

facilitated by the use of a pestle and mortar. This process ensured complete mixing of 

the two components. 
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Catalase-Glutaraldehyde (Cat-GA0.25%)  

A Cat-GA (0.25%) solution was prepared by dissolving 25 mg of catalase in 1 mL of 

0.25% GA solution. 

 

Glutaraldehyde 

Three concentrations of GA were investigated during the development process for the 

O2
- biosensor; 0.05%, 0.5% and 1%. The 0.05%, 5% and 1% GA solutions were 

prepared by dissolving 2 µL, 20 µL and 40 µL, respectively, of 25% stock GA solution 

in 1 mL H2O. The Catalase biosensor incorporated a 0.25% GA solution. This solution 

was prepared by dissolving 10 µL of GA in 1 mL of PBS. 

 

Glutaraldehyde:BSA 

This solution was prepared by dissolving 0.01 g of BSA in 0.5 mL H2O. To this 20 µL 

of the 25% GA solution was added and the solution was made up with 1 mL of H2O 

yielding a 1% w/v BSA and 0.5% v/v GA solution. This process is preferential as BSA 

added to GA results in immediate and irreversible cross-linking. A similar method was 

used to prepare a 0.1% w/v BSA and 0.5% v/v GA solution, however, 0.001 g of BSA 

was dissolved in 0.5 mL H2O.  

 

Neutral Griess Reagent 

A reagent consisting of 0.4 mM NEDD and 0.017 mM SULF was prepared in 100 µM 

PBS (pH 7.4), containing 0.293 g SULF and 0.0104 g NEDD in 100 mL PBS. 

 

Nitric Oxide 

A stock solution of NO was prepared by bubbling the gas into H2O and its subsequent 

concentration was determined by UV spectrometry. 
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o-Phenylenediamine  

A 300 mM solution of o-PD was prepared by dissolving 0.324 g in 10 mL of N2 

saturated PBS. The solution was placed in a sonic bath and agitated with N2 for 

approximately 10 minutes to ensure maximum dissolution. 

 

Polyethyleneimine  

Three concentrations of PEI were used during the development of this sensor; 1%, 2% 

and 3%. These solutions were prepared by dissolving 0.03125 g, 0.0625 g, 0.09375 g 

respectively of PEI (80% ethoxylated 35-40% solution in water) into 1 mL of H2O. 

 

Phosphate Buffer Saline  

PBS was prepared by dissolving 8.9 g of  NaCl, 0.15 M, 1.76 g of NaOH, 0.044 M 

and 6.06 g of  NaH2PO4.H2O, 0.044 M in 1 L of H2O. The pH was adjusted to pH 7.4 

if required using NaOH or NaH2PO4.H2O. 

 

Potassium Hydroxide  

A 4 M KOH solution was prepared by dissolving 224 g of KOH in 1 L of H2O. 

 

Pyrogallol 5% alkaline 

A 5% stock solution was prepared by dissolving 5 g of pyrogallol in 100 mL 4 M 

KOH. 

 

Sodium nitrite  

A saturated stock solution of NaNO2 was prepared in H2O. 
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Sulfuric Acid 

A 6 M H2SO4 stock solution was prepared from a 97% H2SO4 commercial solution. 

329 mL of H2SO4 was added with care to H2O. This solution was made up to 1 L with 

H2O. 

 

Uric Acid  

A stock solution of UA was prepared by the dissolution of 0.038 g in 10 mL of H2O. 

This solution required sonication for 10 minutes for complete dissolution. 

 

3.3.2.2 In-Vivo Solutions 

Saline Solution 

A 0.9% solution was prepared by dissolving 0.9 g NaCl in 100 mL H2O. 

 

Acetic Acid Solution 

A 0.5% solution of CH3COOH (Teixeira et al., 2009) was prepared by dissolving 0.5 

mL of 100% commercially available CH3COOH  in 100 mL of H2O. This solution 

when prepared had an acidic pH of ~ 2.5. This pH would cause significant irritation to 

the animal so the pH was adjusted to a neutral pH of 7 prior to administration 

(Fernandes et al., 2008). 

 

Reserpine Solution 

A 5 mg/kg solution was prepared by dissolving reserpine in a solution of 1 mL H2O. 

Dissolution required agitation and the use of a sonic bath for ~ 10 minutes to yield a 

cloudy solution. This was injected in a volume of 1 mL. 

A 0.1 mg/kg reserpine solution was prepared by dissolving 0.1 mg in 1 mL H2O or 

0.5% CH3COOH solution (pH adjusted). Again, dissolution required agitation and the 

use of a sonic bath. This was injected in a volume based on the weight of the animal.  
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3.4 Electrode Preparation 

 

3.4.1 Carbon Paste Electrode  

Carbon paste electrodes were manufactured using 5 cm lengths of Teflon®-insulated 

silver wire (200-µm bare diameter, 270-µm coated diameter (8-T), Advent Research 

Materials, Suffolk, UK). The wire was carefully cut at both ends using a scalpel blade 

to create an even disc surface. 3 mm of the wire was exposed by removing the Teflon® 

from one end of the wire and the Teflon® was carefully pushed up the wire to create a 

2 mm cavity. The 3 mm of exposed wire at the opposite end of the wire was then 

soldered into a gold clip for electrical conductivity and rigidity. The cavity was then 

packed with carbon paste (Section 3.3.2.1) by dipping the tip of the electrode into the 

paste and then using a bare length of silver wire the carbon paste was pushed into the 

cavity of the electrode. This process was repeated until the cavity was completely 

packed. A flat active surface at the tip of the electrode was obtained by gently tapping 

the electrode against a hard, flat surface.  

 

Figure 3.4. : A schematic representation of a carbon paste electrode. 
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3.4.2 Platinum Working Electrodes  

The Pt electrodes were constructed using 6 cm of Teflon®-coated Pt/Ir (90%/10%) 

wire (127-µm bare diameter, 203-µm coated diameter (5T), Science Products GmbH, 

Hofheimer Straße 63, D-65719 Hofheim). A section of the Teflon® insulation was 

removed at one end of the wire which was then soldered into a gold clip providing 

both an electrical contact and rigidity. The active surface was created by carefully 

cutting the opposite end of the wire using a scalpel blade exposing a disc surface (See 

Figure 3.5(a)). A 1 mm cylinder Pt electrode was prepared in the same way as the Pt 

disc electrode, however, after the wire was soldered into a gold clip and a fresh disc 

surface was cut a 1 mm portion of the Teflon® coating was removed from the wire to 

expose a 1 mm active surface (see Figure 3.5(b)). 

 

Figure 3.5(a): A schematic representation of a Pt/Ir disc electrode.  

 

 

Figure 3.5(b): A schematic representation of a Pt/Ir 1 mm cylinder working electrode. 
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3.5 Electrode Modifications 

 

3.5.1 Poly-o-phenylenediamine-modified electrodes 

The electropolymerisation of o-PD onto the Pt electrodes was carried out in a three-

electrode cell by applying a fixed potential of +700 mV vs SCE for 30 minutes. A 300 

mM solution of o-PD was prepared as detailed in Section 3.3.2.1. As o-PD is easily 

oxidised in air the electrochemical cell was N2 saturated and a N2 atmosphere was 

maintained throughout the polymerisation process. Immediately, after polymerisation 

the electrodes were removed and rinsed in H2O. The electrodes were allowed to dry at 

room temperature for at least three hrs before calibration or modification. This 

polymerisation process produced a thin self-sealing insulating polymer layer on the Pt 

surface. 

 

3.5.2 Superoxide Biosensor 

During the development of the O2
- biosensor different variations in the manufacturing 

process were utilised. All sensors were polymerised with o-PD as described in Section 

3.5.1 prior to modification unless otherwise stated. A list and description of each 

design is presented here. All modifications were allowed to dry overnight at 4oC. 

 

Development  

Sty-(SOD)1,2,5,10 : A  Pt-PPD 1 mm electrode was dipped into a pure solution of styrene 

followed by one, two, five or ten dip(s) into a solution of SOD. This was allowed to 

dry for four minutes at room temperature. The electrode was then re-dipped into the 

enzyme solution one, four or nine more time(s). Each dip coat of enzyme was given a 

four minute drying time 

Sty-(SOD-GA)2,5,10: A Pt-PPD 1 mm electrode was dipped into a pure solution of 

styrene followed immediately by a dip into a solution of SOD and a separate GA 

solution. This was allowed to dry for four minutes. The electrode was then sequentially 
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re-dipped into the enzyme and GA solution once more or a further four/nine times. 

Each dip series had a four minute drying time. 

 

Sty-(SOD-BSA-GA)2,5,10 : A Pt-PPD 1 mm electrode was dipped into a pure solution 

of styrene followed immediately by a dip into a solution of SOD, a separate solution 

of BSA and a separate solution of GA. This was allowed to dry for four minutes. The 

electrode was then sequentially re-dipped into the enzyme, BSA and GA solutions 

once more or a further four/nine times. Each dip series had a four minute drying time.  

 

Sty-(SOD-GA-PEI)2,5,10 : A Pt-PPD 1 mm electrode was dipped into a pure solution of 

styrene followed immediately by a dip into a solution of SOD, a separate solution of 

GA and a separate solution of PEI. This was given a four minute drying time at room 

temperature. The electrode was then sequentially re-dipped into the enzyme, GA and 

PEI solutions once more or a further four/nine times. Each dip series had a four minute 

drying time.  

 

Sty-(SOD-BSA-GA-PEI)5 : A Pt-PPD 1 mm electrode was dipped into a pure solution 

of styrene followed immediately by a dip into a solution of enzyme, a separate solution 

of BSA, a separate solution of GA and a separate solution of PEI. This was given a 

four minute drying time at room temperature. The electrode was then sequentially re-

dipped into the enzyme, BSA, GA and PEI solutions a further four times. Each dip 

series had a four minute drying time.   

 

Sty-(SOD-BSA:GA-PEI)5 : A Pt-PPD 1 mm electrode was dipped into a pure solution 

of styrene followed immediately by a dip into a solution of enzyme, a solution of BSA 

and GA and a separate solution of PEI. This was given a four minute drying time. The 

electrode was then sequentially re-dipped into the enzyme, BSA:GA and PEI solutions 

a further four times. Each dip series had a four minute drying time. 
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MMA-(SOD-GA-PEI)5 : A Pt-PPD 1 mm electrode was dipped into a pure solution of 

MMA followed by a dip into a solution of SOD, a separate solution of GA and a 

separate solution of PEI. This was given a four minute drying time at room 

temperature. The electrode was then sequentially re-dipped into the enzyme, GA and 

PEI solutions a further four times. Each dip series had a four minute drying time.  

 

Interference Designs 

Pt-Catalase Biosensor: This catalase biosensor was prepared using the same 

procedure as previously developed and characterised in the research group (O’Brien 

et al., 2007) (O' Riordan, 2013) A Cat-Ga(0.25%) solution as described in 3.3.2.1 was 

prepared. The Pt-PPD sensor was placed in the catalase solution for an initial period 

of five minutes and the electrodes were subsequently allowed to air dry for five 

minutes. Following this drying period a further four dips of ca. 0.5 s duration were 

carried out with five minutes of air drying in between each immersion. The catalase 

solution was kept over ice during the modification to maintain the enzyme.  

 

Sty: A Pt-PPD 1 mm electrode was dipped in a pure solution of styrene.   

 

(GA)2: A Pt-PPD 1 mm electrode was dipped into a GA solution. This was given a 

four minute drying time at room temperature. The electrode was sequentially re-

dipped into the GA solution. 

 

(PEI)2 : A Pt-PPD 1 mm electrode was dipped in a PEI solution. This was given a four 

minute drying time at room temperature. The electrode was sequentially re-dipped into 

the PEI solution 

 

Sty-(GA-PEI)2 : A Pt-PPD 1 mm electrode was dipped into a pure solution of styrene, 

a separate solution of GA and a separate solution of PEI. This was given a four minute 
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drying time at room temperature. The electrode was sequentially re-dipped into the 

GA and PEI solutions. 

 

Sty-(GA-PEI)5 : A Pt-PPD 1 mm electrode was dipped in a pure solution of styrene 

followed by a dip into a GA solution and a separate PEI solution. This was given a 

drying time of four minutes at room temperature. The electrode was sequentially re-

dipped into the GA and PEI solution a further four times. Each dip series had a four 

minute drying time. 

 

3.5.3. Nitric Oxide Sensor 

The design of this sensor is based on previous work carried out in our research group 

(Brown and Lowry, 2003) (Brown et al., 2009). The Nafion®-modified Pt disc 

electrodes were constructed using the method for manufacturing Pt electrodes detailed 

in Section 3.4.2. A pre-coat application method was employed to modify the surface 

of the Pt electrode. This method involved placing a fixed volume of Nafion® on a clock 

glass using a syringe. The application of a Nafion® droplet was allowed to air dry at 

room temperature for five minutes. Once the solvent had evaporated, further droplets 

of Nafion® were placed on top of the original droplet. This process was repeated five 

times yielding a localised concentrated layer of Nafion® which was then allowed to 

dry for ~ 30 minutes. After this, a final application of Nafion® was placed on top of 

the concentrated layer on the clock glass. The active surface of the electrode was then 

dipped through the concentrated layer of Nafion® on the clock glass and allowed to air 

dry for two minutes. The electrodes were then placed in the oven and annealed for five 

minutes at 210 °C. On completion of the annealing process, the electrode was further 

coated with another application of Nafion® following the same procedure. On 

cessation of the annealing process the electrodes were soldered into gold clips to 

provide an electrical contact and rigidity. A schematic representation of a NO sensor 

is depicted in Figure 3.6. 
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Figure 3.6: A schematic representation of a NO sensor. 

 

3.5.4. Oxygen Sensors 

Oxygen sensors used during this research were carbon paste electrodes which have 

previously been characterised and utilised by the research group for the detection of 

oxygen in-vitro and in-vivo (Bolger et al., 2011(a)) (Bolger et al., 2011(b)) (Bolger 

and Lowry, 2005) (Lowry et al., 1996).  

 

 

3.6 In –Vitro Electrochemical Experiments 

 

3.6.1 Electrochemical Cell 

The electrochemical cell used throughout this project was of in-house construction. It 

consisted of a 25 mL glass vial and a custom made Teflon® lid. The O2
- calibrations 

were performed in a 10 mL pyrex beaker with a custom-made Teflon® lid. The Teflon® 

cap consisted of openings for the placement of the reference, auxiliary and working 

electrodes. In addition, there was an injection port for the addition of aliquots of 

analyte and a gas inlet. The reference electrode utilised was a saturated calomel 

electrode (SCE) which maintained a fixed potential against which the working 

electrode can be compared. The auxiliary electrode acts as a source or sink for 

electrons and silver wire was utilised to perform this role. The working electrode is 

the place where the electrochemical reaction takes place. All in-vitro calibrations were 
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performed in PBS (pH 7.4) at room temperature (21°C - 23°C) unless otherwise stated. 

A schematic of the electrochemical set-up is depicted below in Figure 3.7. 

 

Figure 3.7: A schematic representation of the in-vitro electrochemical set-up. 

 

 

3.6.2 Constant Potential Amperometry  

CPA was utilised to calibrate all sensors. CPA involves the application of a fixed 

potential where the redox reaction of the substrate of interest takes place and allows 

for the continuous monitoring of current as a function of time (O'Neill, 1994). All O2
- 

calibrations were performed at +700 mV vs. SCE. For the calibration of O2 electrodes 

a potential of -650 mV vs. SCE was applied while for the NO sensors a potential of 

+900 mV vs. SCE was utilised. The fixed potential was applied to the working 

electrodes and the electrodes were given time to settle until the non-faradaic current 

reached a steady baseline current. When the desired baseline current was achieved, 

calibrations were performed which consisted of injecting a fixed volume of analyte 

into the buffer solution through the injection port. The solution was agitated for ca. 3-

5 s using a magnetic stirring bead to help mix the solution and then the solution was 

allowed to reach a steady state before administration of a subsequent aliquot of analyte 

into the buffer solution. 
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3.6.3 Superoxide Calibrations 

The O2
- electrodes were placed in an electrochemical cell containing 0.002 U of 

xanthine oxidase (XOD). The electrodes were polarised at +700 mV vs. SCE and 

allowed to reach a steady-state prior to calibration. This usually required 

approximately 2-3 hrs. A freshly prepared solution of 1 mM xanthine (see Section 

3.3.2.1) was then used and various aliquots were injected into the XOD solution. This 

solution was then agitated for ca. 3-5 s using a magnetic stirring bead to facilitate 

mixing. The current was recorded continuously and the solution was allowed to return 

to a steady-state before the administration of a subsequent aliquot of xanthine. The 

concentration range for the xanthine calibrations were: 

 

0, 3, 6, 10, 20, 40, 60, 80, 100,200, 300, 400, 500, 600 µM 

 

The combination of xanthine (0 – 600 µM) and XOD 0.002 U produced the O2
- anion 

in a manner dependent on the concentration of xanthine. The univalent reduction of 

O2 by XOD generating the O2
- anion is dependent on pH. At pH 7.4, the yield of O2

- 

was 28% of the total xanthine present in the reaction (Mesároš et al., 1998). Therefore 

the concentrations for the O2
- calibrations were: 

 

0, 0.28, 0.84, 1.68, 2.80, 5.60, 11.20, 16.80, 22.40, 28, 56, 84, 112, 140, 154 µM 

 

All experimental data in Chapter 4 (Development) is presented in terms of O2
-

concentration as SOD is immobilised on the Pt surface which facilitates the enzymatic 

reaction and the generation of H2O2. All experimental data in Chapter 5 (Interferences) 

is presented as a xanthine concentration unless otherwise stated. 
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3.6.4 Ascorbic Acid Calibrations 

Standard AA calibrations were performed at a potential of +700 mV vs. SCE in a N2 

saturated cell under a N2 atmosphere to maintain N2 dissolution. The electrodes were 

allowed to reach a steady baseline current before the commencement of the calibration. 

Aliquots of a 0.1 M N2 saturated AA stock solution (See Section 3.3.2.1) were injected 

into the buffer solution. The solution was stirred (ca. 3-5 s) using a magnetic stirring 

bead to uniformly mix the solution. The current was allowed to return to a steady-state 

before the administration of the next aliquot of AA. The concentration range for the 

AA calibrations were: 

  

0, 200, 400, 600, 800, 1000 µM 

 

AA calibrations performed on the NO sensors followed the same procedure, however, 

a potential of +900 mV was utilised. This potential was employed as it is the optimum 

potential for the oxidation of NO (Pallini et al., 1998). 

  

 

3.6.5 Uric Acid Calibrations 

Standard UA calibrations were performed at a potential of +700 mV vs. SCE in a N2 

saturated cell under a N2 atmosphere to maintain N2 dissolution. Upon application of 

a potential, a capacitance current was instantly observed and the electrodes were 

allowed to reach a steady baseline current before commencement of the calibration. 

Aliquots of UA stock solution (see Section 3.3.2.1) were injected into the buffer 

solution. The solution was agitated for ca. 3-5 s to aid in the mixing process and the 

electrodes were allowed to return to a steady state current before the administration of 

subsequent aliquots of UA. The concentration range for the UA calibrations were: 

 

0, 10, 20, 30, 40, 50, 60 µM 
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3.6.6 Oxygen Calibrations 

The potential applied to the O2 electrodes was -650 mV vs. SCE. The electrodes were 

allowed to settle before being calibrated. Various concentrations of O2 were used. A 

ca. 0 µM concentration of O2 was obtained by deoxygenating the cell utilising N2 gas 

(Dixon et al., 2002). A 240 µM concentration of O2 was obtained by bubbling air 

through the buffer solution (Kanofsky, 1988). A 1200 µM concentration of O2 was 

obtained by bubbling pure O2 gas through the buffer solution until it was saturated 

(Lowry et al., 1996). Each bubbling and quiescent period lasted approximately 30 

minutes. The current was recorded continuously and the currents during the quiescent 

period were chosen for analysis.  

To determine the O2 sensitivity of electrodes at low physiological O2 concentrations 

(0-125 µM) O2 saturated PBS was utilised. PBS (20 mL) was placed in a glass cell 

using a syringe and this PBS was bubbled with N2 for 30 minutes before 

commencement of the calibration - this ensured a 0% concentration of O2. When the 

electrodes had reached a steady-state, standard aliquots (+416, +425, +434, +443 and 

+452 µL) of the saturated O2 PBS solution were injected into the cell. The solution 

was agitated for ca. 3-5 s to facilitate mixing and the electrodes were allowed to return 

to a steady-state current before the administration of a subsequent aliquot. The 

concentration range for the O2 calibrations were:  

 

0, 25, 50, 75, 100, 125 µM 

 

 

3.6.7 Nitric Oxide Calibrations 

NO calibrations were performed at a potential of +900 mV vs. SCE in N2 saturated 

PBS with a N2 atmosphere. Aliquots of NO stock solution (see Section 3.3.2.1) were 

injected into the buffer solution. The solution was agitated for ca. 3-5 s to aid in the 

mixing process and the electrodes were allowed to return to a steady-state current 

before the administration of subsequent aliquots of analyte. The concentration range 

for the NO calibrations were: 

0, 0.2, 0.4, 0.6, 0.8, 1.0 µM 
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3.6.8 Post Implantation Calibrations 

Following removal of the headpiece, post in-vivo recording calibrations were carried 

out using the same procedure as detailed in Section 3.6.6 for O2 sensors and Section 

3.6.7 for NO sensors. The headpiece was connected to the potentiostat via the 

pedestal (see Figure 3.10). 

 

 

3.7 Nitric Oxide Synthesis and UV Spectrometry 

NO was synthesised in-house using an experimental method reported previously by 

our research group (Brown et al., 2005). In summary, deoxygenated deionised water 

was placed in a round bottom flask which was then sealed with a rubber septum. The 

flask was then placed in a sonic bath for ten minutes and connected to the NO 

generation apparatus (see Figure 3.8). This round bottom flask was used for the 

collection of NO gas. The NO generation apparatus was purged with N2 for at least 30 

minutes prior to commencement of the synthesis. The use of 5% alkaline pyrogallol, 

and ensuring that all Quickfit joints were sealed with Parafilm, created an inert 

atmosphere for NO synthesis. NO gas was synthesised by the reaction of saturated 

NaNO2 (see Section 3.3.2.1) with 6 M H2SO4 (See Section 3.3.2.1). The saturated 

NaNO2 was introduced slowly into the H2SO4 and the reaction was stirred to facilitate 

the generation of NO. The gas was then passed through three Drescher bottles 

containing 4 M KOH (See Section 3.3.2.1) to remove any higher oxides and collected 

in the collection flask with the total process lasting ca. fifteen minutes. 
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Figure 3.8: A schematic representation of the experimental set-up used to generate NO 

(Brown et al., 2005). 

UV spectrometry was carried out on completion of the NO synthesis to determine the 

stock concentration of NO. This procedure was described previously by Brown et al. 

(Brown et al., 2005). Briefly, addition of NO to neutral griess reagent (see Section 

3.3.2.1) under aerobic conditions results in a visible absorbance at 496 nm and the NO 

concentration is determined using the Beer Lambert Law.  

 

3.8 In-Vivo Experiments 

This section details the procedures and materials utilised for the implantation of 

different sensors in the brains of male Wistar rats. All experiments were conducted 

under license (B100/2205). All procedures were approved by Maynooth University 

Ethics Committee in accordance with the Council of the European Parliament 

Directive 2010/63/EU and Irish Statutory Instrument SI 543/2012. All in-vivo 

experiments were recorded continuously over a 24 hour period.  

 

 



Chapter 3 Experimental  
 

79  

 

3.8.1 Subjects 

The animals utilised in this in-vivo work were male Wistar rats. These animals were 

obtained from Charles River (UK Ltd., Manstin Rd.,Margate, Kent CT9  4LT UK). 

Animals typically weighted between 200-250 g on arrival. The animals were subject 

to regular handling and were group housed prior to surgery. They were housed in a 

temperature (17–23°C), humidity and light controlled (lights on 07:00, lights off 

19:00) environment. Access to food and water was ad libitum. 

 

3.8.2 Surgical Protocol 

All surgical procedures were carried out under aseptic conditions. The surgical area 

and equipment were sterilised and all instruments were autoclaved prior to 

commencement of the surgery. The animal was anaesthetised in a perspex induction 

chamber using isoflurane (4 % in air; IsoFlo) for 4-5 minutes. Once the animal was 

anesthetised its weight was recorded and the top of the animal’s head was shaved. The 

animal was transferred to a stereotaxic frame in a laminar flow hood and anaesthesia 

was maintained (1.5-3.0% in air depending on the level of pain during the surgery) 

using a nosepiece. The ear bars were placed into position and the animal’s mouth was 

gently held shut with an elastic band to help maximise the effect of the isoflurane. A 

rectal temperature probe was inserted into the animal and normal physiological 

temperature was maintained using a heating pad under the animal. The area where the 

incision would be made was disinfected with an iodine solution and the animal was 

covered with a sterile surgical drape. Confirmation that the animal was under 

anaesthetic was carried out (checking tail and paw reflexes), prior to commencing the 

surgery. 

An incision was then made along the anterior-posterior plane. The skull was exposed 

using sterile cotton swabs to push aside the tissue and four clamps were used to hold 

the incision open and to keep the surgical drape anchored during the surgery. The 

stereotaxic co-ordinates were referenced from the rat atlas of Paxinos and Watson  

(Paxinos and Watson, 2006). The anterior-posterior (A-P) and medial-lateral (M-L) 

co-ordinates were referenced from a zero-point, bregma, with positive A-P coordinates 

representing anterior to bregma, and positive M-L co-ordinates indicating the right 
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hemisphere. Dorsal Ventral (D-V) co-ordinates are referenced with respect to the dura 

with higher negative values indicating depth into the brain. All experiments were 

carried out in the striatum and the co-ordinates used were. 

 

Table 3.1: Stereotaxic co-ordinates for electrode implantation in brain. 

Brain Region A-P M-L D-V 

Striatum +1.0 mm ± 2.5 mm -5.0 mm 

 

A permanent marker was used to mark the co-ordinates for the working electrodes, the 

reference electrode and for four support screws (one of which acts as the auxiliary 

electrode) arranged as in Figure 3.9. Each of the holes for the support screws were 

made using a hand-held drill and each screw was implanted immediately after each 

hole was drilled. Two bore holes were drilled for the working electrodes and the dura 

was pierced with a needle for ca. 5 s to provide a clear path for the implantation of the 

electrodes. The reference electrode was also put into place. The electrodes were then 

lowered into position.  

A thin layer of loose cement (Dentalon Plus; Heraeus) was applied over the skull to 

hold all the electrodes in place. The cement was built up to the height of the screws 

and allowed to dry before the wires from the various electrodes were separated from 

the arms of the stereotaxic frame. The gold clips of each electrode were placed in the 

pedestal as in Figure 3.10 and cemented into place. The wires were then tidied into the 

centre of the headpiece and covered with cement until no wire was visible through the 

cement and there were no fissures for the animal to get a hold of. The top of the 

pedestal remained cement free to allow for the attachment of the cable connecting the 

electrodes to the potentiostat. 

The animal was given a subcutaneous injection containing 0.9 mL saline (0.9 %) for 

rehydration and 0.1 mL buprenorphine (0.3 mg/mL; Buprecare) for postoperative 

analgesia and sedation. Two further subcutaneous injections of 1.0 mL saline each 

were given for rehydration alone. Finally, the scalp was sutured to allow the skin to 

heal around the headpiece. Anaesthesia was ceased and the animal was then removed 
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from the stereotaxic frame to be placed in a pre-warmed incubator until fully 

recovered. Animals were returned to their home bowl when sufficiently recovered and 

were assessed for good health. 

 

 

 

 

Figure 3.9: Schematic of typical orientation of drill holes for placement of skull screws, 

auxiliary electrode, reference electrode and working electrodes. 

 

Figure 3.10: Schematic of the Teflon® pedestal used for in-vivo experiments. 
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3.8.3 In-Vivo Reference and Auxiliary Electrode  

The auxiliary and reference electrode were constructed in a similar way to the carbon 

paste electrode (See Section 3.4.1). The reference potential provided by the silver wire 

implanted in brain tissue is similar to that of an SCE (O'Neill, 1993). The silver wire 

was soldered into the gold clip and epoxy was applied to the exposed area of the wire 

just above the clip to provide the electrodes with support and rigidity during surgery. 

The reference electrode was manufactured by exposing 3 mm of Teflon® from the 

opposite end of the wire and then the wire was bent leaving exposed wire at the tip 

(see Figure 3.11(A)) The auxiliary electrode was fabricated in the same way, however, 

the exposed bare wire was soldered onto a surgical screw (see Figure 3.11(B)). 

 

 

 

Figure 3.11(A): A schematic representation of a reference electrode. 

 

Figure 3.11(B): A schematic representation of an auxiliary electrode. 

A 

B 
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3.8.4: Continuous Monitoring 

CPA was used to measure the response of the implanted electrodes during in-vivo 

experiments. Initial connection to the potentiostat involved connection of the insulated 

cable to the Teflon® pedestal which was then connected to the potentiostat. The 

appropriate potential was then applied to the electrodes ensuring a short interval 

between each application to rule out any cross-talk between each of the electrodes. 

Once the potential was applied, the electrodes were allowed to stabilise to a steady 

baseline level before commencement of any procedures.  

 

3.8.5 In-Vivo Injections   

3.8.5.1: Intraperitoneal Injection  

Intraperitoneal (i.p.) injection was performed at a 45° angle into the peritoneal cavity 

which is located in the lower quadrant of the abdomen. The animal was positioned on 

its back and tilted so that no vital organs are present in the area that the injection is 

given. 

 

3.8.5.2: Subcutaneous Injection  

Subcutaneous (s.c.) injections are seldom painful to the subject unless the substance 

being administered causes irritation to the animal. The injection was administered into 

loose skin which is ‘scruffed’ on the back of the animal.  

 

3.8.5.3: Termination 

At the end of in-vivo experimentation, euthanasia was facilitated by administration of 

1 mL of Euthatal (i.p). Expiration took ca. 10-20 minutes after the administration of 

the drug. The brains were removed following de-capitation and placed in a 10% 

formaldehyde solution for histology. 
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4.1 Introduction 

Superoxide (O2
-) is the primary reactive oxygen species (ROS) molecule and is 

generated as a reduced intermediate of molecular oxygen (O2) (Tian et al., 2006). O2
- 

under normal physiological conditions has a very low and undetectable endogeneous 

concentration. O2
- in biological samples lies within a narrow range of 50-200 nM 

(Mesároš et al., 1998). The major source of O2
- in cells is electron ‘leakage’ from 

electron transport chains in the mitochondria and in the endoplasmic reticulum (Maier 

and Chan, 2002). Under normal metabolic conditions these ROS are produced at a rate 

which is matched by the capacity of tissues to catabolise them (Wang et al., 2013). 

However, when their production exceeds the body’s natural ability to deal with this 

potentially cytotoxic species, a variety of pathological conditions may occur including 

stroke, cancer and neurodegeneration (McNeil and Manning, 2002). The 

quantification of the production of O2
- anions is hard to achieve because of the natural 

ability of superoxide dismutase (SOD) to catalyse the dismutation of O2 and their 

reactivity towards other small molecules. In summary, measuring O2
- is problematic 

because of its low concentration, high reactivity and fleeting existence in the in-vivo 

environment (Wang et al., 2014) (Ganesana et al., 2012). 

Electrochemical sensors for the detection of O2
- have previously been developed by 

several research groups. Mesaros and coworkers have developed an amperometric O2
- 

biosensor by the anodic polymerisation of pyrrole and concomitant immobilisation of 

SOD on Pt wire. The sensor was held at +700 mV and has a detection limit of 15 nM 

(Mesároš et al., 1998). Manning et al. designed a sensor by covalently attaching 

cytochrome c to a gold working electrode through surface modification with DTSSP 

(3,3’-dithiobis(sulfosuccinimidylpropionate)). This molecule possesses a disulphide 

group for covalent attachment and the carboxyl groups to form amide linkages with 

the cytochrome c. The electrode was held at +100 mV and the detection limit was 10 

nM (Manning et al., 1998) (Manning and McNeil, 2011). Campanella et al. developed 

an O2
- biosensor based on the SOD which is physically entrapped in a kappa-

carrageenan gel membrane (Campanella et al., 2000). The immobilised enzyme is then 

situated between the cellulose acetate membrane and a dialysis membrane and the 

whole assembly is fixed to the transducer by means of an O-ring. The Pt anode is then 

held at +650 mV.  
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Fabian et al. measured O2
- in-vivo using a cytochrome c based platinised carbon 

electrode (Fabian et al., 1995). This research demonstrated that this sensor was 

sensitive to changes in O2
- levels and responsive to minute by minute changes in O2

- 

levels during brain tissue injury and traumatic models of brain injury. Wang and co-

workers developed a O2
- sensor based on nitrilotriacetic acid (NTA) facilitated electron 

transfer of SOD on carbon fibre microelectrodes (Wang et al., 2013).  This sensor was 

utilised in the rat brain for the in-vivo monitoring of O2
- during ischemia and 

reperfusion processes. However, few reports exist for measuring O2
- levels in-vivo and 

its implication in the development of neurodegenerative disorders. 

This chapter outlines the developmental steps undertaken to develop a sensitive and 

selective O2
- biosensor for in-vivo neurochemical applications. The different 

immobilisation strategies used to incorporate SOD onto a Pt surface are discussed. 

The influence of stabilisers and cross-linkers are also investigated in terms of their use 

in conjunction with the enzyme and their effect on the sensor’s sensitivity and kinetic 

parameters. The latter are compared in order to determine the best design for the 

optimal detection of O2
-.  

 

4.2 Experimental 

All instrumentation and experimental software used in this chapter are described in 

Chapter 3, Section 3.2. All chemicals and solutions used are detailed in Section 3.3. 

The electrodes were constructed from a 1 mm Pt cylinder electrode as depicted in 

Section 3.4.2. The different biosensor designs developed and the manufacturing 

process associated with each design is explained in detail in Section 3.5.2.  

All experimental data was collected using the cell set-up described in Section 3.6.1. 

All data was recorded in phosphate buffer saline (PBS) containing 0.002 U xanthine 

oxidase (XOD). Constant potential amperometry (CPA) was performed were the 

biosensor was held at + 700 mV as this potential has been determined to be optimal 

for the oxidation of hydrogen peroxide (H2O2) (Lowry et al., 1994). Different aliquots 

of 1 mM xanthine (See Section 3.3.2.1) were injected into the electrochemical cell and 

a range of concentrations were used to compare the different biosensor designs. The 

combination of xanthine and XOD produced the O2
- anion in a manner dependent on 
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the concentration of xanthine. The univalent reduction of XOD generating the O2
- 

anion is dependent on pH. At pH 7.4, the yield of O2
- was 28% of the total xanthine 

present in the reaction (See Section 3.6.3). 

The data is reported as mean ± SEM where n denotes the number of electrodes used. 

The significance of difference observed was estimated using two-tailed t-tests. Paired 

tests were used when comparing data collected from the same electrode, unpaired tests 

were used for comparing data from different electrodes. 

All calibration plots obeyed Michaelis-Menten Hill-type enzyme kinetics. The kinetic 

parameters Vmax, Km and sensitivity were used to compare the different biosensor 

designs. The Hill coefficient, α, reflects the deviation from ideal enzyme kinetics. 

These parameters are described in detail in Chapter 2, Section 2.5.2. Usually, a large 

Km concentration is desirable as this coefficient defines the linear region slope, 

however, as the O2
- concentration is so low in-vivo a low Km concentration is desirable 

for this biosensor. Throughout this chapter the linear region slope is referred to as 

sensitivity. 

 

4.3 Results and Discussion 

This results section outlines the various steps involved in the development of the O2
- 

biosensor. The primary focus was to find the best construction protocol that optimises 

the sensor’s sensitivity. 

 

4.3.1 Immobilisation 

Different immobilisation strategies have been utilised in the development of 

biosensors and are a critical step in their design. The most common methods include 

entrapment within a membrane, cross linking, covalent bonding and physical 

adsorption (Mateo et al., 2007) (Sassolas et al., 2012) (Thévenot et al., 2001). 

Entrapment involves the incorporation of an enzyme into a gel or a polymer. 

Electrochemical polymerisation is an attractive and convenient method used to 

immobilise enzymes on electrode surfaces. Electropolymerisation can utilise 
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conducting and non-conducting polymers. Typical conducting polymers include 

polypyrrole, polyaniline and polythiophene (Sassolas et al., 2012). A biosensor for 

hypoxanthine was developed by entrapment of XOD within a polyaniline film 

electropolymerised on a sodium montmorillonite–methyl viologen carbon-paste 

modified electrode. This biosensor works by electrocatalytic reduction of O2 using 

cyclic voltammetry. The minimum detectable level is 0.8 μM (Hu et al., 2000).  

Biosensors incorporate immobilisers to assist in enzyme entrapment. Synthetic 

polymers such as styrene and methyl methacrylate have been used as immobilisers in 

the manufacture of biosensors. Polystyrene has been used as a solid support for protein 

immobilisation in enzyme–linked immunosorbent assays (ELISA) and animal culture 

(Kumada et al., 2010). Both polymers are liquids at room temperature and are 

therefore ideal candidates for the entrapment of SOD using the dip coating approach 

to enzyme loading. This approach has been used previously in our research group 

(Bolger, 2007) (Baker, 2013). 

Extensive studies were carried out by other research groups in relation to the optimal 

unit of activity to incorporate in the O2
- biosensor (Mesároš et al., 1998). They found 

that the amount of SOD incorporated into the polypyrole was proportional to the 

concentration in the electropolymerisation solution. The optimal SOD concentration 

was determined to be between 200-350 U/mL SOD. This literature study was used as 

the starting point for the O2
- biosensor. Initial experiments were carried out to 

investigate styrene as an immobiliser when incorporating various dips of 200 U of 

SOD. One, two, five and ten layers of SOD were investigated. 
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Figure 4.1: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD)1, Sty-(SOD)2, Sty-(SOD)5 and Sty-(SOD)10. CPA carried out at +700 

mV vs. SCE. 
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Upon examining the data in Figure 4.1, an increase in Vmax and sensitivity is apparent 

as the number of layers of enzyme is increased. Sty-(SOD)1 recorded a very small Vmax 

value of 2.43 ±  0.13 nA (n = 4) and a very poor sensitivity of 0.13 ± 0.004 nA/µM. 

This result is mainly due to insufficient loading of the enzyme onto the Pt surface 

resulting in poor analyte detection. A similar trend is observed for the Sty-(SOD)2 

design, however, there is a significant increase (P < 0.0001) in Vmax from 2.43 ± 0.13 

nA (n = 4, Sty(SOD)1) to 8.56 ± 0.12 nA (n = 4, Sty(SOD)2). There is also a 

considerable improvement in sensitivity to 0.41 ± 0.02 nA/µM. Five layers of enzyme 

produced the highest substrate detection and this dip coating process proved 

advantageous over the other designs. Five individual layers of enzyme with drying 

time (4 minutes) allowed the enzyme to be fixed in place prior to the subsequent dip 

coating layer resulting in a high sensitivity being recorded. This design gave an 

improved Vmax of 15.65 ± 0.24 nA, and a sensitivity of 0.52 ± 0.02 nA/µM. This 

suggests that there is good enzyme loading on the Pt surface resulting in high analyte 

detection. However, increasing the number of layers of enzyme to ten resulted in a 

decrease in enzyme loading and a significantly lower (P < 0.0001) Vmax of 4.77 ± 0.07 

nA being recorded. The incorporation of 10 layers of enzyme also had a detrimental 

effect on the sensitivity reducing it significantly (P < 0.0001) to 0.30 ± 0.03 nA/µM 

when compared to the Sty-(SOD)5 design. An explanation for this trend could be that 

incorporating ten layers of enzyme results in the enzyme binding sites becoming 

constricted or blocked due to enzyme overload on the sensor surface.  

Interestingly, the Km concentrations remain very similar for all biosensor designs 

except for the Sty-(SOD)5 design. The Km concentrations recorded were 7.57 ± 1.51 

µM (n= 4, Sty-(SOD)1), 9.08 ± 0.42 µM (n = 4, Sty-(SOD)2) and 5.08 ± 0.30 µM  (n 

= 4, Sty-(SOD)10). This low concentration could potentially be as a result of low 

enzyme loading on the sensor surface therefore, a reduction in diffusional constraints. 

A Km value of 15.47 ± 0.54 µM (n = 8) is observed for the design Sty-(SOD)5 . This 

suggests a higher diffusional barrier perhaps as a result of higher enzyme loading. 

Further evidence for this high enzyme loading is the high sensitivity achieved of 0.52 

± 0.24 nA/µM (n = 8), the largest sensitivity recorded for this set of experiments. All 

designs show α values greater than 1 indicating sigmoidal enzyme kinetics. The 

designs Sty-(SOD)2 and Sty-(SOD)5 gave almost identical α values of 1.80  and 1.82 

respectively.  
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In summary, the dip adsorption method using five layers of enzyme produced the 

highest Vmax and sensitivity and was continued within the next section. One layer of 

enzyme resulted in insufficient enzyme loading with a low sensitivity being recorded. 

This method was eliminated in future designs. 

 

4.3.2. Enzyme Unit of Activity Study 

This section investigates the effect of changing the concentration of the enzyme 

solution. The unit of activity was increased to 400 U/mL and lowered to 100 U/mL in 

order to determine the optimal unit activity of the enzyme. From Section 4.3.1, five 

layers of enzyme demonstrated the highest sensitivity so this result was utilised. 

However, as the final goal is to develop a biosensor sensitive and selective for the in-

vivo environment, experiments were performed in order to further increase the 

sensitivity and to improve the kinetic parameters by changing the concentration of the 

enzyme. Initial experiments were performed using styrene as the immobiliser and then 

five layers of enzyme with different concentrations (100 U/mL, 200 U/mL, 400 

U/mL).  
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Figure 4.2: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD(100U))5, Sty-(SOD(200U))5 and Sty-(SOD(400U))5. CPA carried out at 

+700 mV vs. SCE. 

Figure 4.2 above shows the mean current-concentration profile and the kinetic 

parameters associated with varying the unit activity of the enzyme. These biosensor 

designs were calibrated in an attempt to validate literature reports where the optimal 

enzyme concentration was determined to be between 200-350 U/mL (Mesároš et al., 

1998). The data in Figure 4.2 demonstrates that 200 U/mL of enzyme is optimal giving 

a Vmax of 15.65 ± 0.54 nA and a sensitivity of 0.52 ± 0.02 nA/µM (n = 8, 

Sty(SOD(200U)5). The Vmax current produced by 200 U/mL (15.65 ± 0.24 nA) is 

significantly increased (P < 0.0001) compared to the 100 U/mL (7.40 ± 0.10 nA), and 

400 U/mL (7.53 ± 0.13 nA) respectively. Interestingly, the Vmax for 100 U/mL (7.40 

± 0.10 nA) is almost identical to the Vmax when incorporating 400 U/mL (7.53 ± 0.13 

nA). This suggests that utilising 5 layers of the higher enzyme concentration (400 

U/mL) results in similar kinetic parameters being recorded as those observed 

previously when incorporating 10 layers of 200 U/mL of enzyme suggesting similar 

enzyme loading for the two designs. 

A comparison of the Km concentrations shows that incorporating either 100/400 U/mL 

has significantly lowered (P < 0.0001) the Km concentration in both cases compared 

to using 200 U/mL (15.79 ± 0.56 µM). This reduction is potentially as a result of a 

low enzyme loading resulting in a reduction in the diffusional constraints. 100 U/mL 
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concentration of enzyme produced the lowest Km concentration of 6.86 ± 0.31 µM. A 

low Km concentration is desirable for this sensor due to the nanomolar concentration 

of O2
- in the in-vivo environment.  

The sensitivities of the three different biosensor designs were compared. The highest 

sensitivity was achieved when incorporating 200 U/mL of enzyme (0.52 ± 0.02 

nA/µM), in both cases changing the concentration of the enzyme resulted in a 

significant decrease in sensitivity (P < 0.0001) being recorded from 0.41 ± 0.03 

nA/µM (n = 12, Sty-(SOD(100U))5) and 0.35 ± 0.03 nA/µM (n = 12, Sty-

(SOD(400U))5). All three designs, Sty-(SOD(100U))5, Sty-(SOD(200U))5 and Sty-

(SOD(400U))5, produced sigmoidal Michaelis-Menten kinetics. The α values recorded 

were 1.60, 1.82 and 1.38 respectively 

In summary, the dip adsorption method incorporating five layers of 200 U/mL SOD, 

produced the highest sensitivity and the most ideal Michaelis-Menten enzyme 

kinetics, therefore this enzyme concentration was used in all of the biosensor designs 

in the following experiments.  

 

4.3.3 The Addition of Glutaraldehyde 

GA has been used widely for the immobilisation of enzymes in the construction of 

biosensors. GA is a linear 5-carbon dialdehyde which reacts with several functional 

groups on proteins including amines, thiols, phenols and imidazole groups. Usually 

GA cross-links to the ɛ-amino groups of the lysine residues on the enzyme. Lysine 

residues are usually located on the protein surface rather than at the catalytic site. This 

is advantageous as the enzyme structure and biological conformation usually remains 

preserved. The stability of the enzyme can typically be increased by cross-linking 

because intra and intermolecular cross-links lead to a more rigid molecule that can 

resist conformational changes (Migneault et al., 2004). It has been reported that the 

concentration of GA used affects the degree or extent of cross-linking with low 

concentrations not being able to form sufficient cross-linkages to effect the 

precipitation of the enzyme (Broun, 1976). Another research group found that 

enzymatic activity was directly proportional to the concentration of GA used with high 

concentrations of GA leading to extensive cross-linking resulting in loss of enzyme 
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activity due to distortion of the active site (Chui and Wan, 1997). GA exists in multiple 

forms in aqueous solutions so it is still unclear as to the exact mechanism of the cross-

linking process. It is generally accepted that reactions between the carbonyl group of 

the GA and the amino groups of the protein takes place yielding a Schiff base and at 

pH 8 and higher the GA forms an insoluble polymer which causes the immobilisation 

of the enzyme (de Melo et al., 1999). 

Initial experiments were performed using a GA concentration (0.5%) that was 

previously used in the development of a choline biosensor (Baker, 2013). This 

concentration was investigated using the dip adsorption method. Biosensor designs 

were manufactured using various dips; two, five and ten layers of enzyme and GA 

were investigated. 
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Figure 4.3: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-GA)2, Sty-(SOD-GA)5 and Sty-(SOD-GA)10. CPA carried out at +700 

mV vs. SCE. 

The data presented in Figure 4.3 shows the effect the addition of a GA layer has on 

the biosensor’s sensitivity and kinetic parameters. The GA layer was added in an 

attempt to secure the enzyme layer in place before the addition of subsequent layers 

of enzyme by dip coating. The results above show that the addition of GA has resulted 

in a significant decrease (P < 0.0001) in the Vmax from 8.56 ± 0.12 nA (Sty-(SOD)2 to 

3.85 ± 0.06 nA (Sty-(SOD-GA)2). A similar trend was observed for the sensitivity, a 

decrease (P = 0.8247) was observed from 0.41 ± 0.02 nA/µM Sty-(SOD)2 to 0.39 ± 

0.06 nA/µM  (Sty-(SOD-GA)2). Similarly, a significant decrease (P < 0.0001) in Vmax 

was also recorded for 5 layers of enzyme and GA (5.42 ± 0.06 nA) Sty-(SOD-GA)5 

when compared to the same design just incorporating enzyme (15.65 ± 0.24 nA) Sty–

(SOD)5. The sensitivity was also significantly reduced (P = 0.0005) from 0.52 ± 0.02 

nA/µM (Sty-(SOD5) to 0.42 ± 0.01 nA/µM (Sty-(SOD-GA)5). These results show that 

the addition of GA seems to have a detrimental effect. An explanation for this trend 

may be that the GA is cross-linking the enzyme too tightly, restricting access of the 

substrate to the active sites of the enzyme. The addition of GA into the biosensor 

design may result in some degree of enzyme denaturation as demonstrated by the 

decreased sensitivity and Vmax. 
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However, a different trend is observed when incorporating 10 layers of enzyme and 

GA. An increase in Vmax and Km is observed in this design, however, there is no change 

in the sensitivity:  0.42 ± 0.01 nA/µM (Sty-(SOD-GA)5) and 0.43 ± 0.01 nA/µM (Sty-

(SOD-GA)10). This trend may be explained by an increase in enzyme loading on the 

sensor surface, therefore the detrimental effects of GA being reversed as more enzyme 

is available for the substrate to access.  

From the data in Figure 4.3, it is apparent that there is a stepwise increase in the Km 

concentrations on addition of more layers of enzyme and GA. The Km value increased 

from 5.42 ± 0.33 µM (Sty- (SOD-GA)2) to 6.87 ± 0.25 µM  (Sty-(SOD-GA)5), and 

then increased further to 22.90 ± 1.06 µM (Sty-(SOD-GA)10). This trend may 

potentially be due to increased enzyme loading resulting in higher diffusional 

constraints. All biosensor designs produced sigmoidal Michaelis-Menten kinetics with 

α values of 1.38 (Sty-(SOD-GA)2), 1.42 (Sty-(SOD-GA)5) and 1.55 (Sty-(SOD-

GA)10). 

 

4.3.4 Introduction of Bovine Serum Albumin  

The use of BSA has been extensively documented in the development of biosensors. 

BSA is an inert lysine rich protein which has been employed in biosensor designs for 

both enzyme protection and stabilisation. BSA has been reported to be utilised in 

biosensor designs in conjunction with GA (Wilson and Thévenot, 1989) (Sassolas et 

al., 2012). The GA cross-links the BSA in addition to the enzyme thus limiting the 

direct enzyme cross-linking, resulting in higher enzyme activity and stability. Cross-

linked enzyme aggregates prepared with BSA were better overall catalysts and showed 

higher operational stability in organic solvents and higher thermal stability. This is an 

ideal strategy when the starting protein concentration is low and when the protein is 

vulnerable to loss of activity due to extensive cross-linking (Shah et al., 2006). BSA 

could potentially protect the enzyme coated on the Pt surface during the harsh cross-

linking process or hinder access of the substrate to the active sites of the enzyme layers 

below, due to its comparatively larger size. Ryan et al. developed a biosensor for L-

Glutamic acid by co-polymerisation of the enzyme within the PPD polymer. The 

addition of BSA into the biosensor design protected the enzyme from inactivation 
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during the polymerisation process (Ryan et al., 1997). The incorporation of additives 

for enzyme stabilisation has also been widely investigated. Studies focusing on the 

stability of the enzyme has been reported by Costa et al. They found that the 

introduction of BSA increased the half-life of catalase, even seeing a three-fold 

increase from 11 to 43 when utilising BSA with GA at 30°C (Costa et al., 2002). 

Initial experiments investigated using 1 % BSA, a concentration that was previously 

found to be optimum in the development of a choline sensor while incorporating a GA 

concentration of 0.5 % (Baker, 2013). The BSA was positioned after the enzyme in 

the dip coating process in order to protect the enzyme. Also, the BSA could provide 

lysine residues for the GA to cross-link with instead of direct enzyme cross-linking. 

Various layers of enzyme, BSA and GA were investigated.  
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Figure 4.4: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-BSA-GA)2, Sty-(SOD-BSA-GA)5 and Sty-(SOD-BSA-GA)10. CPA 

carried out at +700 mV vs. SCE. 

The data presented in Figure 4.4 demonstrates the changes in kinetic parameters on 

addition of BSA into the biosensor design. On examination of the results it is clear, 

that there is a stepwise decrease in Vmax from 13.49 ± 0.48 nA (Sty-(SOD-BSA-GA)2) 

to 10.33 ± 0.50 nA (Sty-(SOD-BSA-GA)5), and then a further decrease to 4.74 ± 0.40 

nA is observed when incorporating 10 layers of BSA (Sty-(SOD-BSA-GA)10). A 

similar trend is observed with sensitivity with the highest value (0.47 ± 0.03 nA/µM) 

achieved for Sty-(SOD-BSA-GA)2 and then a decrease observed on incorporation of 

additional layers of BSA. These trends suggest that two layers of BSA is efficient in 

providing sufficient enzyme stability and protection with additional layers having 

detrimental effects on the kinetic parameters. This trend may be attributed to restricted 

access of the substrate to the active site of the enzyme, or, alternatively the 

comparatively larger size of the BSA may decrease the amount of enzyme successfully 

immobilised onto the sensor surface.  

The Km concentration has increased for both the Sty-(SOD-BSA-GA)2 and the Sty-

(SOD-BSA-GA)5 when compared to the same designs without BSA. The Km 

concentration recorded was 14.15 ± 1.27 µM (n = 3, Sty-(SOD-BSA-GA)2) compared 

to 5.42 ± 0.28 µM (n = 6, Sty-(SOD-GA)2). The same trend is observed when 



Chapter 4 Development  
 

101  

 

incorporating 5 layers of enzyme, BSA and GA. There is a significant increase (P < 

0.0001) in Km from 6.87 ± 0.25 µM (n = 8, Sty-(SOD-GA)5) to 15.02 ± 1.46 µM (n = 

6, Sty-(SOD-BSA-GA)5). An explanation for this trend is that the addition of the large 

BSA protein has resulted in higher diffusional constraints for the substrate to reach the 

active sites of the enzyme. A different trend is observed when comparing 10 layers of 

enzyme, BSA and GA. In this instance, the Km concentration is significantly decreased 

(P < 0.0001) from 22.90 ± 1.09 µM (n = 6, Sty-(SOD-GA)10) to 6.76 ± 0.19 µM (n = 

4, Sty-(SOD-BSA-GA)10).  

Sigmoidal Michaelis-Menten behaviour is observed for all designs Sty-(SOD-BSA-

GA)2, Sty-(SOD-BSA-GA)5 and Sty(SOD-BSA-GA)10 resulting in α values of 1.15, 

1.74 and 2.23 respectively. In summary, this section has determined that the sensor 

design Sty-(SOD-BSA-GA)2 improved the sensitivity, increased the Vmax and 

increased the Km concentration when compared to the same sensor design 

incorporating just GA.  

 

4.3.5 Addition of Polyethyleneimine  

PEI has been used in the fabrication of biosensors for both immobilisation (McMahon 

et al., 2006) and stabilisation (Patel et al., 2000) (Brena and Batista-Viera, 2006). PEI 

has proven beneficial in the development of biosensors for its ability to increase 

sensitivity (McMahon et al., 2006), reduce the Michaelis constant Km and increase the 

linear region slope (McMahon et al., 2007). PEI is a polybasic positively charged 

polyelectrolyte (pKa 9.7) aliphatic amine with the highest concentration of amino 

groups per unit of all synthetic polymers (Jezkova et al., 1997) (Gupta et al., 2000).  

It is believed that the beneficial effect which PEI has on the biosensor performance is 

attributed to the formation of polyanionic/polycationic complexes between the 

polycationic PEI and the polyanionic enzyme which reduces enzyme deactivation 

(Jezkova et al., 1997). This in turn, decreases the electrostatic repulsion between the 

enzyme substrate and biosensor components (McMahon et al., 2007). The negative 

charges on the enzyme are assumed to electrostatically react with the positive charges 

of the polycation resulting in a stable configuration for long term stability of the 

biosensor. The development of this stable configuration with enhancement of the 
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positive charges facilitated the electron transfer yielding higher signals (Belay et al., 

1999).  

Experiments were undertaken to investigate the effect 2% PEI has on the dip coating 

process. This concentration was chosen as a starting point as this was found to be ideal 

in a previously developed biosensor in the research group (Baker, 2013). Initial 

experiments were carried out using two, five and ten layers of 200 U/mL SOD, 0.5% 

GA and 2% PEI in an attempt to improve the biosensor’s kinetic parameters and 

sensitivity. The PEI was positioned directly after the GA layer and before the 

subsequent enzyme layer.  
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Figure 4.5: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-GA-PEI)2, Sty-(SOD-GA-PEI)5 and Sty-(SOD-GA-PEI)10. CPA 

carried out at +700 mV vs. SCE. 

The results in Figure 4.5 show the effect the introduction of PEI has on the dip coating 

process. There is a marked improvement in sensitivity when compared to previous 

biosensor designs. The introduction of PEI into the biosensor designs results in good 

enzyme kinetics, low Km concentrations and high sensitivities being achieved for both 

Sty-(SOD-GA-PEI)2 and Sty-(SOD-GA-PEI)5 designs. Comparing these optimum 

designs shows an increase (P = 0.0002) in sensitivity from 0.86 ± 0.04 nA/µM (n = 

11, Sty-(SOD-GA-PEI)2) to 0.91 ± 0.02 nA/µM (n = 17, Sty-(SOD-GA-PEI)5) and 

shows a significant increase (P = 0.0034) in Vmax from 14.32 ± 0.43 nA (Sty-(SOD-

GA-PEI)2 to 15.98 ± 0.15 nA (Sty-(SOD-GA-PEI)5). This trend suggests that higher 

enzyme loading is achieved and the substrate has unrestricted access to the active sites 

of the enzyme when incorporating 5 layers of SOD, GA and PEI.  PEI is assumed to 

promote the electron transfer between the active site of the immobilised SOD and the 

electrode and/or increase the enzyme turnover rate resulting in a higher sensitivity 

being observed for the biosensor designs.  

A significant decrease (P < 0.0001) in the Km concentration is observed from 16.22 ± 

1.45 µM (n = 11, Sty-(SOD-GA-PEI)2) to 10.33 ± 0.27 µM (n = 17, Sty-(SOD-GA-

PEI)5). The reduction in the Km concentration demonstrates advantageous kinetics for 
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the currents at the lower concentrations which are closer to the physiological range. 

An explanation for this is that the addition of PEI helps reduce the electrostatic barrier 

between neighbouring enzymes and the anionic substrate rather that a reduction in 

diffusional constraints. This explanation is also valid for the increase in sensitivity in 

the analytically important linear region slope. A large Km value (69.46 ± 8.90 µM) is 

observed for Sty-(SOD-GA-PEI)10, which indicates a large diffusional barrier for the 

analyte. This suggests that the PEI is hindering the access of the substrate to the active 

sites of the enzyme. 

Michaelis-Menten behaviour is observed for both designs Sty-(SOD-GA-PEI)2 and 

Sty-(SOD-GA-PEI)10 with α values of 0.90 and 1.08 respectively. These values are 

very close to the ideal value of 1. Sigmoidal kinetics are observed for the design Sty-

(SOD-GA-PEI)5 with an α value of 1.73 indicating positive cooperativity. 

In summary, the introduction of this stabiliser has shown beneficial characteristics for 

further studies with the potential to secure more enzyme and biosensor components 

onto the electrode surface. The design Sty-(SOD-GA-PEI)5 obtained the best 

sensitivity achieved so far in the manufacture process. This design also showed a low 

Km concentration and a high Vmax value.  

 

4.3.6. Concentration Studies 

 

4.3.6.1. Polyethyleneimine Concentration 

The introduction of PEI into the biosensor design resulted in a marked improvement 

in the kinetic parameters as shown in Section 4.3.5. Different concentrations of PEI 

could potentially improve the sensitivity of the biosensor. This section investigates the 

effect of three different PEI concentrations - 1%, 2% (as presented previously in 

Section 4.3.5.) and 3%. This study was undertaken to investigate the effect of changing 

the concentration of PEI has on the kinetic parameters observed for the different 

biosensor designs. 
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Figure 4.7: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-GA-1%PEI)2, Sty-(SOD-GA-1%PEI)5 and Sty-(SOD-GA-1%PEI)10. 

CPA carried out at +700 mV vs. SCE. 
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Figure 4.8: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-GA-3%PEI)2, Sty-(SOD-GA-3%PEI)5 and Sty-(SOD-GA-3%PEI)10. 

CPA carried out at +700 mV vs. SCE. 
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The results above show the mean current-concentration profiles and kinetic parameters 

for both 1% and 3% PEI. The results incorporating 2% PEI are shown in Figure 4.5. 

The graphs show the effect of changing the concentration of PEI on the kinetic 

parameters.  

Decreasing the PEI concentration to 1% resulted in a similar trend to incorporating 

2% PEI. The best design was Sty-(SOD-GA-1%PEI)5. This design showed a good 

sensitivity of 0.85 ± 0.04 nA/µM (n = 12), a low Km value 6.09 ± 0.22 µM and good 

enzyme kinetics demonstrated by an α value close to 1. The same result was achieved 

when incorporating 2% PEI concentration with the best results being observed for the 

Sty-(SOD-GA-2%PEI)5 design.  

Both Sty-(SOD-GA-1%PEI)2 and Sty-(SOD-GA-1%PEI)10 designs resulted in a lower 

sensitivity and higher Km concentrations being achieved when compared to the Sty-

(SOD-GA-1%PEI)5. There is a significant decrease in sensitivity (P < 0.0001) from 

0.85 ± 0.04 nA/µM (n = 12, Sty-(SOD-GA-1%PEI)5)  to 0.25 ± 0.004 nA/µM (n = 8, 

Sty-(SOD-GA-1%PEI)2). There is a significant decrease (P < 0.0001) in Vmax from 

19.25 ± 0.53 nA (Sty-(SOD-GA-1%PEI)2) to 10.05 ± 0.10 nA (Sty-(SOD-GA-

1%PEI)5).  However, there is a significant increase (P < 0.0001) in the Km value from 

6.09 ± 0.22 µM (Sty-(SOD-GA-1%PEI)5) to 34.42 ± 1.86 µM (Sty-(SOD-GA-

1%PEI)2). This increase in Km is not ideal as the in-vivo concentration is in the low 

nanomolar region. An explanation for these trends is that the Sty-(SOD-GA-1%PEI)2 

biosensor design results in low enzyme loading, or the PEI smothers the enzyme 

resulting in higher diffusional constraints for the substrate. A similar trend is observed 

for the Sty-(SOD-GA-1%PEI)10 design. In this instance, the Vmax is significantly (P < 

0.0001) increased from 10.05 ± 0.10 nA (n = 12, Sty-(SOD-GA-1%PEI)5)  to 39.50 ± 

0.49 nA (n = 11, Sty-(SOD-GA-1%PEI)10) and the Km concentration is significantly 

increased (P < 0.0001) from 6.09 ± 0.22 µM (n = 12, Sty-(SOD-GA-1%PEI)5)  to 

34.11 ± 2.78 µM (n= 11, Sty-(SOD-GA-1%PEI)10). A detrimental effect on sensitivity 

is observed with the value decreasing significantly (P < 0.0001) from 0.85 ± 0.04 

nA/µM (n =12, Sty-(SOD-GA-1%PEI)5) to 0.64 ± 0.003 nA/µM (n = 11, Sty-(SOD-

GA-1%PEI)10). This trend suggests hindered access of the substrate to the active sites 

of the enzyme due to diffusional constraints. In summary the design Sty-(SOD-GA-
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1%PEI)5 gave the best results when incorporating 1% PEI similarly to when 

incorporating 2% PEI, where Sty-(SOD-GA-2%PEI)5 gave the optimum results. 

Increasing the concentration of PEI to 3% had a detrimental effect on the sensitivity 

and the Km concentration. Both Sty-(SOD-GA-3%PEI)2 and Sty-(SOD-GA-3%PEI)5 

showed the same sensitivity of  0.63 ± 0.04 nA/µM and high Km concentrations of 

35.89 ± 2.05 µM and 100.30 ± 15.26 µM respectively. This suggests that access of the 

active site to the substrate is restricted due to diffusional constraints. This can be 

justified as there is a 2:1 ratio of biosensor components to enzyme, therefore this may 

be causing the active sites to be hindered due to the presence of excess GA and PEI. 

However, a different trend is observed for the Sty-(SOD-GA-3%PEI)10 design. This 

design gave the best sensitivity of 0.70 ± 0.02 nA/µM, a low Km concentration of 11.63 

± 0.31 µM and a Vmax of 16.98 ± 0.19 nA. This design also shows sigmoidal enzyme 

kinetics with an α value of 1.58. 

The results below (Figure 4.9) show a comparison of the best designs incorporating 

the various PEI concentrations (1%, 2% and 3%).  
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Figure 4.9: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-GA-1%PEI)5, Sty-(SOD-GA-2%PEI)5 and Sty-(SOD-GA-3%PEI)10. 

CPA carried out at +700 mV vs. SCE. 

The graph and table above show the kinetic and performance parameters for the best 

biosensor designs incorporating various concentrations of PEI. All designs show high 

sensitivities, low Km concentrations and sigmoidal kinetics with α values greater than 

1.  

There is a significant increase in Vmax (P < 0.0001) observed from 10.05 ± 0.10 nA 

(Sty-(SOD-GA-1%PEI)5) to 15.98 ± 0.15 nA (Sty-(SOD-GA-2%PEI)5). A significant 

increase in sensitivity (P < 0.0001) is also demonstrated from 0.85 ± 0.04 nA/µM (Sty-

(SOD-GA-1%PEI)5) to 0.91 ± 0.02 nA/µM (Sty-(SOD-GA-2%PEI)5). These results 

indicate that the biosensor design Sty-(SOD-GA-2%PEI)5 has optimum characteristics 

with high enzyme loading yielding a higher sensitivity and Vmax.  

Unlike 1% and 2% PEI, 3% PEI shows different results where the best design is Sty-

(SOD-GA-3%PEI)10.  This design resulted in a significant decrease in sensitivity (P < 

0.0001) from 0.91 ± 0.02 nA/µM (Sty-(SOD-GA-2%PEI)5) to 0.70 ± 0.02 nA/µM 

(Sty-(SOD-GA-3%PEI)10. A significant increase (P < 0.0001) in the Km concentration 

from 10.33 ± 0.27 µM (n = 17, Sty-(SOD-GA-2%PEI)5) to 11.63 ± 0.31 µM (n = 8, 

Sty-(SOD-GA-3%PEI)10) is observed. 
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In summary, the results obtained in this section suggest that the best sensor design 

incorporating PEI is Sty-(SOD-GA-2%PEI)5. This design showed the best kinetic 

parameters and a sensitivity of 0.91 ± 0.02 nA/µM (n = 17) the best achieved by any 

sensor design so far.  

The next section investigates the effect of changing the GA concentration (0.05%, 

0.5% and 1%) using various concentrations of PEI (1%, 2% and 3%). As shown in the 

previous sections 5 layers of enzyme and biosensor components seems to be optimum 

so this was used to investigate the effects of changing the GA concentration. It seems 

that 5 layers provides sufficient enzyme loading and accessibility for the substrate to 

the active sites resulting in ideal enzymatic parameters being observed. 

 

4.3.6.2. Glutaraldehyde Concentration 

In the beginning, the GA concentration chosen was 0.5% GA as this was demonstrated 

to be optimum in a choline biosensor that was previously fabricated in the research 

group (Baker, 2013). However, research had proven that the cross-linking process can 

sometimes be too harsh resulting in poor enzyme kinetics and loss of activity so a 

lower concentration of GA (0.05%) was utilised (Chui and Wan, 1997). A O2
- 

biosensor developed by another research group utilised very low concentrations of GA 

(0.005%). They tested a variety of different concentrations and showed that higher 

concentrations of GA had detrimental effects on the enzyme activity (Emregül, 2005). 

On the other hand, 0.5% GA could be too low of a concentration to provide sufficient 

enzyme cross-linking so a higher concentration (1% GA) was tested to test its effects. 

Research shows that the amount of cross-linking agent used affects the degree or 

extent of cross-linking with low concentrations of GA unable to form sufficient cross-

linkages to effect precipitation of the enzyme (Broun, 1976) .  

In this section, different concentrations of GA were utilised (0.05% and 1% GA) with 

varying concentrations (1%, 2%, 3%) of PEI in an effort to improve the sensitivity of 

the biosensor. From the previous section (4.3.6.1) 5 layers was shown to be optimum 

giving a high sensitivity and a low Km concentration which is desirable for the low O2
- 

concentration in-vivo so this was used in this section. 
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Figure 4.10: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C 

using designs Sty-(SOD-0.05%GA-1%PEI)5, Sty-(SOD-0.5%GA-1%PEI)5 and Sty-

(SOD-1%GA-1%PEI)10. CPA carried out at +700 mV vs. SCE. 
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Figure 4.11: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-0.05%GA-2%PEI)5, Sty-(SOD-0.5%GA-2%PEI)5 and Sty-(SOD-

1%GA-2%PEI)5. CPA carried out at +700 mV vs. SCE. 
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Figure 4.12: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-0.05%GA-3%PEI)5, Sty-(SOD-0.5%GA-3%PEI)5 and Sty-(SOD-

1%GA-3%PEI)5. CPA carried out at +700 mV vs. SCE. 
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The results above show that when incorporating 1% PEI, Sty-(SOD-0.5%GA-

1%PEI)5 was optimum giving the best sensitivity of 0.85 ± 0.01 nA/µM and a low Km 

concentration of 6.09 ± 0.22 µM (n = 12). A low Vmax (4.58 ± 0.04 nA, n = 6) was 

achieved using the lower concentration of GA (0.05%) suggesting that this 

concentration is too low in order to sufficiently secure the enzyme layers on the Pt 

surface. In comparison, the design Sty-(SOD-1%GA-1%PEI)5 achieved a very similar 

Km and Vmax to Sty-(SOD-0.5%GA-1%PEI)5, however a significant decrease (P < 

0.0001) from 0.85 ± 0.01 nA/µM (n = 12, Sty-(SOD-0.5%GA-1%PEI)5) to 0.65 ± 0.01 

nA/µM (n = 7, Sty(SOD-1%GA-1%PEI)5) in sensitivity was observed. This trend 

suggests that the enzyme turnover is more efficient for the design incorporating 0.5% 

GA, however, the diffusional constraints for both Sty-(SOD-0.5%GA-1%PEI)5 and 

Sty-(SOD-1%GA-1%PEI)5 are similar as demonstrated by their small Km 

concentrations. 

The trend differs when incorporating 2% PEI. Sty-(SOD-0.5%GA-2%PEI)5, again 

similar to 1% PEI, gave the best results with a sensitivity of 0.91 ± 0.06 nA/µM (n = 

17). However, for the design utilising the lower concentration of GA (Sty-(SOD-

0.05%GA-2%PEI)5) poor enzyme kinetics are observed with a Km concentration of 

104.70 ± 20.34 µM (n = 8). This suggests a high diffusional barrier for the substrate 

or restricted access to the active sites of the enzyme. The biosensor design utilising 

the higher concentration of GA (Sty-(SOD-1%GA-2%PEI)5) results in a high Km 

value of 45.90 ± 4.50 µM and a low sensitivity of 0.51 ± 0.01 nA/µM (n = 7). These 

results suggest that the cross-linking process is too harsh resulting in distortion of the 

enzyme structure. With this distortion the accessibility and accommodation of the 

substrate may be reduced, affecting the retention of biological activity.  

An opposite trend is observed when incorporating 3% PEI. In this case, the design 

utilising the lower concentration of GA (Sty-(SOD-0.05%GA-3%PEI)5) gave the best 

results in terms of enzyme kinetics, however, a low sensitivity of 0.36 ± 0.01 nA/µM 

(n = 8) was observed. This suggests that the diffusional constraints were greatly 

reduced. This trend, however, is more likely to be as a result of a decrease in the 

number of layers obstructing the enzyme as the GA was unable to secure the enzyme 

layers, rather than an effect of the GA itself, as the sensitivity was severely affected. 

The introduction of higher concentrations of GA results in a significant increase (P < 
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0.0001) in Vmax from 61.60 ± 4.71 nA (n = 11, Sty-(SOD-0.5%GA-3%PEI)5) to 108.20 

± 14.85 nA (n = 8, Sty-(SOD-1%GA-3%PEI)5). A similar trend is observed for the Km 

concentration, increasing the GA concentration results in a significant increase (P = 

0.0007) from 116.40 ± 20.13 µM (n = 11, Sty-(SOD-0.5%GA-3%PEI)5) to 171.10 ± 

37.03 µM (n = 8, Sty-(SOD-1%GA-3%PEI)5). These poor enzyme kinetics may be 

explained by the enzyme becoming ‘smothered’ due to the high concentrations of the 

biosensor components. However, the best sensitivity of 0.68 ± 0.04 nA/µM (n = 11) 

was achieved for the design Sty-(SOD-0.5%GA-3%PEI)5.  

This section illustrates the effects of changing the GA concentration. It is clear that 

low concentrations of GA (0.05%) are insufficient in securing the enzyme layers on 

the Pt surface. On the other hand, the higher concentration of GA (1%) usually results 

in lower sensitivities being achieved. An explanation for this trend is that the cross-

linking process is too harsh resulting in distortion of the enzyme structure. It can be 

concluded that the optimum GA concentration is 0.5%. This concentration will be used 

in each biosensor design in future studies. 

 

 

4.3.6.3. Bovine Serum Albumin Concentration 

The previous section illustrated the effect the GA concentration has on sensitivity. 

BSA has also been shown to have an effect on sensitivity (see Section 4.3.4). However, 

BSA has never been incorporated into a design utilising both PEI and GA so this 

section looks at the introduction of BSA into these designs. 0.5% GA was found to be 

optimum with 1% and 2% PEI giving the best results. In this section various 

concentrations of BSA (1%, 0.1% and 0.01%) were investigated to examine their 

effects on the sensitivity and kinetic parameters.  
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Figure 4.13: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-1%BSA-0.5%GA-1%PEI)5 and Sty-(SOD-1%BSA-0.5%GA-

2%PEI)5. CPA carried out at +700 mV vs. SCE. 
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Figure 4.14: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5 and Sty-(SOD-0.1%BSA-0.5%GA-

2%PEI)5. CPA carried out at +700 mV vs. SCE. 
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Figure 4.15: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-0.01%BSA-0.5%GA-1%PEI)5 and Sty-(SOD-0.01%BSA-0.5%GA-

2%PEI)5. CPA carried out at +700 mV vs. SCE. 
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The preceding results illustrate the effects that changing the concentration of BSA has 

on the sensitivity. It is clear, that the introduction of BSA into the biosensor design 

results in a decrease in the Km concentration, particularly when incorporating 0.1% 

BSA, without compromising the sensitivity. However, there is a significant decrease 

(P < 0.0001) in Vmax from 10.05 ± 0.10 nA (n = 12, Sty-(SOD-0.5%GA-1%PEI)5)  to 

6.42 ± 0.05 nA (n = 7, Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5) resulting from the 

introduction of BSA into the biosensor design. The Km concentration observed was 

3.78 ± 0.13 µM (n = 7), the lowest concentration achieved thus far. The sensitivity 

increased (P = 0.2476) from 0.85 ± 0.04 nA/µM (n = 12, Sty-(SOD-0.5%GA-

1%PEI)5) to 0.91 ± 0.03 nA/µM (n = 7, Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5) on 

inclusion of BSA. This suggests that the inclusion of 1% BSA is beneficial when 

incorporating 0.5% GA and 1% PEI improving the sensitivity and Km concentration.  

A similar trend is observed when incorporating 2% PEI, however, in this instance the 

Km concentration is reduced significantly (P < 0.0001) from 10.33 ± 0.27 µM (n = 17, 

Sty-(SOD-0.5%GA-2%PEI)5) to 4.71 ± 0.21 µM (n = 12, Sty-(SOD-0.1%BSA-

0.5%GA-2%PEI)5) on the inclusion of BSA into the design process. The sensitivity 

has also been compromised with a significant decrease (P < 0.0001) observed from 

0.91 ± 0.02 nA/µM (n = 17, Sty-(SOD-0.5%GA-2%PEI)5) to 0.70 ± 0.04 nA/µM (n = 

12, Sty-(SOD-0.1%BSA-0.5%GA-2%PEI)5). This trend suggests that the BSA may 

hinder access of the substrate to some of the active sites of the enzyme due to its 

particularly large size.  

This is supported further by the higher concentration of BSA (1%) appearing to block 

access of the substrate to the active sites as a small Vmax (4.24 ± 0.06 nA, n = 8) is 

achieved with a Km concentration of just 3.00 ± 0.16 µM (n = 8) when incorporating 

1% PEI. The sensitivity is significantly reduced (P < 0.0001) from 0.85 ± 0.04 nA/ 

µM (n = 12, Sty-(SOD-0.5%GA-1%PEI)5)  to 0.70 ± 0.0009 nA/µM (n = 8, Sty-(SOD-

1%BSA-0.5%GA-1%PEI)5). However, the same trend is not demonstrated when 

incorporating 2% PEI. This biosensor design demonstrates a higher Vmax and Km 

concentration when compared to 1% PEI. Conversely, a significant decrease (P < 

0.0001) in Vmax is observed from 15.98 ± 0.15 nA (n = 17, Sty-(SOD-0.5%GA-

2%PEI)5) to 12.82 ± 0.14 nA (n = 12, Sty-(SOD-1%BSA-0.5%GA-2%PEI)5), a 

significant increase (P < 0.0001) in Km concentration is observed from 10.33 ± 0.27 

µM (n = 17, Sty-(SOD-0.5%GA-2%PEI)5) to 21.82 ± 0.53 µM (n = 12, Sty-(SOD-
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1%BSA-0.5%GA-2%PEI)5) on addition of 1% BSA into the biosensor design. The 

sensitivity is significantly compromised (P < 0.0001) from 0.91 ± 0.02 nA/µM (n = 

17, Sty-(SOD-0.5%GA-2%PEI)5) to 0.28 ± 0.008 nA/µM (n = 12, Sty-(SOD-1%BSA-

0.5%GA-2%PEI)5. This result suggests further that the incorporation of 1% BSA 

hinders access of the substrate to the active site of the enzyme resulting in a reduced 

Vmax and sensitivity.  

The lower concentration of BSA (0.01%) seems to add no benefit to the design, only 

adding extra layers and perhaps compromising the access of the substrate to the active 

site and creating a diffusional barrier. The design Sty-(SOD-0.01%BSA-0.5%GA-

1%PEI)5 produced the highest Vmax of 7.68 ± 0.11 nA and the highest Km 

concentration of 10.91 ± 0.48 µM. However, the sensitivity of 0.54 ± 0.02 nA/µM is 

the lowest obtained when compared to using 1% and 0.1% BSA and incorporating 1% 

PEI. The design incorporating 2% PEI (Sty-(SOD-0.01%BSA-0.5%GA-2%PEI)5)  

with a Vmax of 19.56 ± 0.49 nA and Km concentration of 21.17 ± 1.30 µM  is almost 

identical to the design Sty-(SOD-1%BSA-0.5%GA-2%PEI)5 which produced a lower 

Vmax of 12.82 ± 0.14 nA and a Km concentration of 21.82 ± 0.53 µM (n = 12). 

 For 1% PEI there is a stepwise increase in Vmax following reduction of the BSA 

concentration from 4.24 ± 0.05 nA (n = 8, Sty-(SOD-0.5%GA-1%BSA-1%PEI)5)  to 

6.42 ± 0.05 nA (n = 7, Sty-(SOD-0.5%GA-0.1%BSA-1%PEI)5) and then the highest 

value of 7.68 ± 0.11 nA (n = 11, Sty-(SOD-0.5%GA-0.01%BSA-1%PEI)5) is observed 

when incorporating the lowest concentration of BSA. A similar trend is observed for 

the Km concentration where the lowest concentration of BSA gave the highest value 

of 10.91 ± 0.48 µM (n = 11, Sty-(SOD-0.01%BSA-0.5%GA-1%PEI)5)  and the highest 

concentration of BSA recording the lowest Km value of 3.00 ± 0.16 µM (n = 8, Sty-

(SOD-1%BSA-0.5%GA-1%PEI)5). However, the sensitivity is compromised with the 

lowest sensitivity of 0.54 ± 0.02 nA/µM (n = 11, Sty-(SOD-0.01%BSA-0.5%GA-

1%PEI)5) being recorded when incorporating 0.01% BSA. A similar trend is not 

observed when utilising 2% PEI. In this instance, 0.01% BSA gave an almost identical 

(P = 0.6160) Km concentration (21.82 ± 0.53 µM, n = 12, Sty-(SOD-1%BSA-

0.5%GA-2%PEI)5) to the design utilising 1% BSA Sty-(SOD-0.01%BSA-0.5%GA-

2%PEI)5 (21.17 ± 1.30 µM, n = 9). However, there is a significant increase (P < 

0.0001) in sensitivity from 0.28 ± 0.008 nA/µM (n = 8, Sty-(SOD-1%BSA-0.5%GA-
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2%PEI)5) to 0.61 ± 0.04 nA/µM (n = 9, Sty-(SOD-0.01%BSA-0.5%GA-2%PEI)5) 

when incorporating the lower concentration of BSA. All biosensor designs illustrated 

sigmoidal enzyme kinetics giving α values close to 2. 

This section has illustrated the effects of changing the concentration of BSA in the 

dipping series. Previously 0.5% GA proved optimum, however, both 1% and 2% PEI 

proved beneficial so these concentrations were compared when changing the 

concentration of BSA. In this set of experiments 1% PEI gave the best results when 

incorporating 1%, 0.1% and 0.01% BSA in terms of kinetic parameters and 

sensitivities. Since both 1% BSA and 0.1% BSA gave optimum results these 

concentrations were used in the next section where the BSA was mixed with GA.  

 

4.3.7. Bovine Serum Albumin:Glutaraldehyde (BSA:GA) 

In this section, an investigation was undertaken to evaluate the contribution the BSA 

(1%) and (0.1%) solutions are having on enzyme protection, when used in conjunction 

with GA cross-linking. Research suggests that the incorporation of GA with BSA is 

beneficial (Migneault et al., 2004) (Payne, 1973). As alluded to previously, GA is 

thought to exert its effect through its involvement with the lysine amino groups. BSA 

is an inert lysine rich protein therefore, incorporating BSA can potentially increase the 

amount of lysine residues with which GA can cross-link, therefore increasing enzyme 

immobilisation. Furthermore, the addition of BSA can aid in protecting the enzyme as 

the GA will preferentially cross-link with the BSA rather than the enzyme itself (Li et 

al., 1999), due to its larger size and increased lysine residues.  

This section investigates the effects of mixing 0.1%/1% BSA with 0.5% GA and then 

incorporating 1%/2% PEI as the final layer after the BSA:GA mixture and preceding 

the subsequent layer of enzyme. This investigation was undertaken to try and optimise 

the kinetic parameters. The introduction of BSA proved beneficial (see Section 

4.3.6.3) in reducing the Km without compromising the sensitivity, however, the low 

Vmax achieved is not ideal. The mixing of BSA with GA could potentially increase the 

sensitivity and Vmax as a result of the GA cross-linking with the lysine rich BSA rather 

than directly to the enzyme. 
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Figure 4.16: The mean current-concentration profiles for O2

- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-1%BSA:0.5%GA-1%PEI)5 and Sty-(SOD-0.1%BSA:0.5%GA-

1%PEI)5. CPA carried out at +700 mV vs. SCE. 
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Figure 4.17: The mean current-concentration profiles for O2

- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-1%BSA:0.5%GA-2%PEI)5 and Sty-(SOD-0.1%BSA:0.5%GA-

2%PEI)5. CPA carried out at +700 mV vs. SCE. 
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A comparison graph and data table of kinetic parameters are presented in Figure 4.16 

and Figure 4.17. The graph illustrates the comparison of BSA concentrations mixed 

with 0.5% GA, the table presents the kinetic parameter comparisons for each design. 

Following incorporation of  1% PEI, a significant decrease (P < 0.0001) in Vmax from 

12.67 ± 0.10 nA (n = 8, Sty-(SOD-1%BSA:0.5%GA-1%PEI)5) to 9.34 ± 0.22 nA (n 

=  8, Sty-(SOD-0.1%BSA:0.5%GA-1%PEI)5) is observed.  A similar trend occurs with 

sensitivity. There is a significant decrease (P < 0.0001) in sensitivity from 0.70 ± 0.01 

nA/µM (n = 8, Sty-(SOD-1%BSA: 0.5%GA-1%PEI)5) to 0.44 ± 0.02 nA/µM (n = 8, 

Sty-(SOD-0.1%BSA:0.5%GA-1%PEI)5) when utilising the lower concentration of 

BSA in the dipping series. Both designs show sigmoidal enzyme kinetics with α values 

of 1.80 ± 0.07 (Sty-(SOD-1%BSA:0.5%GA-1%PEI)5) and 1.63 ± 0.16 (Sty-(SOD-

0.1%BSA:0.5%GA-1%PEI)5). An explanation for this trend could be that the lysine 

rich BSA is binding to the GA rather than the BSA ‘smothering’ the enzyme and 

blocking access of the substrate to the active sites. However, as a decrease in 

sensitivity is observed the cross-linking process is less efficient than previous designs, 

predominantly as a result of the GA cross-linking with the BSA rather than the 

enzyme, resulting in a weaker cross-linking process. 

The same results were not observed when incorporating 2% PEI. Interestingly, almost 

identical (P = 0.8840) Vmax values were recorded for both designs 13.67 ± 0.25 nA 

(Sty-(SOD-1%BSA:0.5%GA-2%PEI)5) and 13.62 ± 0.17 nA (Sty-(SOD-

0.1%BSA:0.5%GA-2%PEI)5).  An increase in sensitivity (P = 0.0894) is observed 

from 0.41 ± 0.008  nA/µM (n = 12, Sty-(SOD-1%BSA:0.5%GA-2%PEI)5) to 0.47 ± 

0.03 nA/µM (n = 8, Sty-(SOD-0.1%BSA:0.5%GA-2%PEI)5). A significant decrease 

(P = 0.0044) in the Km concentration is demonstrated from 17.83 ± 0.81 µM (n = 12, 

Sty-(SOD-1%BSA:0.5%GA-2%PEI)5) to 14.73 ± 0.47 µM (n = 8, Sty-(SOD-

0.1%BSA:0.5%GA-2%PEI)5). These results suggest that utilising a higher 

concentration of BSA (1%) adds no additional protective or stabilising effects when 

compared to the lower concentration.  

In summary, this section has demonstrated the effect of mixing 1%/0.1% BSA with 

0.5% GA. The results illustrate that incorporating both BSA and GA separately in the 

dip coating process results in lower Km concentrations and higher sensitivities being 

achieved when compared to mixing the two components.  
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4.3.8. Methyl Methacrylate Modifications 

There have been previous reports of enzyme immobilisation based on methacrylate 

derivatives. Enzyme electrodes based on methacrylate’s have received significant 

attention in the development of biosensors (Pérez et al., 2006). Methacrylate 

monomers consisting of an alkyl group, an acrylate ester group and a functional 

carboxyl group can react with a wide range of monomers and functionalised molecules 

providing flexible polymer chains. A glucose biosensor has been developed by 

simultaneously immobilising both GOx and ferrocene in a copolymer film based on 

poly(2-hydroxyethyl methacrylate) and methyl methacrylate (MMA)(Bean et al., 

2005). Poly (MMA) is a clear colourless polymer used regularly in optical 

applications. The optical properties of pMMA such as colorimetric changes, 

luminescence effects and light refractions are used in fibre optic sensors and optical 

waveguides or cladding (Kim, 2005) (Pérez et al., 2006). Dai et al, utilised 

poly(MMA) in the development of a graphite sensor for vitamin C as the monomer 

possesses certain characteristics that were important in the biosensor design such as 

low cost and mechanical stability (Dai et al., 2008). 

This section investigates the effect of changing the immobilisation matrix of the 

biosensor from styrene to MMA to investigate its effects on sensitivity and kinetic 

parameters. The best design incorporating Sty (Sty-(SOD-0.5%GA-2%PEI)5) was 

utilised in this set of experiments.  
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Figure 4.18: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs MMA-(SOD-0.5%GA-2%PEI)5 and Sty-(SOD-0.5%GA-2%PEI)5. CPA carried 

out at +700 mV vs. SCE. 
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A comparison graph and the data table of kinetic parameters are shown in Figure 4.18. 

It is clear that the introduction of MMA has significantly increased (P < 0.0001) the 

Vmax from 15.95 ± 0.15 nA (n = 17, Sty-(SOD-0.5%GA-2%PEI)5) to 44.23 ± 1.67 nA 

(n = 12, MMA-(SOD-0.5%GA-2%PEI)5). However, there is a significant increase (P 

< 0.0001) in the Km concentration from 10.33 ± 0.27 µM (n =17, Sty-(SOD-0.5%GA-

2%PEI)5) to 42.30 ± 3.78 µM (n = 12, MMA-(SOD-0.5%GA-2%PEI)5). This increase 

in the Km concentration is not ideal as the O2
- concentration is so low in the in-vivo 

environment. This trend suggests that the MMA design produces poorer enzyme 

kinetics with a higher Vmax and Km concentration. Sigmoidal enzyme kinetics are 

produced by the Sty-(SOD-0.5%GA-2%PEI)5 with an α value of 1.76 ± 0.07 being 

recorded while the MMA-(SOD-0.5%GA-2%PEI)5) design demonstrates ideal 

enzyme kinetics with an α value of 1.08 ± 0.05 being obtained. The Sty-(SOD-

0.5%GA-2%PEI)5 design shows a co-operative effect where the binding of the 

substrate to one active site on the enzyme increases the affinity of other sites on the 

enzyme to bind more molecules of substrate therefore sigmoidal kinetics are observed.  

The MMA-(SOD-0.5%GA-2%PEI)5 design demonstrates a significant increase (P = 

0.0132) in sensitivity to 0.96 ± 0.03 nA/µM (n = 12) when compared to the Sty-(SOD-

0.5%GA-2%PEI)5 with a sensitivity of 0.91 ± 0.06 nA/µM (n = 17). However, as the 

MMA-(SOD-0.5%GA-2%PEI)5 illustrates poorer enzyme kinetics with a higher Km 

concentration and a higher Vmax being recorded this design is not ideal and the Sty-

(SOD-0.5%GA-2%PEI)5 is favourable. Furthermore, another important factor in 

biosensor development is the sensor’s reproducibility. The Sty-(SOD-0.5%GA-

2%PEI)5 is more reproducible than the MMA-(SOD-0.5%GA-2%PEI)5  design, with 

the latter showing higher errors for all its kinetic parameters when compared to the 

styrene design.    
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4.3.9 Best Design 

Throughout this chapter experiments were performed to investigate the effect the 

immobilisation matrix, unit of activity, BSA, GA and PEI had on the O2
- biosensor. 

The goal was to obtain a biosensor with a high sensitivity and a low Km concentration 

representative of good Michaelis-Menten kinetics. The best design was determined to 

be Sty-(SOD-0.5%GA-2%PEI)5.. However, another design Sty-(SOD-0.1%BSA-

0.5%GA-1%PEI)5 also showed good enzyme kinetics and an identical sensitivity was 

recorded.  
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Figure 4.19: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing XOD at 21°C using 

designs Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5 and Sty-(SOD-0.5%GA-2%PEI)5. CPA 

carried out at +700 mV vs. SCE. 

A comparison graph and data table of kinetic parameters are presented in Figure 4.18. 

This section represents the best combination of kinetic parameters for the detection of 

O2
- using different biosensor components. 

The designs illustrate differences for each of the kinetic parameters. The Sty-(SOD-

0.1%BSA-0.5%GA-1%PEI)5 shows a significant decrease (P < 0.0001) in Vmax (6.42 

± 0.05 nA, n = 7)  compared to the Sty-(SOD-0.5%GA-2%PEI)5 (15.98 ± 0.15 nA, n 

= 17). A significant increase (P < 0.0001) in the Km concentration is observed from 

3.78 ± 0.13 µM (n = 7, Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5) to 10.33 ± 0.27 µM 

(n = 17, Sty-(SOD-0.5%GA-2%PEI)5). Both designs showed sigmoidal enzyme 

kinetics with α values of 1.45 (Sty-(SOD-0.1%BSA-0.5%GA-1%PEI)5) and 1.73 (Sty-

(SOD-0.5%GA-2%PEI)5). Overall, the Sty-(SOD-0.5%GA-2%PEI)5 gave the best 

results and this design will be used for future studies.  
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4.4 Conclusion 

This chapter details the modifications undertaken in the development of a O2
-

biosensor. The immobilisation matrices utilised were both styrene and MMA. It was 

determined that 5 layers of enzyme immobilised within these matrices was optimal for 

the biosensor design. The optimal enzyme unit of activity was determined to be a 200 

U/mL enzyme solution. The incorporation of a cross-linker GA, alongside PEI proved 

advantageous, however, the inclusion of the stabiliser BSA resulted in a significant 

decrease in the Vmax and Km concentration. These three components were extensively 

characterised in terms of their effect on the immobilisation of the enzyme until the 

optimal arrangement was determined for maximising O2
- detection. The best design is 

Sty-(SOD-0.5%GA-2%PEI)5 which has a sensitivity of 0.91 ± 0.06 nA/µM, Vmax of 

15.98 ± 0.15 nA and a Km concentration of 10.33 ± 0.27 µM (n = 17). Therefore, this 

chapter concludes the successful development of a biosensor with a satisfactory 

sensitivity to detect O2
- in-vivo. 
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5.1. Introduction 

It is well documented that reactive oxygen species (ROS) can be formed under many 

different conditions and in many different cellular compartments however, the number 

of enzymes that generate superoxide (O2
-) is relatively low. O2

- can be produced by 

nicotinamide adenine dinucleotide phosphase (NADPH) oxidases (Lambeth, 2004), 

xanthine oxidase (XOD) (McCord and Fridovich, 1969), aldehyde oxidase (Kundu et 

al., 2007), cytochrome P450 (Sligar et al., 1974) and the mitochondrial electron-

transport chain (Loschen et al., 1974).  It is documented that the most important source 

of O2
- in-vivo in aerobic eukaryotic cells is the mitochondrial electron-transport chain. 

Mitochondria consume oxygen (O2) associated with the process of oxidative 

phosphorylation. Under normal metabolic conditions approximately 95-97% of the O2 

is reduced to H2O; a small fraction of the O2 consumed (1-3%) may form O2
-. Leakage 

of electrons to O2 to form O2
- can take place in components of complexes I and 

complex III of the electron-transport chain and under certain conditions from complex 

II (Halliwell and Gutteridge, 2015). 

XOD has been established to be an important source of biological free radical 

generation. XOD catalyses the univalent and divalent reduction of molecular O2 

generating O2
- and hydrogen peroxide (H2O2) and results in the oxidation of xanthine 

to uric acid (UA) (Eqn 5.1) (Kuppusamy and Zweier, 1989) (Aitken et al., 1993).  

 

  

In addition to the generation of O2
- and H2O2 other toxic secondary radicals such as 

the hydroxyl radical (•OH) maybe formed through Haber Weiss or Fenton-type 

reactions with transition metals especially iron (Link and Riley, 1988) (Rowley and 

Halliwell, 1983) (Fong et al., 1973) (Kellogg and Fridovich, 1975). Cytochrome c is 

also shown to be reduced by XOD under aerobic conditions and in the absence of 

exogenous electron carriers, is caused by the O2
- anion (Fridovich, 1970).  

The steps involved in the development of a first generation O2
- biosensor were 

presented in the previous chapter. The superoxide dismutase (SOD) functionalised 

Eqn.  5.1 
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biosensor is based on the electrooxidation of H2O2 generated during the O2
- catalytic 

dismutation. Mesaros et al. developed a O2
- biosensor with the enzyme immobilised 

in a polypyrole film during electropolymerisation on a Pt surface. The biosensor was 

held at +700 mV vs. SCE and had a detection limit of 15 nM (Mesároš et al., 1998). 

Campanella and co-workers developed a O2
- biosensor with SOD physically entrapped 

in a kappa-carrageenan gel membrane sandwiched between a Pt disc electrode and a 

dialysis membrane (Campanella et al., 2000). However, these biosensors do not apply 

any technique to distinguish the H2O2 produced by the SOD catalysed dismutation of 

O2
- from that endogenously produced in the biological systems (Wang et al., 2014). 

They also suffered from low selectivity due to the high over potential required for the 

oxidation of H2O2 (Calas-Blanchard et al., 2014). 

Second generation O2
- biosensors based on redox mediators have been developed to 

overcome the interference problems from UA and H2O2. These redox mediators 

facilitate the electron transfer between SOD and the electrode. Endo et al. developed 

a second generation biosensor based on a ferrocene derivative mediator (Endo et al., 

2002). The ferrocene-carboxaldehyde and SOD were co-immobilised on a Pt surface 

using glutaraldehyde (GA) and then protected by a polyurethane membrane. Kintzios 

et al. developed a second generation biosensor based on a similar design to Endo and 

co-workers (Kintzios et al., 2006). This biosensor was composed of SOD, the mediator 

ferrocene-carboxaldehyde, cyananide, bovine serum albumin (BSA) and GA were 

immoblised on a gold working electrode and then coated with polyurethane for 

protection. These biosensors were held at +500 mV, however, this applied potential 

still suffers drawbacks due to interferences in biological systems therefore limiting the 

practical uses of these biosensors in-vivo. Lvovich and Sheeline developed a two 

channel sensor capable of detecting the O2
- radical and H2O2 (Lvovich and Scheeline, 

1997). A glassy carbon working microelectrode covered by an electrodeposited 

polypyrrole/horseradish peroxidase layer was developed as a H2O2 sensor. The O2
- 

sensor was developed from another glassy carbon microelectrode covered by a 

composite membrane of an inside layer of polypyrrole/horseradish peroxidase and an 

outside layer of SOD. The two working electrodes with a Pt auxiliary electrode and a 

tungsten oxide (WO3) reference electrode were contained in a 6 mm diameter Teflon 

cylinder and the two electrodes were held at +60 mV vs. WO3 at pH 5.1. Although 

second generation biosensors prove advantageous as O2
- biosensors, they too also 
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suffer from drawbacks in the in-vivo environment, including leaching of the untethered 

mediator from the enzyme layer, toxicity in biological tissues and redox interferences 

(oxidized ferrocenes can be reduced by ascorbic acid (AA) present in most biological 

media) (McMahon et al., 2007). 

Third generation biosensors are based on the direct electron transfer between the active 

centre of redox enzymes and the electrode. These biosensors are very attractive due to 

the simple procedure required for their design, as well as their high sensitivity and 

selectivity. Ohsaka et al. developed a biosensor based on direct electron transfer 

between SOD and the  electrode surface (Ohsaka et al., 2002). SOD was immobilised 

on a gold electrode via a self-assembled monolayer of cysteine. This monolayer was 

found to be an effective promoter for direct electron transfer of SOD and allowed the 

detection of O2
- by measuring the steady-state current at +300 mV and/or -200 mV vs. 

Ag/AgCl. Tian et al. developed a SOD based biosensor utilising a carbon fibre 

microelectrode (Tian et al., 2005). Au nanoparticles were electrodeposited on the 

carbon fibre which was sequentially modified by a self-assembled monolayer of 

cysteine for the immobilisation of SOD. Amperometric detection of O2
− was 

performed by polarising the electrode at +250 mV or −150 mV vs. Ag/AgCl. Rajesh 

and co-workers developed a biosensor for the direct and simultaneous determination 

of O2
- and nitrite ion by immobilising SOD on a polypyrrole polymer enhanced by 

carbon nanotubes to increase the biosensor’s sensitivity (Rajesh et al., 2010). Cyclic 

voltammetry was used to measure the electrochemical behaviour of the biosensor, 

where in the presence of O2
- the quasi-reversible peaks of SOD became reversible. 

The anodic and cathodic peak currents also increased in the presence of O2
-
.  

This chapter considers the products produced in the xanthine/XOD system, 

investigates whether these products are electroactive at +700 mV and explains 

techniques which can be incorporated in order to reduce their contribution from the 

biosensor’s signal. Few reports exist of first generation biosensors incorporating SOD 

that address these interference reports particularly when utilising a potential of +700 

mV.  
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5.2 Experimental 

All instrumentation and experimental software used in this chapter are described in 

Chapter 3, Section 3.2. All chemicals and solutions used are detailed in Section 

3.3.2.1.  

The electrodes were constructed from a 1 mm Pt cylinder as depicted in Section 3.4.2. 

The sensor designs and the manufacturing process is explained in detail in Section 

3.5.2. 

All experimental data was collected using the cell set-up described in Section 3.6.1. 

All data was recorded in PBS containing 0.002 U XOD. Constant potential 

amperometry (CPA) was performed where the sensor was held at +700 mV vs SCE. 

Different aliquots of 1 mM xanthine were injected into the electrochemical cell as 

described in Section 3.6.3.  

The data is reported as mean ± SEM where n denotes the number of electrodes used. 

The significance of difference observed was estimated using two-tailed t-tests. Paired 

t-tests were used when comparing data collected from the same electrode, unpaired t-

tests were used for comparing data from different electrodes.   

 

 

5.3. Results 

This chapter identifies the potential electroactive interferences produced in the 

xanthine/XOD system. Possible strategies are proposed to eliminate the signal 

attributed to these interferent molecules from the biosensor current. The aim of this 

chapter is to determine an accurate and selective representation of current generated 

by the enzymatic dismutation of O2
- at the Pt surface.  
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5.3.1. Xanthine Calibration on Pt Electrodes. 

This section investigates the current generated on bare Pt electrodes using the 

electrochemical set-up for the generation of O2
-. Bare Pt electrodes were calibrated in 

PBS containing 0.002 U of XOD and various aliquots of xanthine were added to the 

electrochemical cell. As per Equation 5.1, it is important to demonstrate that UA is 

produced as a by-product of the xanthine/XOD system. UA is electroactive at +700 

mV therefore, a UA signal should be observed on the Pt 1 mm electrodes held at +700 

mV vs. SCE. 
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Bare Pt-1mm Cylinder 

[Xanthine], µM Mean S.E.M n 

0 0.00 0.00 22 

1 0.54 0.09 22 

3 1.75 0.23 22 

6 3.35 0.41 22 

10 5.65 0.54 22 

20 11.50 1.07 22 

40 21.56 2.13 22 

60 31.05 3.14 22 

80 37.33 3.79 22 

100 44.32 4.56 22 

I100µM, nA 44.32 4.56 22 

Sensitivity, nA/µM 0.45 0.02 22 

R2 0.99 - 22 

 

Figure 5.1: A current-concentration profile (Top) and comparison table (Bottom) for a 

xanthine calibration in PBS containing 0.002 U XOD using bare Pt 1 mm cylinders. CPA 

carried out at +700 mV vs. SCE. All currents are background subtracted (1.26 ± 0.08 

nA). 

Figure 5.1 above shows the mean current-concentration profile and the mean current 

values for a xanthine calibration performed in PBS containing 0.002 U XOD. The O2
- 

radical is produced by the oxidation of xanthine to UA in the presence of XOD 

(George and Struthers, 2008) (Aitken et al., 1993). UA is an electroactive species at 

+700 mV (O'Neill and Lowry, 2006).  

It is clear, that a large proportion of the current generated by the xanthine-XOD 

calibration is UA. The current generated on addition of 100 µM xanthine is 44.32 ± 

4.56 nA (n = 22).  A linear response r2 = 0.99 (n = 22) is observed for the first time. 

The enzyme kinetics observed in the previous chapter (Chapter 4 - Development) are 
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masked in this section, by the huge contribution UA has on the signal.  The 

contribution of UA can be made negligible by the incorporation of an o-

phenylenediamine (o-PD) layer onto the sensor surface. The electropolymerisation of 

o-PD for the rejection of interferences has been utilised regularly in biosensor designs 

(O'Neill, 1996) (Rothwell et al., 2010) (Wilson and Gifford, 2005). PPD is permeable 

to H2O2 but efficient elimination of UA is demonstrated due to a ‘self-blocking’ 

phenomenon where at high concentrations the polymer becomes blocked, decreasing 

the sensitivity of  large interfering species  such as UA (Rothwell et al., 2008) (O’Brien 

et al., 2007) (Craig and O'Neill, 2003).  

In summary, this section demonstrated that the current generated on addition of 100 

µM xanthine is 44.32 ± 4.56 nA (n = 22, bare Pt Electrode). This contribution must be 

eliminated from the biosensor signal otherwise the large UA signal will mask the 

enzyme kinetics.  

 

5.3.2 Uric Acid Calibration on Pt Electrodes 

This section investigates the current generated during a UA calibration over the 

physiological range of 0-60 µM. This will provide a comparison for the current 

generated during the O2
- calibration which generates UA as a by-product. Bare Pt 1 

mm electrodes were calibrated over the UA range of 0-60 µM in PBS (pH 7.4) at +700 

mV vs SCE. 
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Bare Pt-1mm Cylinder 

[UA], µM Mean S.E.M n 

0 0.00 0.00 18 

10 6.26 0.68 18 

20 12.27 1.03 18 

30 18.72 1.56 18 

40 24.73 2.22 18 

50 31.14 2.99 18 

60 36.84 3.46 18 

I60µM, nA 36.84 3.46 18 

Sensitivity, nA/µM 0.617 0.003 18 

R2 0.99 - 18 

 

Figure 5.2: A current-concentration profile (Top) and comparison table (Bottom) for a 

UA calibration in PBS using bare Pt 1 mm cylinders. CPA carried out at +700 mV vs. 

SCE. All currents are background subtracted (0.88 ± 0.04 nA)  
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Figure 5.2 shows the current generated on addition of various aliquots of UA into the 

electrochemical cell. This data shows a linear response (r2 = 0.99) and a sensitivity of 

0.617 ± 0.003 nA/µM. Interestingly, comparing the current generated on addition of 

60 µM xanthine and 60 µM UA there is no significant difference (P = 0.2230) in the  

current recorded of  31.05 ± 3.14 nA (n = 22) and 36.84 ± 3.46 nA (n = 18) 

respectively. This result suggests that a similar quantity of UA is produced in the PBS 

solution on addition of 60 µM xanthine as the addition of 60 µM of a standard solution 

of UA. This suggests that the current generated during the xanthine calibration is 

attributed to the production of UA and this contribution must be negated. 

As alluded to previously, the electropolymerisation of o-PD for the rejection of 

interferences has been utilised in the development of biosensors.  The next section 

investigates what impact the introduction of this size exclusion polymer has on the 

current generated in the xanthine calibration. 

 

5.3.3 Xanthine Calibration on Pt-PPD Electrodes 

As discussed in Section 5.3.1, PPD is used regularly in the development of biosensors 

and has widely been reported to have excellent permselective properties being 

permeable to H2O2 and being an efficient blocker of interference analytes. The O2
- 

biosensor developed in Chapter 4 is a first generation biosensor where the current 

generated by the oxidation of H2O2 at the working electrode held at +700 mV relative 

to the SCE is proportional to the concentration of the O2
- radical in solution. Therefore, 

the addition of PPD does not affect the biosensor’s signal due to the permeability of 

H2O2 to the PPD layer. This section investigates the effect introducing this 

permselective layer has on the current generated in the xanthine calibration. The 

method utilised for electropolymeristion of o-PD onto the Pt surface is described in 

detail in Chapter 3, Section 3.5.1 
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Figure 5.3: A current-concentration profile (Top) and comparison table (Bottom) for a 

xanthine calibration in PBS containing 0.002 U XOD using Pt-PPD sensors. CPA carried 

out at +700 mV vs. SCE. All currents are background subtracted (0.93 ± 0.09 nA). 

 
Pt-PPD Electrode 

[Xanthine], µM Mean S.E.M n 

1 -0.11 0.06 16 

3 -0.04 0.07 16 

6 0.25 0.11 16 

10 0.60 0.16 16 

20 1.19 0.15 16 

40 1.52 0.16 16 

60 1.64 0.14 16 

80 1.87 0.16 16 

100 2.02 0.17 16 

Sensitivity, nA/µM 0.07 0.01 16 

R2 0.97 - 16 
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The results above show a significant decrease (P < 0.0001) in the sensitivity from 0.45 

± 0.02 nA/µM (n = 22, bare Pt electrode) to 0.07 ± 0.01 nA/µM (n = 16, Pt-PPD). A 

significant decrease (P < 0.0001) in the I100µM from 44.32 ± 4.56 nA (n = 22, bare Pt 

electrode) to 2.02 ± 0.17 nA (n = 16, Pt-PPD) is observed when PPD is included in the 

sensor design. Both these trends suggest that the incorporation of PPD has made the 

contribution from UA negligible. In the previous chapter (Chapter 4, Development) 

all the biosensor designs incorporate a PPD layer before modification with the various 

biosensor components (Styrene, SOD, BSA, GA and PEI). This eliminates any 

contribution attributed to the production of UA in the electrochemical cell. 

Interestingly, the bare Pt electrodes gave a linear calibration response (r2 = 0.99, n = 

22) to xanthine, however, the electrodes incorporating the size exclusion polymer 

show hyperbolic kinetics typical of an enzyme reaction. This was previously masked 

by the huge contribution UA had on the current generated in the xanthine/XOD system 

resulting in a linear response over the calibration range. However, the current 

generated on addition of 100 µM xanthine into the electrochemical cell is 2.02 ± 0.17 

nA for the Pt-PPD electrodes and this signal is higher than expected.  

The next section will investigate the current generated at physiological levels of UA 

using Pt-PPD electrodes.  This will provide a comparison for the results obtained here. 

In summary, this section investigated the current generated at a Pt-PPD electrode 

calibrated using the xanthine/XOD system. There is a significant reduction (P < 

0.0001) in the sensitivity and I100µM recorded on addition of the PPD layer. The PPD 

layer has eliminated the current attributed to UA from the sensor’s signal.  
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5.3.4. Uric Acid Calibration on Pt-PPD Electrodes 

This section investigates the current generated over the physiological range (0 – 60 

µM) for UA on Pt-PPD electrodes (O'Neill and Lowry, 2006) (O'Neill and Lowry, 

1995). The previous section (Section 5.3.3) demonstrated that the current generated 

on addition of 100 µM xanthine is 2.12 ± 0.17 nA (n = 16, Pt-PPD). This set of 

experiments were performed in N2 saturated PBS (pH 7.4) at +700 mV vs. SCE over 

a N2 cloud. The calibration comprises of six 10 µL aliquots of UA each corresponding 

to a 10 µM concentration of UA. This section will provide a comparison for the results 

observed in the previous section (Section 5.3.3.) 
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Pt-PPD Electrode 

[UA], µM Mean S.E.M n 

10 0.04 0.03 9 

20 0.09 0.04 9 

30 0.12 0.04 9 

40 0.16 0.03 9 

50 0.16 0.05 9 

60 0.17 0.04 9 

I60µM, nA 0.17 0.04 9 

Sensitivity, nA/µM 0.0042 0.0004 9 

R2 0.97 - 9 

 

Figure 5.4. : A current-concentration profile (Top) and comparison table (Bottom) for a 

UA calibration on Pt-PPD electrodes in PBS (pH 7.4). CPA carried out at +700 mV vs 

SCE. All currents are background subtracted (0.65 ± 0.11 nA). 

It is clear from the results above, that there is principally a flat plateau response for 

the major part of the concentration range up to 60 µM. This shape can be explained in 

terms of saturation of the PPD with UA, leading to a ‘self blocking’ phenomenon. The 

same results were observed for the interferent AA where the geometry of the 

electrodes was found to influence the growth of the PPD (Rothwell et al., 2009) 

(McMahon et al., 2004).   

The I60µM recorded for the UA calibration is 0.17 ± 0.04 nA (n = 9, Pt-PPD) which is 

significantly lower (P < 0.0001) than the I60µM of 1.64 ± 0.14 nA (n = 16, Pt-PPD) 

observed for the xanthine calibration. This result suggests that another interferent 

molecule is contributing to the current produced in the xanthine calibration. O2
- 

spontaneously dismutates to H2O2, with a pH dependent second order rate of ~ 105 M-

1s-1 at pH 7.0 (Miwa et al., 2008) (Bielski et al., 1985). This H2O2 is electroactive at 

+700 mV so this may be contributing to the I60µM of 1.64± 0.14 nA (n = 16, Pt-PPD) 

for the xanthine calibration. Link and Riley determined the concentration of O2
-, H2O2 

and UA formed in the xanthine/XOD system (Link and Riley, 1988). The total 
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amounts of each analyte formed during 1 h incubation of the reaction system were 

determined. In the uncompartmentalised system, where XOD (150 mU) was added 

directly to the xanthine (0.3 mM) solution resulted in the generation of 167 µM H2O2, 

66 µM O2
- and 150 µM UA. In the compartmentalised system  the concentration of the 

products measured was one order of magnitude lower than that found in the 

uncompartmentalised system when utilising 1.5 U XOD. The ratios of UA to H2O2 

were comparable in the two systems and were approximately 0.35 and 1.00 

respectively. This suggests that UA and H2O2 are produced in the xanthine/XOD 

system in large quantities. Both these species are electroactive at +700 mV so there 

contribution must be accounted for in the biosensor’s signal. 

This section investigates the signal recorded on Pt-PPD electrodes after the addition 

of various aliquots of UA (0 – 60 µM). These results were used as a comparison for 

the results obtained in Section 5.3.3. It was determined that another interferent 

molecule is contributing to the 1.64 ± 0.14 nA, (n = 16, Pt-PPD) generated during the 

xanthine/XOD calibration. This result was determined by comparing the small current 

of 0.17 ± 0.04 nA (n = 9, Pt-PPD) observed during a UA calibration with the 2.02 ± 

0.17 nA (n =16, Pt-PPD) generated on the addition of 100 µM xanthine. The 

hypothesis drawn for the generation of the 2.02 ± 0.17 nA is that the spontaneous 

dismutation of O2
- is taking place in the electrochemical cell generating H2O2 which 

is electroactive at +700 mV and this is contributing to the signal generated on the Pt-

PPD electrodes in the xanthine/XOD system. 

. 

5.3.5. Determination of other Interferents in the Xanthine/Xanthine 

Oxidase System 

This section investigates whether the spontaneous dismutation of O2
- is contributing 

to the overall biosensor current. In Section 5.3.3 we found that the current generated 

on addition of 100 µM xanthine on Pt-PPD electrodes was 2.02 ± 0.17 nA (n = 16). 

However, as seen in Section 5.3.4 the Pt-PPD electrodes only recorded a current of 

0.17 ± 0.04 nA (n = 9) at physiological levels of UA. The hypothesis drawn from these 

results is that the current generated in the xanthine/XOD system should be lower than 

0.5 nA if the interferent in the system is just UA. This section determines some 
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potential causes of the 2.02 ± 0.17 nA current generated in the xanthine/XOD system 

for the Pt-PPD electrodes. Reverting back to the original equation involving xanthine 

and XOD (Eqn 5.1)  

         

By assessment of this equation, a hypothesis is that the spontaneous dismutation of 

O2
- is taking place in the electrochemical cell generating H2O2 from the free H+ ions 

available in the electrolyte. This could lead to the ‘unwanted’ production of H2O2 and 

this may contribute to the biosensor’s signal. This theoretical ‘unwanted’ H2O2 

production is verified by the incorporation of catalase into the experimental protocol.  

Catalase is a tetrameric enzyme with a molecular weight of 240 kDA. The active site 

is characterised by a tyrosine as the proximal heme ligand and by a conserved histidine 

and asparagine on the distal side of the heme. The restricted access of the long narrow 

channel leading from the surface of the protein to the distal face of the heme may 

contribute to the fact that this enzyme is selective to the small H2O2 molecule 

(Pakhomova et al., 2009). Mueller et al studied the decomposition of H2O2 at 

physiological levels in human erythrocytes using a sensitive H2O2 assay (Mueller et 

al., 1997). This research group found that the exponential decay of H2O2 observed in 

the presence of purified erythrocyte catalase was followed down to 10-9 mol/L H2O2 

at pH 7.4. H2O2 decomposition by catalase depended linearly on H2O2 concentration 

and even at very low H2O2 concentrations glutathione peroxidase another enzyme 

responsible for controlling H2O2 levels reaches only approximately 8% of the rate at 

which catalase simultaneously degrades H2O2. This research shows how effective 

catalase is at degrading H2O2 and suggests an almost exclusive role of catalase in 

eliminating H2O2 in normal human red blood cells. The primary function of catalase 

is the catalytic removal of the potentially toxic H2O2 by decomposing it to H2O and O2 

(Eqn 5.2).  

 

This section investigates the effect the administration of a single 200 µL injection of 

catalase has on the current generated at Pt-PPD sensors on addition of 100 µM 

xanthine. 

Eqn.  5.1 

Eqn.  5.2 
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Figure 5.5: Typical raw data trace for a xanthine-XOD calibration on Pt-PPD sensors. 

The red arrows indicate sequential addition of 1, 3, 6, 10, 20, 40, 60, 80 and 100 µM 

xanthine injections. The green arrow indicates a 200 µL injection of catalase where we 

see a decrease in current to baseline. 
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Xanthine (100 µM) 200 µL Catalase Injection 

Mean S.E.M n Mean S.E.M n 

2.02 0.17 16 0.02 0.06 11 

 

Figure 5.6: Bar chart showing the current comparison between I100µM xanthine prior to 

a 200 µL injection of catalase on Pt–PPD sensors. The introduction of catalase shows an 

instantaneous decrease in current to baseline with a mean current value of 0.02 ± 0.06 

nA (n = 11).  

 

Figure 5.5 above shows a typical raw data trace for a xanthine/XOD calibration on Pt-

PPD electrodes. The green arrow represents the administration of a 200 µL injection 

of catalase. Figure 5.6 shows a bar chart comparing the current generated on addition 

of 100 µM xanthine and then the signal detected on administration of a single 200 µL 

injection of catalase. Both these results support the hypothesis that the spontaneous 

dismutation of O2
- is taking place in the bulk solution therefore, generating this 

spontaneously produced H2O2.  

The introduction of catalase degrades the spontaneously produced H2O2 to H2O and 

molecular O2  (O’Brien et al., 2007). These by-products are not electroactive at +700 

mV therefore, an instantaneous decrease in current to baseline is observed. This agrees 

with the hypothesis that the spontaneous dismutation of O2
- generating H2O2 is taking 

place in the electrochemical cell resulting in the generation of 2.02 ± 0.17 nA (n = 16, 

Pt-PPD) on addition of 100 µM xanthine .  

Another investigation carried out to verify that the spontaneous dismutation of O2
- is 

taking place in the bulk solution was to perform a xanthine/XOD calibration on a Pt-

Catalase biosensor. The Pt-Catalase biosensor used has previously been developed in 

the research group (O’Brien et al., 2007). This biosensor has catalase immobilised on 

the Pt surface which degrades the H2O2 to H2O and O2, therefore the H2O2 response 

should be lower at the Pt-Catalase biosensor than at the Pt-PPD sensor. 
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Kinetic Parameters Pt-PPD Pt-Catalase Biosensor 

  Mean S.E.M n Mean S.E.M n 

I 100µM, nA 2.022 0.167 16 0.521 0.082 8 

Sensitivity, nA/µM 0.066 0.005 16 0.0050 0.0003 8 

R2 0.97 - 16 0.97 - 8 

 

Figure 5.7: The mean current-concentration profile (Top) and comparison table (Bottom) 

for xanthine/XOD calibrations for Pt-PPD and Pt-Catalase biosensor in PBS (pH 7.4). 

CPA carried out at +700 mV vs SCE. All currents are background subtracted.  

Figure 5.7 above illustrates the difference in current and sensitivity of the Pt-PPD 

sensor and Pt-Catalase biosensor calibrated in the xanthine-XOD system. This figure 

suggests that the spontaneous dismutation of O2
- is taking place in the electrolyte.  

A significant decrease (P < 0.0001) in I100µM is observed from 2.02 ± 0.17 nA (n = 16, 

Pt-PPD) to 0.52 ± 0.08 nA (n = 8, Pt–Catalase biosensor).  The catalase biosensor has 

catalase immobilised on the Pt surface which degrades the H2O2 into H2O and O2 

resulting in a lower signal being detected. This result suggests that spontaneously 

produced H2O2 is produced in the bulk solution. This catalase biosensor incorporates 
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a permselective layer (PPD) on the sensor surface, however a small detection of UA 

is observed similar to Section 5.3.4.  A H2O2 calibration was performed on the Pt-

Catalase biosensors prior to the xanthine calibration to examine the biosensor’s 

sensitivity to H2O2. The exposure of the Pt-Catalase biosensor to high concentrations 

of H2O2 is postulated to degrade the PPD layer explaining the slight increase in 

response when compared to the UA calibration performed on Pt-PPD electrodes 

(Section 5.3.4).  

The decrease in current for the Pt-Catalase biosensor compared to the Pt-PPD sensor 

is expected as the catalase is immobilised on the sensor surface and decomposes the 

generated H2O2. The current generated (2.02 ± 0.17 nA) is difficult to eliminate from 

the biosensor’s signal unlike UA where the addition of an interference layer (PPD) 

can eliminate its contribution, small molecules like H2O2 can permeate this ultrathin 

layer (Lowry and O'Neill, 1994) (Murphy, 1998) (Hamdi et al., 2005).  The current 

generated due to the spontaneous dismutation of O2
- will have to be eliminated or 

accounted for in order to find the true O2
- current detected at the sensor surface. A dual 

sensor design could be incorporated where one sensor would have immobilised SOD 

on the Pt surface detecting the spontaneously produced H2O2 and the O2
- and the other 

sensor would have no SOD immobilised and so would just detect the spontaneously 

produced H2O2. A subtraction method would result in a true indication of the O2
- 

detected at the sensor surface.  

In summary, this section determined that the spontaneous dismutation of O2
- is taking 

place in the bulk solution resulting in the generation of H2O2. This result was verified 

using catalase and performing a xanthine/XOD on a Pt-Catalase biosensor. A dual 

sensor design is suggested in order to eliminate the signal attributed to the spontaneous 

dismutation of O2
- from the biosensor’s signal. 
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5.3.6 Effect of Xanthine Calibration on Different Biosensor 

Components 

This section focuses on determining whether any of the biosensor components i.e. 

stabiliser, cross-linker or immobiliser at the concentrations found to be optimum 

(Chapter 4, Section 4.3.10) influence the current generated during a xanthine/XOD 

calibration. This set of experiments involved modifying the Pt-PPD electrodes with 

styrene, GA and PEI and then calibrating these sensors in the xanthine/XOD system 

at +700 mV vs. SCE. This set of experiments were performed prior to determining the 

optimum biosensor design particularly the number of layers of each component so for 

these experiments 1 layer of styrene, 2 layers of PEI and GA and then the whole design 

(Sty-(0.5%GA-2%PEI)2) were investigated. For this in order to find the true 

representation of current attributed to the spontaneously produced H2O2, the 

calibration was extended to match the O2
- calibration. As mentioned previously, 

(Chapter 3, Section 3.5.3) the addition of 600 µM xanthine corresponds to 154 µM O2
- 

which is the calibration range observed in Chapter 4 so in this section xanthine aliquots 

(0 – 600 µM) were added to the electrochemical cell. 
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Figure 5.8: The mean current-concentration profile (Top) and comparison table (bottom) 

in PBS (pH 7.4) buffer solution containing 0.002 U XOD at 21°C  using sensors Pt-PPD, 

Pt-Sty, Pt-(0.5%GA)2, Pt-(2%PEI)2 and Pt-Sty-(0.5%GA-2%PEI)2. CPA carried out at 

+700 mV vs SCE. 

The results above show that the introduction of PEI and Sty into the sensor design 

results in a significant increase (P <  0.0001) in sensitivity from 0.07 ± 0.006 nA/µM 

(n = 16, Pt-PPD) to 0.15 ± 0.005 nA/µM (n = 12, (2%PEI)2) and 0.14 ± 0.01 nA/µM 

(n = 15, Sty) respectively. Interestingly, (2%PEI)2 , Sty-(0.5%GA-2%PEI)2 and Sty 

designs give almost identical sensitivities of 0.15 ± 0.005 nA/µM (n = 12), 0.14 ± 

0.004 nA/µM (n = 28) and 0.14 ± 0.01 nA/µM  (n = 15) respectively. This suggests 

that the biosensor components PEI and styrene have an affinity for the H2O2 produced 

in the electrochemical cell resulting in a one fold increase in sensitivity when 

compared to the Pt-PPD design with a sensitivity of 0.07 ± 0.006 nA/µM (n = 16).  

All designs show an increase in the I600µM when compared to the Pt-PPD design. The 

I600µM recorded for the Pt-PPD design was 2.31 ± 0.17 nA. This is significantly lower 

(P < 0.0001) than the I600µM current of 3.42 ± 0.59 nA (n = 15, Sty) and significantly 
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lower (P < 0.0001) than the 3.17 ± 0.60 nA (n = 8, Sty-(0.5%GA)2 ). A similar trend 

is observed for the I600µM generated by the (2%PEI)2 and Sty-(0.5%GA-2%PEI)2 

designs where a significant increase (P < 0.0001) in both cases is observed when 

compared to the Pt-PPD design. The highest I600µM of 4.96 ± 0.46 nA (n = 28) is 

observed for Sty-(0.5%GA-2%PEI)2. These results suggest that the introduction of the 

various immobilisers, stabilisers and cross-linkers into the sensor manufacture process 

results in an increase in the I600µM and sensitivity suggesting that styrene, PEI and GA 

have a small affinity for the H2O2 generated in the electrochemical cell. 

All designs show enzyme kinetics reaching a plateau on addition of approximately 100 

µM xanthine into the electrochemical cell. These enzyme kinetics were previously 

masked by the high UA contribution (see Section 5.3.2.) but the addition of the PPD 

layer into all sensor designs has resulted in enzyme kinetics being observed. These 

enzyme kinetics are observed as the PBS contains 0.002 U of the enzyme XOD which 

is used to produce the O2
- radical on addition of various aliquots of xanthine.  

In summary, this section has investigated the contribution the various biosensor 

components has on the signal produced in the xanthine/XOD system. All designs show 

an increase in the I600µM when compared to the Pt-PPD design. Some designs 

demonstrated a one fold increase in sensitivity. 

 

5.3.7 Superoxide Biosensors with/without the PPD layer 

This chapter outlines the experiments carried out to examine the potential 

interferences in the xanthine-XOD calibration and illustrates techniques to minimise 

their contribution to the biosensor’s signal. This section investigates the effect the size 

exclusion polymer PPD has on the sensitivity of O2
- biosensors. A xanthine calibration 

was performed on biosensors that contain a PPD layer and biosensors that have no o-

PD electropolymerised onto the Pt surface before modification with the various 

biosensor components. These experiments were performed in order to confirm the 

significant contribution UA has on the biosensor’s signal unless eliminated 

successfully. It is expected that the biosensor without the inclusion of a PPD layer 

prior to modification with the various biosensor components would demonstrate a 

higher response as a result of the contribution from UA, the enzymatic dismutation of 
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O2
- and the spontaneous dismutation of O2

- both generating H2O2. However, the 

biosensor incorporating the PPD layer prior to the additional biosensor modifications 

will be expected to have a lower response as a result of the elimination of the UA 

contribution from the electrochemical signal (See Section 5.3.3). 
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Figure 5.9: A mean current-concentration profile for O2
- calibration (Top) and 

comparison table (bottom) in PBS (pH 7.4) buffer solution containing 0.002 U XOD at  

21°C using designs Sty-(SOD-0.5%GA)2 , Sty-(SOD-0.5%GA)5 and Sty-(SOD-

0.5%GA)10. CPA carried out at +700 mV vs. SCE.  
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Figure 5.10: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing 0.002 U XOD at 

21°C using designs Pt-PPD-Sty-(SOD-0.5%GA)2, Pt-PPD-Sty-(SOD-0.5%GA)5 and Pt-

PPD-Sty-(SOD-0.5%GA)10. CPA carried out at +700 mV vs. SCE. 
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Figure 5.9 and Figure 5.10 above depicts the changes in current and sensitivity on 

addition of the permselective layer PPD into the biosensor designs. On examination 

of the results it is clear, that there is a decrease in the current and sensitivity recorded 

following incorporation of PPD into the biosensor designs.  

The biosensor designs without a PPD layer gave higher  currents of 115 ± 14.15 nA (n 

= 4, Sty-(SOD-0.5%GA)2) , 46.33 ± 11.74 nA (n = 8, Sty-(SOD-0.5%GA)5) and 54.82 

± 11.30 nA (n = 8, Sty-(SOD-0.5%GA)10) when compared to the same designs 

incorporating PPD on addition of 100 µM corresponding to 28 µM O2
- (see Section 

3.6.3). These results demonstrate a stepwise decrease in the current on introduction of 

additional layers of enzyme and GA except an increase is observed for the design Sty-

(SOD-0.5%GA)10 when compared to the Sty-(SOD-0.5%GA)5 design. The same trend 

is observed when comparing the sensitivities of the different designs. The highest 

sensitivity of 3.96 ± 0.12 nA/µM (n = 4) is achieved for the design Sty-(SOD-

0.5%GA)2. A significant decrease (P < 0.0001) is observed in sensitivity from 3.96 ± 

0.12 nA/µM (n = 4, Sty-(SOD-0.5%GA)2) to 2.15 ± 0.07 nA/µM (n = 8, Sty-(SOD-

0.5%GA)5) . Similarly, there is a significant decrease (P < 0.0001) in sensitivity from 

3.96 ± 0.12 nA/µM (n = 4, Sty-(SOD-0.5%GA)2) to 2.90 ± 0.11 nA/µM (n = 8, Sty-

(SOD-0.5%GA)10). Conversely, a significant increase in sensitivity (P < 0.0001) is 

observed from 2.15 ± 0.07 nA/µM (n =8, Sty-(SOD-0.5%GA)5) to 2.90 ± 0.11 nA/µM 

(n = 8, Sty-(SOD-0.5%GA)10). All the biosensor designs Sty-(SOD-0.5%GA)2 , Sty-

(SOD-0.5%GA)5 and Sty-(SOD-0.5%GA)10 showed a linear response on addition of  

100 µM xanthine.  

In comparison, the biosensor designs incorporating the PPD layer prior to modification 

with the various biosensor components demonstrated lower currents and sensitivities. 

On examining the results, it is noticed, that a stepwise increase is observed in the 

current on the introduction of additional layers of enzyme and GA. The current  

recorded was 3.76 ± 0.40 nA  (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)2) , this value is 

significantly increased (P < 0.0001) to 5.10 ± 0.35 nA (n = 8, Pt-PPD-Sty-(SOD-

0.5%GA)5 ) and significantly increased (P < 0.0001) to 10.74 ± 0.21 nA (n = 6) for the 

Pt-PPD-Sty-(SOD-0.5%GA)10 design. Interestingly, both Pt-PPD-Sty-(SOD-

0.5%GA)5 and Pt-PPD-Sty-(SOD-0.5%GA)10 recorded almost identical sensitivities 

(P = 0.0653) of 0.42 ± 0.01 nA/µM (n = 8) and 0.43 ± 0.01 nA/µM (n = 6) respectively. 
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A significant decrease (P < 0.0001) in sensitivity is recorded from 0.42 ± 0.01 nA/µM 

(n = 8, Pt-PPD-Sty-(SOD-0.5%GA)5) and 0.43 ± 0.01 nA/µM  (n = 6, Pt-PPD-Sty-

(SOD-0.5%GA)10)  to 0.39 ± 0.01 nA/µM (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)2). This 

low sensitivity can be explained due to insufficient enzyme loading on the sensor due 

to the presence of just two coats of enzyme on the Pt surface compared to five or ten 

layers. Both Pt-PPD-Sty-(SOD-0.5%GA)2 and Pt-PPD-Sty-(SOD-0.5%GA)5 

demonstrate enzyme kinetics over the calibration range, however, a linear response is 

observed for the Pt-PPD-Sty-(SOD-0.5%GA)10. 

A significant decrease (P < 0.0001) in current is observed from 115.88 ± 14.15 nA (n 

= 4, Sty-(SOD-0.5%GA)2) to 3.76 ± 0.40 nA (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)2) . 

A similar trend is observed for the sensitivity where a significant decrease (P < 0.0001) 

is recorded from 3.96 ± 0.12 nA/µM (n = 4, Sty-(SOD-0.5%GA)2) to 0.39 ± 0.01 

nA/µM   (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)2). The same result is determined for the 

designs incorporating two and five layers where a significant decrease (P < 0.0001) in 

current is recorded from 46.33 ± 11.74 nA ( n = 8, Sty-(SOD-0.5%GA)5) to 5.10 ± 

0.35 nA (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)5), similarly for the sensitivity where a 

significant decrease (P < 0.0001) is observed from 2.15 ± 0.07 nA/µM (n = 8, Sty-

(SOD-0.5%GA)5) to 0.42 ± 0.01 nA/µM  (n = 8, Pt-PPD-Sty-(SOD-0.5%GA)5). A 

significant decrease (P < 0.0001) in current at 28 µM O2
- is recorded from 54.82 ± 

11.30 nA (n = 8, Sty-(SOD-0.5%GA)10) to 10.71 ± 0.21 nA (n = 6,  Pt-PPD-Sty-(SOD-

0.5%GA)10). Similarly, a significant decrease (P < 0.0001) in sensitivity is 

demonstrated from 2.90 ± 0.11 nA/µM (n = 8, Sty-(SOD-0.5%GA)10) to 0.43 ± 0.01 

nA/µM (n = 6, Pt-PPD-Sty-(SOD-0.5%GA)10). 

In conclusion, all sensor designs incorporating the PPD layer showed a significant 

decrease (P < 0.0001) in current   and sensitivity when compared to the same biosensor 

design without the inclusion of the PPD layer calibrated in the xanthine-XOD system. 

The incorporation of PPD into the biosensor designs resulted in Michaelis-Menten 

kinetics over the calibration range. These enzyme kinetics can be attributed to the 

enzyme SOD immobilised on the Pt surface and the presence of XOD in the PBS 

solution. An explanation for these results is that the inclusion of a PPD layer in the 

biosensor designs has resulted in the elimination of the current attributed to UA from 

the biosensor’s signal, therefore, reducing the current and sensitivities recorded. All 
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biosensor designs previously demonstrated in Chapter 4 incorporate a PPD layer in 

their design reducing interferent signals which includes the UA contribution.  

 

5.3.8 Blank Sensor 

This section investigates the current generated from the blank sensor. This blank 

sensor is composed of the biosensor components found to be optimum (Chapter 4, 

Section 4.3.10.) except without the SOD enzyme. A dual sensor design will be 

employed in order to find the true value of O2
- detected at the sensor surface. This 

technique is employed as we determined that O2
- undergoes spontaneous dismutation 

to H2O2 due to the presence of excess H+ ions in the electrolyte (Section 5.3.5.). The 

dual sensor system incorporates one biosensor which is modified with SOD to detect 

the spontaneously produced H2O2 and the O2
-. The other sensor incorporates no SOD, 

therefore this sensor would detect just the spontaneously produced H2O2. A 

subtraction method would give a true indication of the concentration of O2
- detected at 

the Pt surface. A similar method is incorporated for a catalase based biosensor for 

H2O2 monitoring. The catalase-based H2O2 biosensor consists of a pair of Pt 

electrodes, one with catalase immobilised on the electrode (CAT electrode) and one 

without catalase (blank electrode)(O’Brien et al., 2007). The H2O2 response is thus the 

difference in signal between the blank electrode (without enzyme) and the 

corresponding CAT electrode. 
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Figure 5.11: The mean current-concentration profiles for O2
- calibrations (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution containing 0.002 U XOD at 

21°C using designs Sty-(SOD-0.5%GA-2%PEI)5 and Sty-(0.5%GA-2%PEI)5. CPA 

carried out at +700 mV vs. SCE. 

The graph above illustrates the dual sensor design in operation which utilises a 

subtraction method to eliminate the current attributed to the spontaneous dismutation 

of O2
- from the biosensor’s signal. There is a significant decrease (P < 0.0001) 

observed in the current from 15.98 ± 0.15 nA (n = 17, Sty-(SOD-0.5%GA-2%PEI)5 ) 

to 2.29 ± 0.40 nA (n = 16, Sty-(0.5%GA-2%PEI)5) at 158 µM O2
-
. This indicates that 

the generation of H2O2 produced by the spontaneous dismutation of O2
-  accounts for 

~ 2.30 nA of current generated at the O2
- biosensor at 158 µM O2

-. Similarly, a 

significant decrease (P < 0.0001) in sensitivity is observed from 0.91 ± 0.06 nA/µM 
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(n = 17, Sty-(SOD-0.5%GA-2%PEI)5) to 0.33 ± 0.005 nA/µM (n = 16, Sty-(0.5%GA-

2%PEI)5). These results show that the production of H2O2 from the spontaneous 

dismutation of O2
- accounts for only a small signal compared to the signal attributed 

to the enzymatic dismutation of O2
- by SOD. This suggests that the enzymatic 

dismutation of O2
- by SOD is more favourable than the spontaneous dismutation.  

Both sensors incorporate a PPD layer before modification with the various biosensor 

components to eliminate the UA contribution, therefore, both designs demonstrate 

Michaelis-Menten kinetics over the calibration range. The table below illustrates the 

current generated using the O2
- biosensor and the blank sensor on addition of various 

aliquots of xanthine into the electrochemical cell. 

Table 5.1: Comparison table of mean current values for the O2
- biosensor and the blank 

sensor. O2
- calibration carried out in PBS buffer solution containing 0.002 U XOD at 

21°C. CPA carried out at +700 mV vs. SCE. All currents are background subtracted. 
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 Difference  

[O2 
- ], µM Mean S.E.M n Mean S.E.M n Mean S.E.M n 

0.00 0.00 0.00 17 0.00 0.00 16 0.00 0.00 17 

0.28 0.20 0.04 17 0.14 0.02 16 0.06 0.02 17 

0.84 0.75 0.09 17 0.37 0.04 16 0.38 0.05 17 

1.68 1.43 0.19 17 0.59 0.05 16 0.84 0.05 17 

2.80 2.21 0.22 17 0.96 0.07 16 1.25 0.15 17 

5.60 4.09 0.43 17 1.99 0.16 16 2.10 0.27 17 

11.20 7.71 0.80 17 3.70 0.27 16 4.01 0.53 17 

16.80 10.66 1.07 17 4.54 0.34 16 6.12 0.73 17 

22.40 12.96 1.12 17 4.84 0.37 16 8.12 0.75 17 

28.00 14.65 1.17 17 4.49 0.39 16 10.16 0.78 7 

56.00 15.90 1.17 17 6.03 0.30 16 9.87 0.87 17 

84.00 16.04 1.22 17 5.13 0.22 16 10.91 1.0 17 

112.00 15.76 1.22 17 4.42 0.34 16 11.34 0.88 17 

140.00 15.28 1.26 17 3.63 0.35 16 11.65 0.91 17 

154.00 14.70 1.27 17 2.29 0.40 16 12.41 0.87 17 
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The table above illustrates the difference in current between the sensor incorporating 

the SOD and the blank electrode. This difference is important as the O2
- biosensor will 

utilise a dual sensor design. The O2
- biosensor containing the SOD enzyme will be 

subtracted from the blank sensor (Sty-(0.5%GA-2%PEI)5) which will give a true 

indication of the concentration of O2
- detected at the Pt surface.  Only a small number 

of research groups have constructed first generation O2
- biosensors for the detection of 

H2O2 produced from the O2
- dismutation catalysed by SOD that employ techniques to 

differentiate the H2O2 produced by the SOD-catalysed dismutation of O2
- from that 

endogenously produced in biological systems. McNeil and co-workers developed a 

O2
- biosensor based on SOD-coated platinised activated carbon electrodes (PACE) 

(Pontie and Bedioui, 1999). The SOD-coated biosensor was polarised at +320 mV to 

estimate the H2O2 produced by the enzymatic disproportionation of O2
- through its 

oxidation current. This group mentions using a subtraction method to eliminate the 

current generated due to the natural disproportionation of O2
- and this was subtracted 

from the combined current. This was measured and eliminated by using a second 

electrode consisting of BSA coated PACE in conjunction with the bipotentiostat 

poised at + 320 mV vs. Ag/AgCl. 

O2
- dismutation by SOD is first order with regard to O2

- concentration whereas the 

spontaneous dismutation is second order. O2
- spontaneously dismutates to H2O2, with 

a pH-dependent second order rate of ~105 M-1s-1 at pH 7.0 (Miwa et al., 2008). The 

equilibrium constant for the O2
- dismutation to H2O2 is K ~ 1018 at pH 7.0, therefore 

this reaction is considered irreversible except in cases of very high levels of SOD and 

very low concentrations of O2
- (Liochev and Fridovich, 2003). SOD accelerates the 

destruction of O2
- by increasing the rate constant for spontaneous dismutation by < 

1,000 fold and making the rate of O2
- decay first order compared to the second order 

reaction with respect to O2
- concentration. This means that SOD is more efficient at 

accelerating the decomposition of O2
- compared with the spontaneous dismutation, at 

low O2
- concentrations (Miwa et al., 2008). This suggests that the enzymatic 

dismutation of O2
- is more favourable than the spontaneous dismutation of O2

- in the 

electrolyte.  

In summary, this section demonstrates the dual sensor design in operation. The O2
- 

biosensor described in this section consists of a pair of Pt electrodes, one with SOD 
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immobilised on the electrode (O2
- biosensor) and one without SOD (blank electrode). 

If this sensor is used in-vivo, the two electrodes will be implanted in close proximity 

and the current from each will be simultaneously recorded. The H2O2 response of the 

blank sensor is lower than the SOD biosensor as this biosensor has SOD immobilised 

on the Pt surface which facilitates the enzymatic dismutation of O2
- with the production 

of H2O2. Both sensors observe a signal from the spontaneous dismutation of H2O2 in 

the electrochemical cell, however, this response can be subtracted from the O2
- 

biosensor to find the true response from the enzymatic dismutation of O2
-.  

 

5.3.9. Limit of Detection 

The O2
- radical has a very low in-vivo concentration of between 50-200 nM in 

biological samples (Mesároš et al., 1998). The limit of detection (LOD) is an important 

parameter to consider when designing biosensors to monitor fast transients in brain 

analytes whose extracellular fluid (ECF) levels are invariable low such as O2
-. This 

value is the minimum concentration of a particular substrate that the sensor can be said 

to reliably detect. The LOD is usually determined using the widely applied criterion 

of three times the standard deviation of the baseline (O’Neill et al., 2008). Below this 

calculated value the signal is compromised due to noise constraints in the 

electrochemical set-up therefore any changes smaller than the LOD are unreliable and 

cannot be attributed to a change in the O2
- level. 

The combined baseline current of eight O2
- biosensors was 0.886 ± 0.0095 nA (n = 8).  

The O2
- biosensor design (Sty-(SOD-0.5%GA-2%PEI)5) demonstrated a sensitivity of 

0.91 ± 0.07 nA/µM (n = 17). The LOD was determined to be 0.026 ± 0.002 µM which 

is within the physiological range thus potentially suitable for in-vivo monitoring. 

 

5.3.10. Response Time 

During in-vitro calibrations measurements are performed under quiescent conditions. 

Once a stock concentration aliquot is injected into the electrochemical cell the time 

taken to reach steady-state (equilibrium) is dependent on both the amount of material 

being removed from the bulk and the rate at which it is transferred, i.e. mass transfer 

as dictated by diffusion and thermodynamic considerations. However, in order to 
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facilitate a quick and even distribution of the analyte a small amount of convection 

(i.e. the solution is stirred at ca. 1 Hz for ca. 5 s) is introduced following injection. As 

such, the response time, which is defined as the time for the response to rise from 10% 

to 90% of the maximum amplitude for the concentration step (i.e. t10−90%), is difficult 

to separate from the mixing time. Typical data for the O2
- biosensor is shown below 

in Figure 5.12, and we can see from this data that t10−90% is less than the mixing time 

and of the order of ca. 1-2 s. 
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Figure 5.12: A typical example of a response time for a xanthine injection of 40 µM in 

PBS (pH 7.4) buffer solution at 21°C for the O2
- biosensor. CPA carried out at +700 mV 

vs. SCE. Arrow indicates the point of injection and blue rectangle symbolises the stirring 

time. 

This is similar to the t10−90% values reported for other Pt-based biosensors (Hu and 

Wilson, 1997) (Tian et al., 2009), and is ca. 5 times faster than values reported for 

carbon-based biosensors (Kulagina et al., 1999). A more accurate picture is given by 

flow stream analysis which typically gives values of ca. 1 s for Pt-based 

microelectrode arrays (MEAs)(Bruno et al., 2004). While such determinations in-vitro 

give an indication/estimation of the response time it is difficult to translate this directly 

to the in-vivo environment (von Woedtke et al., 1991) (Versmold et al., 1978). 

Generally, where we have observed t10−90% values of less than the mixing time in-vitro 

we have found response times in-vivo in the millisecond range (Lowry et al., 1994) 

(Lowry et al., 1998) (Bolger et al., 2011(b)). This has also been observed for Pt-based 

MEAs (Burmeister et al., 2008). 
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5.3.11: Extensive Interference Study 

This chapter highlights the interferences in the xanthine/XOD system. These 

interferent molecules include UA and the H2O2 produced by the spontaneous 

dismutation of O2
- in the electrolyte. The application of this biosensor in-vivo is much 

more complicated than a straightforward transfer from the practice in-vitro. The brain 

is anatomically complicated and contains a wide range of electroactive substances, 

brain tissue presenting a complex environment that includes surfactants, electrode 

poisons, electrocatalysts and a tissue matrix that both restricts mass transport to the 

electrode and reacts physiologically to the presence of the probe (O'Neill and Lowry, 

2006). The selectivity of the sensor to a range of potential interferents in the brain ECF 

must be examined. The compounds tested were monoamine neurotransmitters 

dopamine (DA) and 5-hydroxytryptomine (5-HT), their metabolites 3,4-

dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HV) and 5-

hydroxyindoleacetic acid (5-HIAA), AA and its oxidised form dehydroascorbic acid 

(DHAA), the amino acids L-tyrosine, L-cysteine, L-tryptophan, the purine metabolite 

UA and another anti-oxidant glutathione (Bolger et al., 2011(b)) (O’Brien et al., 2007). 

 

This experiment was conducted under an atmosphere of N2 and all PBS solutions were 

N2 saturated prior to commencement of the experiment. CPA was performed at +700 

mV vs. SCE. The various substances were added as a standard aliquot of 50 µL, which 

corresponded to the relevant ECF concentration of the particular substance if known. 

The concentration of each of the interferent molecules used were at least the in-vivo 

concentration, however, in the case of L-cysteine, L-tyrosine, L-tryptophan and 

glutathione the in-vivo concentrations are not known so a relatively high µM 

concentration was chosen. As AA is the main interferent in the brain with the highest 

concentration in the ECF a full AA calibration (0-1000 µM) was performed in N2 

saturated PBS at + 700 mV vs. SCE to ensure the O2
- biosensor was sufficiently 

selective to this interferent before potential usage in the in-vivo environment 
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Figure 5.13: A typical raw data trace for an interference calibration performed in PBS 

(pH 7.4) at 21°C at +700 mV vs. SCE. The eleven red arrows indicate the addition of a 

50 µL injection of an interferent solution into the electrochemical cell. 
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Response from Baseline Response from Interferent 

Interferent Mean S.E.M n Mean S.E.M. n 

L-Cysteine (50 µM) 0.089 0.056 3 0.089 0.056 3 

L-Tyrosine (100 µM) 0.039 0.054 3 -0.050 0.002 3 

UA (50 µM) -0.035 0.046 3 -0.074 0.008 3 

Glutathione (50 µM) -0.075 0.042 3 -0.040 0.004 3 

DHAA (100 µM) -0.081 0.043 3 -0.006 0.001 3 

5-HIAA (50 µM) -0.127 0.027 3 -0.046 0.016 3 

L-Tryptophan (100 µM) -0.135 0.022 3 -0.008 0.005 3 

HVA (10 µM) -0.147 0.023 3 -0.012 0.001 3 

Dopamine (0.05 µM) -0.158 0.023 3 -0.010 0.000 3 

5-HT (0.01 µM) -0.155 0.018 3 0.003 0.005 3 

DOPAC (20 µM) -0.157 0.016 3 0.002 0.002 3 

 

Figure 5.14: A bar chart showing the sensitivity of the O2
- biosensor to a range of 

interferent molecules (Top) and a results table (Bottom) for an interferent calibration in 

N2 saturated PBS (pH 7.4) buffer solution using the Sty-(SOD-0.5%GA-2%PEI)5  design. 

CPA carried out at +700 mV vs. SCE. 

 

The results obtained from this investigation into the rejection of a range of interferents 

present in the brain ECF are presented in Figure 5.14. The results table illustrates the 

cumulative current obtained from the addition of interferent aliquots and also the 

individual current change from each interferent aliquot addition.  

A small increase in current of 0.089 ± 0.056 nA (n = 3) is observed on addition of a 

50 µM aliquot of L-Cysteine into the electrochemical cell, however, this contribution 

is negligible. Negative values were obtained suggesting no detection of the specific 

interferent, however, the negative response can be attributed to baseline drift. The 

overall current detected after addition of the eleven interferent molecules is - 0.157 ± 

0.016 nA (n = 3). This result suggests that the O2
- biosensor (Sty-(SOD-0.5%GA-

2%PEI)5) is selective towards O2
- detection in the in-vivo environment. The figure 

below shows an AA calibration performed on the O2
- biosensor 



Chapter 5: Interferences  
 

171  

 

0 200 400 600 800 1000
0.0

0.2

0.4

0.6

0.8

[AA], M

I,
 n

A

 

 

 

 

 

 

 

 

 

 

Figure 5.15: The mean current-concentration profile for an AA calibration (Top) and 

comparison table (Bottom) in PBS (pH 7.4) buffer solution at 21°C using the O2
- 

biosensor. CPA carried out at +700 mV vs. SCE. 

It is clear from the results above, that there is principally a flat plateau response for 

the major part of the concentration range up to 1000 µM. This shape can be explained 

in terms of saturation of the PPD layer with AA, leading to a ‘self- blocking’ 

phenomenon. The current detected at physiological levels of AA was 0.48 ± 0.05 nA 

(n = 7) which indicates that the O2
- biosensor is sufficient in negating the AA response 

in the in-vivo environment.  

 
Pt-PPD Electrode 

[AA], µM Mean S.E.M n 

200 0.25 0.03 7 

400 0.39 0.03 7 

600 0.48 0.05 7 

800 0.57 0.03 7 

1000 0.53 0.05 7 
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In summary, this section has determined that the O2
- biosensor is selective to the target 

analyte with only a small contribution detected at the sensor surface from twelve 

interferent species in the brain. These results suggests that the O2
- biosensor can 

potentially be used in the in-vivo environment for the detection of O2
-.  

 

 

5.4: Conclusion 

The aim of this chapter was to investigate the interferences in the xanthine/XOD 

system and to examine what influence these interferents might have on the biosensor’s 

signal. This chapter demonstrated that UA is produced as a by-product of the 

xanthine/XOD system. This interferent molecule was successfully eliminated with the 

addition of the size exclusion polymer PPD. PPD blocks access of larger interferent 

molecules such as AA and UA but allows access of smaller molecules such as H2O2, 

therefore the biosensor’s signal is not compromised.  

This chapter also indicated that the spontaneous dismutation of O2
- is taking place in 

the electrochemical cell generating H2O2. The production of H2O2 by the spontaneous 

dismutation of O2
- was determined using catalase, a single 200 µL injection resulted 

in an instantaneous reduction in the electrochemical signal back to baseline. This was 

also verified using a Pt-Catalase biosensor, where the signal was significantly reduced 

(P < 0.0001) when compared to the Pt-PPD sensor. However, this contribution is 

harder to eliminate from the biosensor’s signal as H2O2 is permeable to the thin PPD 

layer. A dual sensor design can be employed and Section 5.3.8 shows this design in 

operation. The O2
- biosensor described in this section consists of a pair of Pt 

electrodes, one with SOD immobilised on the electrode (O2
- biosensor) and one 

without SOD (blank electrode). The H2O2 response of the blank sensor is lower than 

the SOD biosensor as this biosensor has SOD immobilised on the Pt surface which 

facilitates the enzymatic dismutation of O2
- with the production of H2O2. Both sensors 

observe a signal from the spontaneous dismutation of O2
- in the electrochemical cell, 

however, this response can be subtracted from the SOD biosensor to give the true 

response from the enzymatic dismutation of O2
-.  

This chapter also determined the response time and the LOD of the O2
- biosensor. Both 

these parameters are useful and both are related to the biosensor’s response to the 
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substrate. These parameters are crucial when developing biosensors to monitor fast 

transients in brain analytes where the ECF concentration is very low. The LOD of the 

biosensor was determined to be 0.026 ± 0.002 µM with a sub second response time. 

The interference by endogenous electroactive species was also determined by carrying 

out an extensive interference study on the O2
- biosensor. This study demonstrated that 

the O2
- biosensor is selective to the detection of O2

- in the in-vivo environment.   
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6.1: Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disease 

(GandhiDauer and Przedborski, 2003) (von Bohlen und Halbach, 2005) (Sharma et 

al., 2013), characterised by resting tremors, rigidity, bradykinesia and postural 

instability (Duty and Jenner, 2011) (Betarbet et al., 2002) (Martin and Teismann, 

2009). Epidemiologic studies indicate that several factors increase the risk of 

developing PD; these include exposure to pesticides, herbicides, industrial chemicals, 

wood pulp mills and farming. Other exogenous toxins have been associated with the 

disease; trace metals, cyanide, organic solvents, carbon monoxide and carbon 

disulphide (Olanow and Tatton, 1999). The neuropathological feature of PD is 

dopamine cell degeneration in the substantia nigra pars compacta (SNpc) which leads 

to an insufficient availability of striatal dopamine and the presence of intraneuronal 

proteinaceous cytoplasmic inclusions termed Lewy bodies (Dauer and Przedborski, 

2003) (Schapira and Jenner, 2011).  

Animal models have been used extensively to study neuronal and behavioural 

alterations caused by PD. The administration of reserpine to rodents has been 

suggested as a pharmacological model of PD based on the effects of this monoamine-

depleting agent on motor activity. The reserpine-treated model was one of the earliest 

animal models employed in PD research. Carlsson et al. in 1957 demonstrated the 

therapeutic effects of  L -3,4-dihydroxyphenylalaine (L-DOPA) in the treatment of the  

‘tranquillizing’ effects of reserpine treatment in mice (Carlsson et al., 1957) (Duty and 

Jenner, 2011). Therefore, the reserpine model has been utilised as a potential screen 

for symptomatic efficiency of new treatments for PD and has aided in the 

understanding of the link between monoamine depletion and Parkinsonism symptoms.  

 Reserpine administered peripherally in the dose range of 1-10 mg/kg  interferes with 

the storage of monoamines in intracellular vesicles causing monoamine depletion in 

nerve terminals (Leão et al., 2015) (Arora and Chopra, 2013) (Dluzen et al., 2008) 

(Gołembiowska and Dziubina, 2012).  The administration of an acute dose of reserpine 

(1-10 mg/kg) induces irreversible deficits in motor function including catalepsy, 

tremor, muscular rigidity and hypolocomotion (Fernandes et al., 2012) (Santos et al., 

2013) (Antkiewicz-Michaluk et al., 2015). Reserpine works by inhibiting the vesicular 

monoamine transporter 2 (VMAT-2). The blockage of dopamine vesicular uptake 
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results in the accumulation of neurotoxic dopamine oxidation by-products. It is well 

documented that reserpine produces ~85% loss of dopamine in the SNpc and >95% 

dopamine depletion in the striatum within 2 hrs of injection (Heeringa and 

Abercrombie, 1995). Dopamine reacts with molecular O2 to form dopamine-quinones 

which can deplete the antioxidant glutathione, generating reactive oxygen species  

(ROS) such as hydrogen peroxide (H2O2) and superoxide (O2
-) during this process 

(Fernandes et al., 2012). When the production of ROS exceeds the ability of the 

antioxidant system to eliminate these cytotoxic species, oxidative damage occurs. 

Therefore each of these dopamine derived reactive molecules is potentially 

detrimental to the normal functioning of the dopamine neuron (See Chapter 1, Section 

1.7). The reserpine model can induce oxidative stress. Reserpine in the dose range of 

1-10 mg/kg induces decreases in catalase, superoxide dismutase (SOD) and the total 

content of reduced glutathione and ATP. Similarly, reserpine increases glutathione 

peroxidase activity, oxidised glutathione, lipid peroxidation, nitric oxide (NO) and 

iron levels (Leão et al., 2015). 

Research conducted has shown that a single administration of reserpine in low doses 

(0.1-0.5 mg/kg) induces deficits in emotional memory without causing any motor 

alterations (Fernandes et al., 2008) (Carvalho et al., 2006). These findings corroborate 

studies with PD patients where deficits in emotional memory precede the appearance 

of motor deficits (Bowers et al., 2006). Fernandes et al. proposed a possible 

progressive pharmacological model of PD involving the repeated administration of 0.1 

mg/kg reserpine to rodents, and evaluated motor behaviour and memory performance. 

They also investigated oxidative damage by measuring lipid peroxidation in the 

striatum and hippocampus (Fernandes et al., 2012).  

This chapter investigates the role of oxidative stress in the manifestation of PD using 

the reserpine animal model. For this research, NO and O2 electrodes were implanted 

in the striatum and the animals were administered with either one single dose (5 

mg/kg) or a repeated lose dose (0.1 mg/kg) of reserpine. As alluded to previously and 

shown below in Figure 6.1, the reserpine model induces oxidative stress so therefore, 

using these amperometric sensors the changes in NO and O2 levels can be monitored 

continuously in real-time. NO is proposed as a marker of oxidative stress and recently 

the research group used the in-vivo measurement of NO to infer corresponding 
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changes in oxidative stress levels in a paraquat animal model of PD (Finnerty et al., 

2013(b)). 

 

 

Figure 6.1: Neurochemical and molecular events after reserpine treatment. (1) Reserpine 

precludes dopamine (DA) storage. (2) Increased DA is metabolised in the cytoplasm (3) 

generating reactive oxygen species (ROS) and (4) highly reactive quinones (DA-Q and 

DOPAC-Q) (5) resulting in oxidative stress and (6) lipid peroxidation. (7) Accumulation 

of ROS and reactive quinones leads to cell damage and proinflammatory signalisation. 

(8) Activation of microglia by tumor necrosis factor (TNF)-α and interleukin (IL)-1β (9) 

amplify proinflammatory signalisation resulting in (10) nitric oxide (NO) increase and 

peroxynitrite (NO3
-) formation with free superoxide (O2

-). (11) NO3
- inhibits tyrosine 

hydroxylase (TH) activity and (12) reinforces cell damage committing cell fate in 

proapoptotic signalisation. At the same time, (13) monoamine depletion in the synaptic 

cleft results in (14) upregulation of D1 and D2 receptors on the postsynaptic and 

presynaptic membrane. AADC, aromatic L-amino acid decarboxylase; ALDH, aldehyde 

dehydrogenases; MAO, monoamine oxidase. Figure reproduced from  (Leão et al., 2015). 
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6.2 Experimental  

The instrumentation and software for all experiments carried out in this chapter are 

described in Section 3.2. All chemicals and solutions utilised are presented in Section 

3.3. The surgical procedure for the implantation of the relevant sensors is described in 

Section 3.8.2. 

The sensors used for these experiments were the Pt-based NO sensor (see Section 

3.5.3) and the carbon paste O2 sensors (see Section 3.4.1). A potential of +900 mV 

and -650 mV vs. SCE was applied to the NO and O2 sensors respectively. An increase 

in the reduction current is indicative of an increase in O2 while an increase in the 

oxidation current is indicative of an increase in NO. All experiments were carried out 

in freely-moving Wistar rats. Two doses of reserpine were administered during these 

experiments; a single 5 mg/kg injection and then a lower 0.1 mg/kg dose every second 

day with a total of ten injections. Each injection was administered subcutaneously at 

~ 12:00 hr. 

All data is reported as mean ± SEM and n = number of electrodes unless otherwise 

stated. All statistical analysis was carried out using GraphPad prism and yielded a P 

value result, which is the probability value that specifies if the results observed are 

significantly different. Area under the Curve (AUC) was performed using GraphPad 

prism to quantify any changes observed in the sensor signal for statistical analysis. 

The baseline value was taken as the first 30 mins to allow for baseline drift and all 

data was baseline subtracted prior to performing AUC analysis. The net area subtracts 

the area of the peaks below the baseline from the area of peaks above the baseline. 

The total area value calculated includes the positive peaks, negative peaks, peaks that 

are not high or too narrow to count.   
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6.3 Results 

The results section comprises of data from the manufacture of the NO and O2 sensors 

in-vitro prior to the implantation in the striatum. All the data shown is obtained from 

NO/O2 electrodes that have been implanted bilaterally in the left/right striatum of the 

rat brain following the surgical procedure detailed in Section 3.8.2. These sensor types 

have been fully characterised in-vivo (Finnerty et al., 2012) (Brown et al., 2009) 

(Bolger et al., 2011(b)) (Bolger and Lowry, 2005) so this chapter utilises these sensors 

in an animal model of PD to monitor the changes in striatal NO and O2 levels.  

 

6.3.1 In-Vitro Nitric Oxide Sensors 

A Pt-based NO sensor extensively characterised in-vitro and in-vivo is utilised 

throughout this research. The operational characteristics of this sensor such as 

sensitivity, selectivity, response time and limit of detection (LOD) are well 

characterised (Brown et al., 2009). This sensor has also been utilised in different 

application studies including an animal model of schizophrenia (Pålsson et al., 2009). 

For this study the effect of phencyclidine (PCP) alone or in conjunction with the NOS 

inhibitor L-NAME, on NO levels was investigated in the medial prefrontal cortex of 

freely moving rats. Research has also recently been performed using this NO sensor 

in a model of PD (Finnerty et al., 2013(b)). This research monitored the changes in 

NO levels after the exposure of animals to various quantities of the external toxin 

paraquat. In this study the observation of a characteristic change in NO levels supports 

the theoretical prediction of a bi-stable neurochemical switching mechanism for the 

exposure to PD risk factors above a certain magnitude. In-vivo measurements in rats 

show a switching phenomenon for repeated toxic insults of 30 mg/kg paraquat while 

low levels 5 mg/kg do not.  

All NO calibrations were performed at +900 mV vs. SCE over the concentration range 

of 0-1 µM. Details of the experimental procedure is provided in Chapter 3, Section 

3.6.7. Average results obtained for these calibrations are shown below in Figure 6.2. 
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NO Sensor 

[NO], µM Mean S.E.M n 

0.2 0.24 0.01 36 

0.4 0.53 0.02 36 

0.6 0.90 0.03 36 

0.8 1.24 0.04 36 

1 1.56 0.05 36 

Sensitivity, nA/µM 1.60 0.05 36 

R2 0.99 - 36 

 

Figure 6.2: The mean current-concentration profiles for NO calibrations (Top) and 

comparison table (Bottom) performed on NO sensors in PBS (pH 7.4) at 21°C using NO 

sensors. CPA carried out at +900 mV vs. SCE. All currents are background subtracted 

(0.11 ± 0.01 nA) 

The figure above shows the current generated on addition of various aliquots of NO 

(0.2 – 1 µM). A linear response is observed over the calibration range with a current 

of 1.56 ± 0.05 nA (n = 36) recorded on addition of 1 µM NO. The NO was synthesised 

in-house and the relevant concentration was determined using UV spectrometry and 
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the Beer-Lambert Law. This procedure is detailed in Section 3.7. The sensitivity 

achieved of 1.60 ± 0.05 nA/µM (n = 36) is almost identical (P = 0.46) to the published 

sensitivity of 1.67 ± 0.08 nA/µM (n = 14) (Brown et al., 2009). In addition, the 

selectivity of the NO sensors were investigated prior to implantation. As AA is the 

main interferent in the brain, AA calibrations (0 – 1000 µM) were performed at + 900 

mV vs. SCE on the NO sensors to ensure their selectivity before implantation. Average 

results obtained are shown below in Figure 6.3. 
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NO Sensor 

[AA], µM Mean S.E.M n 

200 0.010 0.005 33 

400 0.007 0.006 33 

600 -0.001 0.006 33 

800 -0.001 0.006 33 

1000 -0.004 0.007 33 

 

Figure 6.3: The mean current-concentration profiles for AA calibrations (Top) and 

comparison table (Bottom) calibrated on NO sensors in PBS (pH 7.4) at 21°C. CPA 

carried out at +900 mV vs. SCE.  
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The figure above demonstrates the efficiency of the NO sensors in rejecting AA. A 

small change in current is observed (-0.004 ± 0.007 nA, (n = 33)) on addition of 1000 

µM AA with a negligible non-linear response observed over the calibration range. The 

small negative current recorded can be attributed to no AA detection at the electrode 

but a slight deviation in baseline over the time scale of the calibration. This compares 

to similar data published by the research group using variations of the NO sensor 

(Wynne et al., 2014).  

Direct contact of electrochemical sensors with biological samples in-vivo can result in 

a decrease in sensitivity. The figure below shows a typical comparison between NO 

calibrations pre- and post-implantation and determines the impact the implantation of 

the sensors in the in-vivo environment exerts on the sensor’s sensitivity.  
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 Pre-Implantation Post-

Implantation 

[NO], µM  Mean S.E.M n Mean S.E.M n 

0.2  0.26 0.02 4 0.26 0.02 4 

0.4  0.52 0.41 4 0.55 0.04 4 

0.6  0.82 0.05 4 0.86 0.06 4 

0.8  1.15 0.06 4 1.14 0.08 4 

1  1.50 0.08 4 1.48 0.10 4 

Sensitivity, nA/µM  1.50 0.05 4 1.47 0.03 4 

R2  0.99 - 4 0.99 - 4 

 

Figure 6.4: The mean current-concentration profiles for pre/post-implantation NO 

calibrations (Top Left), bar chart comparing the sensitivities pre- and post-implantation 

(Top, Right) and comparison table (Bottom).  NO sensors calibrated in PBS (pH 7.4) at 

21°C. CPA carried out at +900 mV vs. SCE.  

The figure above demonstrates that NO sensors calibrated pre- and post-implantation 

gave almost identical currents on addition of various aliquots of NO into the PBS 

buffer solution. Similarly, the sensitivity observed pre-implantation (1.50 ± 0.05 

nA/µM, n = 4)) remains uncompromised post implantation with a sensitivity of 1.47 

± 0.03 nA/µM (n = 4) being recorded. This result suggests that direct contact of the 

NO sensors with biological samples in-vivo does not degrade the Nafion® layer and 

therefore the sensitivity of the sensor remains similar pre- and post-implantation. 

In summary, this section demonstrates that similar sensitivities to NO were recorded 

for NO sensors when compared to published work by the research group. The sensor 

is selective to NO and retains its sensitivity after implantation for ~20 days. This 

sensor is used throughout this chapter to monitor the changes in NO levels after 

reserpine administration  
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6.3.2 In-Vitro Oxygen Sensors 

A wide variety of sensors have been employed for the direct monitoring of O2, some 

incorporating noble metal electrodes including gold (El-Deab and Ohsaka, 2003) 

(Holmström et al., 1998) and Pt (Bolger et al., 2011(a)), however, the use of carbon-

based electrodes has been reported by several research groups (Lowry et al., 1996)  

(Bazzu et al., 2009) (Venton et al., 2003). These carbon electrodes are advantageous 

because of their in-vivo stability and minimal surface poisoning (Bolger and Lowry, 

2005). O2 calibrations were performed at -650 mV vs. SCE and involved the addition 

of various aliquots of an O2 saturated PBS solution into the electrochemical cell. This 

experimental procedure is detailed in Chapter 3, Section 3.6.6. The concentration 

range utilised was between 0 and 125 µM which is within the brain tissue 

concentration range of between 40 µM to 80 µM (Bolger et al., 2011(a)). Average 

data obtained from these calibrations is shown below in Figure 6.5. 
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Carbon Paste Electrode 

[O2], µM Mean S.E.M n 

25 -31.35 1.84 19 

50 -64.37 3.46 19 

75 -98.16 4.60 19 

100 -138.15 5.63 19 

125 -173.89 6.69 19 

Sensitivity, nA/µM -1.40 0.03 19 

R2 0.99 - 19 

 

Figure 6.5: The mean current-concentration profiles for O2 calibrations (Top) and 

comparison table (Bottom) performed with carbon paste electrodes in PBS (pH 7.4) at 

21°C. CPA carried out at -650 mV vs. SCE. All currents are background subtracted (-

3.27 ± 0.56 nA). 

The results above show the current generated on addition of various aliquots of O2 

saturated PBS into the electrochemical cell. The calibration shows a linear response 

with a current of -173.89 ± 6.69 nA (n = 19) obtained on addition of 125 µM O2. The 

sensitivity recorded of -1.40 ± 0.03 nA/µM is significantly increased (P = 0.002) 

compared to the published sensitivity of -1.09 ± 0.03 nA/µM (Bolger et al., 2011(a)). 

An explanation for this is the electrodes are packed more loosely giving an increased 

surface area. These carbon paste electrodes have been extensively characterised and 

found to be highly selective with a subsecond response time and a LOD calculated at 

0.09 µM (Bolger et al., 2011(b)). Therefore, this sensor is ideal for the in-vivo 

monitoring of O2 in an animal model of PD.   

The mammalian brain is a hostile environment for implanted sensors as it contains 

several electrode poisons such as lipids and proteins, however, carbon paste electrodes 

are less prone to surface poisoning and are very stable even after weeks of continuous 

recording in the brain (Fillenz and O'Neill, 1986) (Bolger et al., 2011(b)). Post in-vivo 

calibrations were performed after euthanasia to investigate the effects the in-vivo 

environment had on the sensitivity of the carbon paste electrodes. Average post 

calibration data is shown below in Figure 6.6. 
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 Pre-Implantation Post- Implantation 

[O2], µM  Mean S.E.M n Mean S.E.M n 

25  - 33.14 2.34 12 -53.76 6.28 10 

50  - 65.42 3.97 12 -106.94 10.80 10 

75  - 99.50 4.83 12 -171.12 18.41 10 

100  - 135.19 6.22 12 -227.92 24.55 10 

125  - 170.77 7.31 12 -287.74 32.26 10 

Sensitivity, nA/µM  -1.37 0.01 12 -2.32 0.03 10 

R2  0.99 - 12 0.99 - 10 

 

Figure 6.6: The mean current-concentration profiles for pre/post-implantation O2 

calibrations (Top Left), bar chart comparing the sensitivities pre- and post-implantation 

(Top, Right) and comparison table (Bottom). O2 sensors calibrated in PBS (pH 7.4) at 

21°C. CPA carried out at -650 mV vs. SCE.  

The results above provide a comparison between the current generated during an O2 

calibration pre- and post-implantation in the striatum. It is clear, that the sensitivity is 

not compromised on exposure to surface poisons, however, a significant increase (P < 

0.0001) in sensitivity is observed from -1.37 ± 0.01 nA/µM (pre-implantation, n = 12) 

to -2.32 ± 0.03 nA/µM (post-implantation, n = 10). This novel resistance to poisoning 

appears to be, the presence of the pasting silicon oil. Conversely, the variability is 

higher in the carbon paste electrodes post implantation postulating that the in-vivo 
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environment may have a small effect on the electrode conformation. Ormonde and 

O’Neill found that carbon paste electrodes exposed to brain tissue resulted in the 

removal of the pasting oil from the active surface of the electrode. The electron transfer 

was faster at the resulting powder-type surface which lead to a shift in the oxidation 

wave for AA (Ormonde and O'Neill, 1990). These results suggests that the 

conformation of the electrode to a powder like surface has resulted in an increase in 

O2 sensitivity as seen above in Figure 6.6. 

 

6.3.3 Nitric Oxide Single Dose Reserpine 

 

6.3.3.1 Baseline Nitric Oxide Recording 

NO has been implicated in the regulation of sleep (Obal Jr and Krueger, 2003) (Wisor 

et al., 2011) (Calabrese et al., 2007). NO levels in-vivo are highly labile, as the half-

life of NO is less than one second (Barbosa et al., 2008), therefore changes in NO need 

to be monitored continuously. Wisor and co-wokers stated ‘that individual effects of 

nNOS deficiency in the suprachiasmatic nucleus, basal forebrain, sleep active neurons 

and other nNOS–positive sites have distinct effects, some of which are wake 

promoting and others are sleep promoting’ (Wisor et al., 2011). The baseline recorded 

data in this section (which represents the control data set) was analysed using 13 

sensors in 4 animals and the data was analysed over 12 hr periods to monitor the 

diurnal changes in NO levels recorded during the light and dark phases. This analysis 

was carried out to provide the control data for the reserpine experiments, however, this 

can be compared to results published by Kostin and co-workers. Kostin et al. used the 

Nafion® modified NO sensor developed in our research group for real-time detection 

of NO levels in the perifornical-lateral hypothalamic area (PF-LHA) across sleep-

wake cycles, dark-light phases, and during prolonged waking. The use of these sensors 

by Kostin as an independent research group validates the use of this NO sensor. This 

study demonstrated that NO levels in the PF-LHA exhibit sleep-wake as well as 

diurnal modulation (Kostin et al., 2013). Average baseline data over 72 hours is shown 

below in Figure 6.7. 
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Figure 6.7: A time vs. current change graph of baseline NO currents monitored by NO 

sensors (13 sensors in 4 animals) implanted in the striatum over 72 hrs. The shaded 

region corresponds to the dark phase. Average SEM recorded for the NO signal was 

0.051 nA (n = 13). 

It is clear, from this real-time continuous trace that NO levels change depending on 

the time of day when implanted in the striatum. It is evident, that NO levels increase 

during the light phase when the animals tend to sleep while a decrease in NO levels is 

observed during the dark phase when the animals are more active. Kostin et al also 

showed similar analysis for NO sensors implanted in the PF-LHA showing a 

continuous real-time trace over 72 hrs. This research showed an opposing trend here 

the electrode generated currents were higher during the dark phase (Kostin et al., 

2013). Conversely, Cespuglio and co-workers demonstrated the changes in the NO 

signal recorded over a 24 hr period in the frontal cortex (Cx) and the nucleus raphe 

dorsalis (nRD). In the Cx the NO signal was higher during the dark phase and lower 

during the light phase, however, similar to the results shown in Figure 6.7, the NO 

levels recorded in the nRD were lower during the dark phase and higher during the 

light phase (Cespuglio et al., 2012). This work utilised a carbon fiber sensor first 

pretreated with a triangular current in PBS and then coated with porphyrin-nickel and 

Nafion®. Differential pulsed voltammetry allowed for the detection of NO at +650 mV 

(Burlet and Cespuglio, 1997). Therefore, NO recordings show diurnal changes, 
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however, the nychthemeral changes throughout both the light and dark phases are 

region specific.  

AUC analysis was performed to quantify any observed changes in the NO levels 

recorded during the light and dark phases. The baseline was taken as the first 30 

minutes and each 12 hr time period was analysed individually and the mean of the 

three day and night periods were calculated. Figure 6.8 below depicts the results 

achieved by this analysis. 
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Figure 6.8: A bar chart demonstrating the changes in AUC for NO levels over a 72 hr 

period ( 3 day periods and 3 night periods) in 4 animals (n = 13). All data was background 

subtracted and the net area calculated was plotted.  

The figure above demonstrates the changes in the NO levels over a 72 hr time period. 

It is clear, that this represents the trend observed previously in Figure 6.7. The day 

period shows an increase in NO levels when compared to baseline symbolised by the 

recorded positive net area of 0.212 ± 0.125 nA.hr (n = 9). However, the night period 

shows a different trend, the NO levels decrease demonstrated by the recorded negative 

net area of -0.279 ± 0.097 nA.hr (n = 13). No significant difference (P = 0.6724) is 

observed between the net total AUC for the day and night period. These results 

emphasis the significance of the diurnal changes observed in the NO levels recorded 

over any 24 hr time period. These NO diurnal changes will be considered throughout 

the remainder of this chapter when analysing any long-terms effects of reserpine on 

NO levels. 
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Another essential factor to consider is the baseline stability of this NO sensor in the 

in-vivo environment. Finnerty et al. demonstrated that this particular NO sensor shows 

baseline stability over a successive 8-day period for sensors implanted in the striatum 

with no significant difference in sensitivity being recorded (Finnerty et al., 2012). 

This continuous real-time baseline data will be used to provide a comparison for the 

effect the administration of a single 5 mg/kg injection of reserpine has on striatal NO 

levels. As reserpine has a long lasting effect it is very important to have baseline data 

corresponding to the differences in the NO levels during the light and dark phases to 

provide a comparison for the diurnal changes observed after administration of the 

drug. It is also clear, that over the 72 hr time period the baseline remains very stable, 

therefore any deviation from the baseline signal can be attributed to the administration 

of a control or drug particularly the short term effect of these stimuli.  

 

6.3.3.2 Saline Administration 

A typical example of the effect a saline administration (NaCl, 0.9%, s.c.) has on the 

NO current is shown in Figure 6.9(a) and Figure 6.9(b). Figure 6.9(a) shows the 

average response a subcutaneous saline injection has on NO levels monitored with 8 

NO sensors implanted in the striatum of 2 animals. Figure 6.9(b) shows a typical 

example of a saline injection highlighting the initial effects of the injection on the NO 

levels. The systemic administration of reserpine on the NO sensor response may be 

compared against the control experiments shown in this section. 
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Figure 6.9(a): Mean current vs. time response of NO levels on the administration of a 1 

mL saline injection subcutaneously for NO sensors (n = 8) implanted in the striatum. 

The red arrow represents the administration of the injection. The average SEM current 

recorded was 0.056 nA (n = 8). 
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Figure 6.9(b): A typical example of a 1 mL saline injection monitored by a NO sensor 

implanted in the striatum of a freely moving animal. The arrow is indicative of the point 

of injection. 



Chapter 6: NO and O2 Monitoring in PD Model  
 

197  

 

The results above show the effect an s.c. saline injection has on the NO levels. Upon 

the administration of saline a brief fluctuation in NO is observed which is due to the 

physical manipulation of the animal and post injection activity, however, this increase 

in NO is short-lived (see Figure 6.9(b)). Figure 6.9(a) shows the mean current vs. time 

profile for the administration of a saline injection subcutaneously. It is clear, that an 

increase (22 pA) in NO (0.463 ± 0.058 nA (n = 8)) is observed after the injection, 

however this is not significantly different (P = 0.7834) from the pre-injection baseline 

of 0.441 ± 0.055 nA, (n = 8). The NO signal returns to baseline levels (0.441 ± 0.055 

nA) after ca. 30 minutes. This result demonstrates that an initial increase in the 

oxidation current is recorded, due to injection stress which causes an increase in NO 

directly after the administration of the injection. This compares to published work by 

the research group where the systemic administration of saline (i.p. injection) resulted 

in a transient increase in NO signal (22 ± 3 pA, n = 9) from baseline for NO sensors 

implanted in the striatum (Finnerty et al., 2012). The NO levels returned to baseline 

levels after 13 ± 4 min similar to the results shown in Figure 6.9(a) and Figure 6.9(b). 

In summary, this section demonstrated that the NO response which is attributable to 

the injection itself is minimal. No significant difference (P > 0.05) was observed 

between pre- and post-injection baseline levels. No lasting effect on the response of 

the NO sensor was observed following the systemic administration of saline with the 

NO signal returning to the same pre-injection baseline signal after ca. 30 minutes.  
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6.3.3.3 Single 5 mg/kg Reserpine 

Reserpine is the most clinically useful of the Rauwolfia alkaloids and was first isolated 

by Muller et al. in 1952.  Reserpine is a di-ester compound containing six methoxyl 

groups, one basic N atom which can be quaternised and a second N which is weakly 

basic and is present as an NH group (see Figure 6.10) and is an indole base. Reserpine 

is a colourless, crystalline powder which is absorbed rapidly, and is readily soluble in 

aqueous solutions up to a concentration of 0.5% reserpine (Stitzel, 1976).  

 

 

Figure 6.10: Chemical structure of reserpine (Guo et al., 2015) 

The administration of reserpine to rodents has been suggested as a pharmacological 

model of PD. Reserpine interferes with the storage of monoamines in intracellular 

vesicles causing monoamine depletion in nerve terminals and after the administration 

of high doses hypolocomotion and muscular rigidity is observed. Few reports exist in 

the literature that monitor the changes in NO in-vivo after administration of the drug, 

however, several research groups have used tissue samples to monitor the levels of 

lipid peroxidation in the striatum and hippocampus. This set of experiments 

investigates the effect a single 5 mg/kg reserpine injection subcutaneously has on the 

NO levels in the striatum recorded for several days to determine the long-term effects 

of the drug. The short-term effects of reserpine on the NO levels monitored by NO 

sensors (n = 12) implanted in the striatum is shown in Figure 6.11(a). 

 



Chapter 6: NO and O2 Monitoring in PD Model  
 

199  

 

0 1 2 3 4 5 6
0.42

0.44

0.46

0.48

0.50

Time, hr

I,
 n

A

 

Figure 6.11(a): Mean time vs. current profile of the short-term effect of a single 5 mg/kg 

s.c. injection of reserpine on NO levels recorded by NO sensors implanted in the striatum 

of freely-moving animals (n = 12). The red arrow is indicative of the point of injection. 

The average SEM current recorded was 0.069 nA (n = 12). 

Figure 6.11(a) demonstrates the NO response monitored for a period of 6 hrs 

immediately following the systemic administration of reserpine (5 mg/kg). Similar to 

the saline injection a slight increase is observed after the injection which is attributed 

to injection stress, however, this increase is short-lived and the NO signal returns to 

baseline levels after about 30 minutes.  

This NO sensor has been extensively characterised in-vivo and has been used in animal 

models of PD and schizophrenia. To emphasis this, a typical example demonstrating 

the effect an interperitoneal injection of the NO precursor L–arginine has on the NO 

levels is shown below in Figure 6.11 (b). This example highlights the effectiveness of 

the NO sensor in monitoring real-time changes in the NO levels upon administration 

of a drug and this data has been previously published by the research group (Brown et 

al., 2009). 
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Figure 6.11(b): An example of the systemic administration of L-arginine on the NO 

response of a NO sensor implanted in the striatum of a freely-moving animal. The inset 

shows a comparison between the effect of saline vs. L-arginine injection (Brown et al., 

2009). 

The data above highlights the effectiveness of the NO sensor in monitoring any 

immediate changes in the NO levels upon administration of a drug. This can be used 

to compare the NO levels recorded after the systemic administration of reserpine (5 

mg/kg). Research performed by Heeringa and Abercrombie demonstrated that 

reserpine produces ~ 85% loss of dopamine in the SNpc and > 95% dopamine 

depletion in the striatum within 2 hrs of the initial injection (Heeringa and 

Abercrombie, 1995) (Duty and Jenner, 2011). On examination of the results in Figure 

6.11(a) 2 hrs after the initial administration of the injection the NO current recorded 

(0.456 ± 0.053 nA, (n =12)) is almost identical (P = 0.9375) to the pre-injection 

baseline current of 0.462 ± 0.054 nA, (n = 12) suggesting no change in the NO levels 

in the striatum.    

Bilska et al. demonstrated that the levels of NO increased in the striatum and prefrontal 

cortex in response to reserpine induced oxidative stress. The level of nitrites was 

determined using Roche’s test which is a “nitric oxide colorimetric assay”. The results 

were calculated according to standard curves obtained for a solution of sodium nitrite 

(6 – 600 µM) using the change in absorbance measured before and after incubation 

with sulphanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride (Bilska et 

al., 2007). Cunha and co-workers used the Griess assay where the metabolites were 
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determined using nitrogen oxides (NO = nitrite plus nitrate). The nitrate was converted 

into nitrite by nitrate reduction and measured using the Griess reaction at 540 nm. The 

values obtained from the assay represent the amount of nitrite and nitrate derived from 

NO contained in the cerebral cortex. This research determined that two s.c. injections 

of 1 mg/kg reserpine with an interval of 48 hrs showed no significant difference in 

NOx levels when compared to the control group in the striatum of male Swiss mice 

(Cunha et al., 2016). Chen et al. used Roche’s test to determine the level of nitrites 

and the concentration of nitrite was used as an index for the NO level in the tested 

tissue. This research utilised a 1 mg/kg reserpine dose and showed a significant 

increase in NO production in the hippocampus of the Wistar rat on administration of 

the drug when compared to the control group (Chen et al., 2016).  

Okano et al. submitted male Wistar-Kyoto rats to reserpine (5 mg/kg) intraperitoneally 

three times a week for 12 weeks. After 5 weeks a range of vasoactive substances 

related to blood pressure were monitored including the NOx concentration and 

dopamine levels in the plasma. The NOx concentrations were determined using the 

Griess reaction. They found no significant difference in the NOx concentration or 

dopamine levels in the plasma after this experimental treatment with reserpine (Okano 

et al., 2005). This research also concluded that reserpine induced sedation, a 

behavioural depression manifested by bradykinesia and hunched posture. However, 

no signs of convulsions or tremor were observed. The literature results above 

emphasises the inconsistency in the results obtained in relation to the effect the 

administration of reserpine has on NO levels in the in-vivo environment.  

It is clear from Figure 6.11(a), that only a slight deviation from the baseline value is 

observed after 5 hrs of reserpine administration, thus it was necessary to analysis the 

NO signal over an extended period (120 hr) to see the long-term effects of the drug. 

This is shown in Figure 6.11 (c).  
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Figure 6.11(c): The average NO signal (n = 12) recorded in the striatum over a 

continuous 120 hr period after the systemic administration of reserpine (5 mg/kg). The 

red arrow indicates the administration of the drug. The shaded region represents the 

dark phase. Average SEM current recorded by the sensors was 0.051 nA (n = 12). 

Similar to the baseline NO data (see Figure 6.7) diurnal changes are observed; an 

increase in the NO signal is observed during the light phase while a decrease in the 

NO signal is recorded during the dark phase when the animals are more active. This 

is the same result as observed in the baseline data postulating that reserpine does not 

interfere with the sleep-wake cycle of the animals, at least in terms of diurnal cycle. 

Reserpine however, depletes various biogenic amines including serotonin and 

catecholamines such as dopamine and norepinephrine, therefore it would be expected 

to cause profound changes in the sleep cycle. Hoffman & Domino demonstrated the 

comparative effects of reserpine (0.01, 0.04 and 0.14 mg/kg) on the sleep cycle of man 

and cat. This research found that reserpine depressed slow wave or non-rapid eye 

movement (NREM) sleep in man and cats. This effect was seen on the night of 

reserpine administration as well as two or three subsequent nights after administration 

in man, however in cats the duration of this dose dependent effect was 24 -36 hr. Rapid 

eye movement (REM) sleep was greatly depressed for 48 hr in the cat, while in man 

REM sleep was sharply decreased on the night of reserpine administration, with a 

subsequent large increase in REM sleep (35-66% of total sleep time) on the second 
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night after reserpine which exceeded the deficit observed the night after administration 

of the drug (Hoffman and Domino, 1969).  

AUC analysis was performed in order to quantify any changes in the NO signal 

observed as a result of the systemic administration of reserpine. A 72 hr time period 

(3 days and 3 nights) was utilised and this was compared to the baseline data shown 

in Figure 6.7. The baseline was taken ca. 30 minutes (11:30-12:00) before the 

administration of the drug and each 12 hr time period was analysed individually and 

the mean calculated.  All data was background subtracted before the AUC analysis 

was performed. Figure 6.12 compares the results of the AUC analysis on the baseline 

and reserpine data sets. 
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Figure 6.12: A bar chart displaying the changes in AUC for baseline NO levels and NO 

levels after a single systemic administration of reserpine (5 mg/kg) for NO sensors 

implanted in the striatum. This bar chart displays the changes over the course of 3 day 

periods (A) three night periods (B) and the total over the 72 hr (C) with the total area 

plotted. 

Baseline Night Reserpine Night
0.0

0.1

0.2

0.3

0.4

0.5

n
A

.h
r

B 

C 



Chapter 6: NO and O2 Monitoring in PD Model  
 

205  

 

It is clear, from the results displayed above that the AUC differs depending on the time 

of day. Similar to the results shown in Figure 6.8 the NO levels increase during the 

light phase highlighted by the larger AUC value recorded of 0.33 ± 0.08 nA.hr (n = 9) 

when compared to the night period where an AUC value of 0.28 ± 0.05 nA.hr, (n = 

13) was recorded for the baseline data over a 72 hr time period. Comparing the AUC 

value for striatal NO levels recorded during the day shows no significant difference (P 

= 0.9750) between the value recorded after the administration of reserpine (0.327 ± 

0.056, n = 12) and the baseline value of 0.33 ± 0.08, (n = 9). The AUC values recorded 

during the night period show similar results to the day period. Interestingly, almost 

identical AUC values (P = 0.8632) were recorded for the baseline NO levels (0.28 ± 

0.046, n = 13) and the NO levels after reserpine administration where an AUC value 

of 0.29 ± 0.056 nA.hr was calculated. Similarly, analysing the data over a 72 hr period 

observed almost identical (P = 0.9632) AUC values of 0.305 ± 0.064 nA.hr (n = 13) 

for the baseline and a value of 0.309 ± 0.056 nA.hr (n = 12) after reserpine 

administration. These results suggest that reserpine does not alter the NO levels in the 

striatum.                                                

Throughout these experiments the animals were accessed for good health and any 

changes in their natural behaviour were documented. This administered dose of 

reserpine is reported to cause hypolocomotion, muscle rigidity catalepsy, limb rigidity, 

and oral tremor. Reserpine can also induce aversive and recognition memory deficits, 

anxiety like behaviour and depressive and anhedonic–like behaviour (Leão et al., 

2015). After the administration of reserpine, the animals maintained their weight, 

showed minor changes in their natural behaviour (front feet raised) and although more 

subdued/ less active during the day, they behaved normally when provoked.  

In summary, this section highlights the influence a single (5 mg/kg) dose of reserpine 

has on striatal NO levels and also demonstrates the diurnal changes observed during 

the light and dark cycles. AUC analysis was performed to quantify the changes in NO 

levels, however, it was demonstrated that no significant difference was recorded after 

reserpine administration when compared to baseline levels.  
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6.3.4. Oxygen Sensors Single Dose Reserpine 

 

6.3.4.1: Baseline Oxygen Recording 

All O2 sensors utilised during the in-vivo experiments were carbon paste electrodes 

and were calibrated prior to implantation to ensure sufficient sensitivity was achieved. 

These carbon paste electrodes are favourable for in-vivo use, with the research group 

demonstrating no significant variation in the baseline O2 current observed over a 21 

day period. This research also demonstrated a stable baseline when recording from 

these electrodes for up to 84 days (Bolger et al., 2011(b)). However, the O2 baseline 

can undergo spontaneous fluctuation attributed to physiological phenomena such as 

feeding, grooming and activity (Lowry et al., 1997) several times during a 24 hr 

period.  

Research has demonstrated that changes in tissue O2 levels measured by carbon paste 

electrodes are related to changes in cerebral blood flow (Lowry et al., 1997) which are 

then comparable to the BOLD signal from fMRI studies (Lowry et al., 2010) (Francois 

et al., 2012). Therefore, tissue O2 levels measured using these electrodes can be used 

to evaluate neural activity in localised brain regions in freely moving animals (Li et 

al., 2011) (Russell et al., 2012). These carbon paste electrodes have been utilised in 

an animal model of schizophrenia (Finnerty et al., 2013(a)) where the changes in O2, 

NO and glucose levels were monitored after administration of various quantities of 

PCP. Kealy et al. also used these sensors for the simultaneous recording of O2 and 

glucose in the hippocampus (Kealy et al., 2013). Therefore, these carbon paste 

electrodes are ideal for in-vivo monitoring of O2 levels in this PD animal model. 

Different tissues have different O2 demands depending on their metabolic needs. The 

consumption of O2 also results in the generation of free radicals that have damaging 

effects on cells and are implicated in neurodegeneration. The brain is particularly 

vulnerable to the effects of these ROS due to its high demand for O2 and its abundance 

of highly peroxidisable substrates (Gandhi and Abramov, 2012). Reserpine has been 

used as a treatment for hypertension (see Section 6.3.4.3) and as mentioned above 

tissue O2 measured by carbon paste electrodes are related to changes in cerebral blood 
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flow. Average baseline data for carbon paste electrodes implanted in the striatum over 

84 hr period is shown below in Figure 6.13. 
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Figure 6.13: A time vs. current change graph of baseline O2 currents monitored using 

carbon paste electrodes (6 sensors in 3 animals) implanted in the striatum over 84 hr. 

The shaded region corresponds to the dark phase. The average SEM current recorded 

for the O2 sensors was 15.28 nA (n = 6) 

It is clear, from this real-time continuous trace that striatal O2 levels change depending 

on the time of day. It is evident that O2 levels increase during the light phase (when 

the animals tend to sleep) symbolised by an increase in the reduction current and there 

is a decrease in O2 levels during the dark phase marked by a decrease in the reduction 

current. As this measured real-time O2 change is the dynamic balance between supply 

and utilisation, utilisation is higher during the dark cycle when the animals are more 

active. Literature has reported that physiological phenomena influence the O2 signal, 

for example a 22 nA increase in measured O2 is observed for grooming and a 26 nA 

increase for feeding/drinking (Bolger et al., 2011(b)). Kealy et al. determined the basal 

O2 concentration in the hippocampus by matching the baseline current to the post-

implantation sensitivity, these results found that the concentration was higher during 

the day (100.26 ± 5.76 µM) and decreases slightly during the night (99.37 ± 5.51 µM)  

(Kealy et al., 2013) which is similar for carbon paste electrodes implanted in the 

striatum as shown in Figure 6.13 above. McHugh et al. used CPA and carbon paste 
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electrodes to monitor changes in tissue O2 and demonstrated that tissue O2 signals 

were typically highest during REM sleep, active waking period, then quiet sleep and  

NREM sleep. This research revealed significantly higher O2 signals during REM sleep 

compared with NREM and quiet waking but not active waking (McHugh et al., 2011).   

AUC analysis was performed to quantify the changes in striatal O2 levels over a 

normal 72 hr time frame. The data was analysed during the light (07:00-19:00) and 

during the night (19:00-07:00) period over a 72 hr period (3 day periods, 3 night 

periods). All data was background subtracted (first 30 minutes of each time period was 

taken as the baseline) and each 12 hr time period was analysed individually and the 

average was calculated. The net area for each time period was plotted in a bar chart as 

presented below in Figure 6.14  
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Figure 6.14: A bar chart demonstrating the changes in AUC for O2 levels over a 72 hr 

period (3 day periods and 3 night periods) in 3 animals (n = 6). All data was background 

subtracted and the net area calculated was plotted.  

It is clear from the results above that striatal O2 levels change depending on the time 

of day. As observed previously in Figure 6.13 O2 levels increase during the day when 

the animals tend to sleep and decrease during the night period when the animals are 

more active. An increase in O2 levels during the day period is further supported by the 

negative net total AUC value of -97.8 ± 32.57 nA.hr (n = 6) recorded. A positive net 

area total of 80.02 ± 37.12 nA.hr (n = 6) was calculated during the night period 

symbolising a decrease in the O2 levels which was observed previously in Figure 6.13. 

O2 levels are very variable over a 24 hr time period therefore, a more targeted test was 
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performed. AUC analysis was performed taking the last 4 hr of both the day and night 

periods. Similarly, this result recorded a negative net area of -15.03 ± 5.12 nA.hr (n = 

6) for the last 4 hrs of the day period and a positive value of 15.15 ± 9.76 nA.hr (n = 

6) for the last 4 hrs of the night period. This AUC analysis is used to quantify the 

changes observed in the O2 levels over a 24 hr time period. No significant difference 

(P = 0.7262) in the net area is observed when comparing the day and night period 

striatal O2 levels which highlights the importance of considering the diurnal O2 

changes when analysing data over long periods of time. 

Another important factor is baseline stability, especially as these carbon paste 

electrodes could be implanted for at least 20 days. Bolger and Lowry demonstrated 

the stability of the carbon paste electrodes over long periods of time in the in-vivo 

environment. This work observed no significant variation in the O2 baseline over a 21 

day period which was monitored by carbon paste electrodes implanted in the striatum, 

hippocampus, prefrontal cortex and nucleus accumbens of Wistar/Sprague-Dawley 

rats. This research also demonstrated a stable baseline when recording from these 

electrodes for up to 84 days (Bolger et al., 2011(b)). 

This continuous real-time baseline trace will be used to provide a comparison to 

determine the impact a single 5 mg/kg dose of reserpine has on striatal O2 levels. It is 

imperative to have baseline data corresponding to the differences in the O2 levels 

recorded during the light and dark phases to provide a comparison for the diurnal 

changes observed after administration of the drug. In summary, this section 

demonstrates the diurnal O2 changes observed over a 24 hr time period and these 

changes were quantified using AUC analysis where a significant difference was 

determined for the O2 levels monitored during the light and dark cycles. 

 

6.3.4.2 Saline Administration 

A typical example of the effect a saline administration (NaCl, 0.9%, s.c.) has on the 

O2 current is shown in Figure 6.15(a) and Figure 6.15(b). The systemic administration 

of 1 mL saline subcutaneously is used as a control for the reserpine injection – thus 

the initial effects of the injection can be eliminated. Figure 6.15(a) shows the average 

O2 response of 5 O2 sensors implanted in the striatum of 2 animals upon the 
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administration of a saline injection subcutaneously over a 90 minute period, while 

Figure 6.15(b) shows a typical example of a saline injection highlighting the initial 

effects of the injection on the O2 levels in the striatum. 
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Figure 6.15(a): Mean current vs. time response for striatal O2 levels following the 

administration of a 1 mL saline injection subcutaneously (n = 5). The red arrow indicates 

the point of injection. Average SEM recorded for the O2 sensors was 14.63 nA (n = 5). 
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Figure 6.15(b): A typical example of a 1 mL saline injection monitored using an O2 sensor 

implanted in the striatum of a freely-moving animal. The arrow indicates the point of 

injection. 
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Analysis of the data in Figure 6.15(a) and Figure 6.15(b) indicates an increase in the 

observed O2 current upon injection of saline. The current changed (P = 0.6423) from 

a baseline current of -103.9 ± 16.1 nA (n = 5) to -116.4 ± 20.2 nA (n = 5) after saline 

administration. This ~ 13 nA change was observed ca. 1 minute after the initial 

injection. This O2 response is short lived and the signal returned to a post injection 

baseline of (-104.4 ± 16.2 nA, n = 5) within ca. 5 minutes.  

This initial response is attributed to physical manipulation of the animal which resulted 

in the observed stress response. Bolger et al. showed a similar transient response on 

administration of a saline injection i.p. observing an increase of 13.5 ± 3.7 nA (n = 4) 

(Bolger and Lowry, 2005). This is similar to the results obtained in this section with 

an increase of 12.46 ± 6.2 nA (n = 5) being obtained after the administration of a saline 

injection subcutaneously. 

In summary, this section demonstrated the effect the administration of a 1 mL saline 

injection subcutaneously has on O2 levels. No significant difference in the current (P 

= 0.6423) was observed after the administration of the injection and the O2 levels 

returned to baseline levels after ca. 5 minutes. These results will be used as a control 

for the reserpine injection to account for the initial change in O2 levels attributed to a 

stress response. 

 

6.3.4.3 Single (5 mg/kg) Reserpine Administration 

Reserpine has been used in the treatment of high blood pressure for centuries, however 

in westernised countries its use has fallen precipitously due to several adverse side 

effects caused in the 1950’s and 60’s. These side effects include depression, gastric 

bleeding and breast cancer. However, these side effects were observed when the daily 

dose of reserpine was 0.25 mg three times daily to as much as 10 mg per day.  This 

dose is considerable higher than the dose recommended now of between 0.05–0.25 

mg/day, which is well tolerated with many of these adverse side effects no longer 

evident (Barzilay et al., 2007). A daily dose of 0.5 mg/day of reserpine provides 

modest antihypertensive action and blood pressure is reduced by 3/5 mm Hg. In 

combination with a thiazide a more pronounced decrease in blood pressure is observed 

reaching 14/11 mm Hg. A single daily dose of 0.25 to 0.5 mg produces the 
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antihypertensive effect as its pharmacological action develops slowly and continues 

for a long time - its effectiveness is attested to its worldwide use (Rosenthal and Page, 

2012).  

Carbon paste electrodes have been demonstrated to serve as an index of increases in 

regional cerebral blood flow when the supply of O2 from the blood stream shows a 

substantial increase over utilisation. In this instance the measurement of O2 in brain 

tissue monitored by a carbon paste electrode can be used as a reliable index of 

increases in cerebral blood flow (Lowry et al., 1997). The short-term effect of the 

administration of reserpine is shown in Figure 6.16(a). This demonstrates the effect 

the administration of a single 5 mg/kg reserpine injection has on the O2 signal 

monitored by carbon paste electrodes over an 8 hr period after the administration of 

the drug subcutaneously. 
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Figure 6.16(a): Mean time vs. current profile of the short-term effect of a single 5 mg/kg 

s.c. injection of reserpine  on O2 levels recorded using carbon paste electrodes implanted 

in the striatum of freely moving animals (n = 6). The red arrow is indicative of the point 

of injection. Average SEM recorded for the carbon paste electrodes was 13.16 nA (n = 

6) 
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Figure 6.16(a) shows the O2 response monitored for a period of 8 hrs immediately 

following the systemic administration of reserpine (5 mg/kg). It is evident, that the O2 

levels remain stable, however, the levels increased after ~ 3 hrs and remain increased 

for the remainder of the 6 hr time period observed. AUC analysis was performed and 

no significant difference (P = 0.8460) was demonstrated between the value calculated 

6 hr after the saline administration (37.76 ± 7.82 nA.hr, (n = 3)) to the value obtained 

after the reserpine administration (40.54 ± 8.75 nA.hr, (n = 6)). These spontaneous 

fluctuations in the baseline can be attributed to physiological stimuli such as grooming 

and feeding as naturally occurring deviations in the O2 baseline occur several times 

during a 24 hr period. This is reflective of the real-time measurement of O2 as the 

dynamic balance between supply and utilisation (Bolger et al., 2011(b)). However, the 

effectiveness of the carbon paste electrodes ability to monitor real-time O2 changes 

has been previously published and is observed below in Figure 6.16(b). This figure 

shows a typical example of the effect an intraperitoneal injection of chloral hydrate 

(350 mg/kg) has on O2 levels monitored in the rat striatum.  

 

 

Figure 6.16(b): A typical example of the effects of an intraperitoneal injection of chloral 

hydrate (350 mg/kg) on tissue O2 monitored in the rat striatum with a carbon paste 

electrode. The arrows indicate the point of injection and also recovery from the 

anaesthetic. Figure from (Bolger and Lowry, 2005) 
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This figure shows the effect that the administration of chloral hydrate has on O2 levels. 

This demonstrates the effectiveness of the carbon paste electrodes in monitoring 

changes in O2 levels following pharmacological intervention. However, comparing the 

above figure where an instantaneous increase in the O2 levels is recorded following 

the administration of chloral hydrate, there seems to be no change in the O2 levels over 

an 8 hr period after the administration of   reserpine. This trend suggests that reserpine 

administration induces no effect in changing tissue O2 levels monitored by carbon 

paste electrodes implanted in the striatum.  

Hafkenschiel et al. showed preliminary observations detailing the effects of reserpine 

(a total dose varying between 2.5 and 5.5 mg) on cerebral blood flow, O2 and glucose 

metabolism in five hypertensive patients one hour after administration of the injection. 

This research demonstrated that cerebral blood flow, glucose and O2 consumption 

remained constant (Hafkenschiel et al., 1955). Analysing the data shown above in 

Figure 6.16(a) showed no significant change (P = 0.8455) in the O2 levels two hrs after 

administration of the drug (-113.78 ± 11.69 nA, n = 6) when compared to the pre-

injection baseline of -110 ± 11.69 nA, n = 6). Similarly, five hrs after the 

administration of the drug there is a slight change (P = 0.6383) in O2 levels recorded 

to -119.46 ± 13.99 nA (n = 6) compared to the pre-injection baseline of -110.35 ± 

11.69 nA (n = 6). Reserpine is known to exhibit long-term effects therefore the O2 

levels were monitored and analysed over a 120 hr time period (see Figure 6.16(c)) in 

order to investigate the effects of the drug over such periods. 
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Figure 6.16(c): The average O2 signal (n = 5) recorded in the striatum over a continuous 

120 hr period after the systemic administration of reserpine (5 mg/kg). The red arrow 

indicates the administration of the reserpine. The shaded region represents the dark 

phase. Average SEM recorded for the carbon paste electrodes was 18.56 nA (n = 5). 

It is clear, from the results above that diurnal changes are observed very similar to 

those demonstrated in the continuous O2 baseline graph (see Figure 6.13). Similar to 

the baseline data the O2 levels increase during the light cycle and decrease during the 

dark phase when the animals are more active. However, the O2 levels are relatively 

stable over the 120 hr time period except for small spontaneous fluctuations in the O2 

signal which are expected. AUC analysis was performed on the reserpine and the 

baseline O2 data recorded by carbon paste electrodes in order to quantify any changes 

in the O2 levels observed following the drug administration. This analysis was 

performed over a 72 hr time period starting at 11:30 and each 12 hr period was 

analysed individually and the average of the 3 values calculated. All data was 

background subtracted with the first 30 minutes of each day and night period used as 

the baseline before AUC analysis was performed and the results are shown below in 

Figure 6.17. 
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Figure 6.17: A bar chart displaying the changes in AUC for baseline O2 levels and O2 

levels after a single systemic administration of reserpine (5 mg/kg) for carbon paste 

electrodes implanted in the striatum. This bar chart displays the changes over the course 

of 3 day periods (A) 3 night periods (B) and then over 72 hr (C) with the average total 

area plotted. 

It is clear, from the results above that only small variations in the O2 levels are 

observed during the dark and light periods after the administration of reserpine. 

Analysing the data shows an increase in the total area recorded from 98.43 ± 19.60 

nA.hr (n = 6) during the light period to 129.26 ± 33.49 nA.hr obtained during the night 

period. This is indicative of the diurnal O2 changes where an increase is observed 

during the light period, i.e. smaller value as higher number of negative peaks recorded 

and a decrease is observed during the dark period highlighted by the higher total area 

value calculated. Comparing the baseline and the long-term reserpine effects on 

striatal O2 levels using the AUC analysis shows no significance difference (P = 0.7711) 

between the baseline value of 98.43 ± 19.60 nA.hr (n = 6) and the reserpine treated 

value of 106.56 ± 18.06 nA.hr (n = 5) during the 3 day periods recorded over the 72 

hr time period. Similarly, no significant difference (P = 0.5921) is observed between 

the baseline value of 129.26 ± 33.49 nA.hr (n = 6) compared to the reserpine treated 

value of 107.67 ± 22.10 nA.hr (n = 5) calculated over 3 night periods. These results 

suggest that the O2 levels remain stable and unchanged from baseline after the 

administration of a single 5 mg/kg reserpine injection when comparing 72 hr time 

periods using AUC analysis. Analysing the data over the 72 hr period shows almost 

C 
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identical (P = 0.6608) AUC values of 113 ± 26.54 nA.hr (n = 6) for the baseline and 

107.11 ± 20.08 nA.hr (n = 5) after reserpine administration. 

Again, similar to the NO experiments no signs of motor impairment were observed in 

the animals. The animals appeared to behave naturally and reacted normally when 

provoked, however they appeared more subdued after administration of reserpine. 

Similarly, some animals showed a front paws raised affect and appeared to be less 

active than the previous days. Some animals showed an increase in weight after the 

administration of reserpine with animals gaining up to 10 g overnight. Weight gain is 

a common side effect of this drug. 

 

6.3.5 Effect of Multiple Dose Reserpine on Nitric Oxide Levels 

 

6.3.5.1 Baseline Nitric Oxide Recording 

All NO levels were monitored continuously over several days using NO sensors (see 

Section 3.5.3) implanted in the striatum. As mentioned previously, these electrodes 

are ideal for in-vivo use demonstrating a high sensitivity to NO, good selectivity, fast 

response time and long-term stability in the in-vivo environment. Average baseline 

data for NO sensors implanted in the striatum over 72 hrs is shown below in Figure 

6.18. 
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Figure 6.18: A time vs. current change graph of baseline NO levels monitored by NO 

sensors (n = 4) implanted in the striatum over 72 hrs. The shaded region corresponds to 

the dark phase.  Average SEM recorded for the NO signal was 0.046 nA (n = 4) 

It is clear, that the same diurnal changes are observed similar to Figure 6.7. During the 

light phase (07:00-19:00) NO levels increase while during the dark phase (19:00-

07:00) NO levels decrease. The baseline current remains stable over the 72 hrs with 

only small fluctuations observed and no significant difference (P = 0.3503) observed 

between the current recorded after the first hour (0.476 ± 0.057 nA) when compared 

to that at 72 hrs (0.383 ± 0.072 nA). This is imperative as the next section investigates 

the use of these NO sensors in a chronic PD model for up to 30 days. The animals 

were submitted to repeated administration (10 injections in total) of a sub-effective 

dose of reserpine (0.1 mg/kg) every second day. This baseline data will provide a 

comparison for the reserpine experiments where any deviation in the NO signal is 

attributable to a drug response.  
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6.3.5.2. Repeated Administration of Reserpine on Nitric Oxide 

Levels 

Apart from the motor disturbance, other symptoms are presented by parkinsonian 

patients including expressive cognitive deficits which are related to dysfunction in 

working memory and also problem and planning solving. Furthermore, PD sufferers 

present alterations in stimulus response associations, implicit learning, feed-back 

based learning, reversal learning and spatial memory (Fernandes et al., 2008). Cooper 

et al. demonstrated the indication of dissociation of cognition and motor control in 

early PD suggesting that cognitive dysfunction is independent of frontostriatal 

dopamine deficiency which underlies motor disability (Cooper et al., 1991).  

Recently, research has demonstrated that utilising reserpine at low doses modifies 

cognitive function without causing motor deficits. Carvalho et al. investigated several 

doses (0.1, 0.25 and 0.5 mg/kg) with all doses impairing memory, however, only the 

largest dose induced hypolocomotion (Carvalho et al., 2006). Fernandes and co-

workers also used various low doses of reserpine (0.1, 0.25 and 0.5 mg/kg) and then 

submitted the animals to various behavioural tasks including novel object recognition, 

contextual fear conditioning and a spatial working memory task 24 hrs after the 

administration of reserpine. Both the novel object recognition task and the 

spontaneous alternation task, which evaluates spatial working memory and 

recognition memory, showed no effects after administration of reserpine (i.e. 

exploring new objects and the amount of alternation) when compared to the control 

group. However, the contextual fear conditioning task showed a significant decrease 

in freezing duration found for the reserpine treated animals when compared to the 

controls (Fernandes et al., 2008).  

Another study by Fernandes and co-workers evaluated the repeated administration of 

reserpine as a possible pharmacological model of PD with progressive features. In this 

research, the animals were submitted to a repeated treatment of reserpine (0.1 mg/kg) 

and then motor behaviour, memory performance and the levels of lipid peroxidation 

were measured (Fernandes et al., 2012). This research was used as a reference for the 

in-vivo experiments discussed in this section. Average NO levels monitored using NO 

sensors implanted in the striatum following the administration of ten reserpine (0.1 

mg/kg) injections subcutaneously is shown below in Figure 6.19. 
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Figure 6.19: The average NO signal (n = 3 - 7) recorded in the striatum over a continuous 

48 hr period after the systemic administration of reserpine (0.1 mg/kg). This figure 

depicts the repeated administration of reserpine (0.1 mg/kg). Each number corresponds 

to the relevant injection (1-10), the red arrow indicates the administration of the 

reserpine. The shaded region represents the dark phase. 

The figure above illustrates the impact the repeated administration of reserpine 

induces on NO levels monitored by NO sensors implanted in the striatum. The diurnal 

changes are still evident with the same trend observed; an increase in the NO signal 

during the light phase when the animals are less active and a decrease in the NO signal 

during the dark phase when the animals are active. The administration of saline 

subcutaneously is used as a control for this set of experiments (see Section 6.3.3.2). 

There is an initial increase in NO levels after the administration of the reserpine 

7 8 

9 10 
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injection subcutaneously, however, the signal returns to baseline levels within 30 

minutes.  

Abílio and co-workers demonstrated a significant increase in striatal lipid peroxidation 

when compared to the control group when treated with alternate day reserpine (0.1 

mg/kg) injections subcutaneously for 19 days (Abílio et al., 2002). Similarly, 

Fernandes et al. demonstrated a significant increase in striatal lipid peroxidation after 

the treatment of Wistar rats with 10 (0.1 mg/kg) reserpine injections subcutaneously, 

however no significant difference was observed after the 7th injection. This result 

shows the progressive nature of this animal model of PD. Conversely, no significant 

difference in the hippocampal lipid peroxidation was demonstrated 48 hrs after the 

administration of the 7th or 10th reserpine (0.1 mg/kg) injections (Fernandes et al., 

2012). Both these research publications measured lipid peroxidation by the 

quantification of malondialdehyde (MDA). Duplicates of each sample were used to 

determine the MDA by measurement of a fluorescent product formed from the 

reaction of this aldehyde with thiobarbituric acid. However, neither publications 

measured the NO levels directly but speculated that the treatment with reserpine can 

result in the accumulation of neurotoxic dopamine oxidants that can induce the 

production of ROS exceeding the ability of the antioxidant system to eliminate them 

resulting in oxidative damage (Caudle et al., 2008) (Cadenas and Davies, 2000), 

therefore, an increase in NO is expected. 

AUC analysis was performed in order to quantify any changes in striatal NO levels as 

a result of the administration of reserpine (0.1 mg/kg). Each 48 hr period 

corresponding to each reserpine injection (1-10) were analysed separately. The day 

and night periods AUC analysis were calculated individually in order to factor in the 

diurnal NO changes shown previously in Figure 6.7. All data was background 

subtracted prior to performing AUC analysis and then the total area was plotted as 

shown below in Figure 6.20. 
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Figure 6.20: A bar chart displaying the changes in AUC for baseline NO levels, saline 

NO levels and NO levels during multiple injections of reserpine (0.1 mg/kg) monitored 

by NO sensors implanted in the striatum. This bar chart displays the changes over the 

course of 2 day periods starting at 11:30 (A) 2 night periods beginning at 23:30 (B) and 

then over the 48 hr period (C) with the average total area plotted. 

The figure above displays the differences in the AUC values calculated for the NO 

levels in the striatum over two day periods (A), two night periods (B) and over the 48 

hr period (C). However, these results are preliminary, the experiments need to be 

repeated to provide conclusive results as the last 4 injections show data corresponding 

to one animal with 4 NO sensors implanted. Over a 48 hr period there is no significant 

difference (P = 0.7504) observed between the AUC calculated for the baseline (0.288 

± 0.05 nA.hr, n = 6) and the saline injection (0.31 ± 0.07 nA.hr, n = 7). This indicates 

that the initial injection stress does not influence the AUC analysis, therefore any 

noticeable differences in the AUC calculated can be attributed to a reserpine affect.  

Analysing the data over 48 hrs, it is noticed that a decrease (P = 0.6115) is observed 

after injection 1 (0.237 ± 0.075 nA.hr, n = 6) when compared to the baseline value of 

0.288 ± 0.05 nA.hr (n = 7), however injections 2, 3 and 4 show almost identical values 

of 0.323 ± 0.095 nA.hr (n = 3), 0.329 ± 0.076 nA.hr, (n = 3) and 0.319 ± 0.074 nA.hr 

C 
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(n = 7) respectively and are not significantly different (P = 0.6679, P = 0.5970 and P 

= 0.6819) to the baseline of 0.288 ± 0.05 nA.hr (n = 6). Injection 5 shows a decrease 

(P = 0.7248) in the AUC calculated to 0.2515 ± 0.059 nA.hr (n = 7) and a similar result 

is observed for the 6th injection where an AUC value of 0.281 ± 0.047 nA.hr (n = 7) is 

observed which is not significantly different (P = 0.9886) to the baseline value of 0.288 

± 0.07 nA.hr (n = 6). No significant decrease (P = 0.2634) is observed during the 48 

hr period after the administration of the 7th reserpine injection when compared to the 

baseline value (0.288 ± 0.05 nA.hr, n = 6). In this instance an AUC value of 0.197 ± 

0.0375 nA.hr (n = 4) was calculated. Similarly, a decrease (P = 0.2232) is recorded for 

the AUC value calculated for the 8th injection, however, an almost identical value to 

injection 7 was recorded, with a value of 0.195 ± 0.0195 nA.hr (n = 4) being achieved. 

Injection 9 and 10 shows no significance difference (P = 0.9737 and P = 0.8443) in 

the total area calculated compared to the baseline with values of 0.277 ± 0.079 nA.hr 

(n = 4) and 0.265 ± 0.05 nA.hr being recorded respectively. 

It is important to emphasise that these results are preliminary and further investigations 

using this progressive model are needed to verify these findings as the last 4 injections 

have n = 4 in one animal. However, the animals submitted to this sub-effective 

reserpine dose every second day appeared to show all signs of natural behaviour, 

maintained their weight throughout the course of the 20 days and reacted normally 

when provoked. However, ocular discharge was observed in the animals - again this 

is hypothesised to be a drug effect with nasal congestion known to be the main side 

effect of the drug when administered to treat hypertension. Fernandes and co-workers 

speculate a correlation between the striatal lipid peroxidation observed after injection 

10 with the motor impairment observed during the catalepsy behaviour (Fernandes et 

al., 2012). However, no motor impairments appeared in any of the animals used in this 

research. 
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6.3.6. Effect of Multiple Dose Reserpine on O2 levels 

 

6.3.6.1. Baseline Oxygen Recording 

All O2 levels were monitored using carbon paste electrodes implanted in the striatum. 

As mentioned previously, these electrodes are ideal for in-vivo use demonstrating a 

high sensitivity to O2, good selectivity, fast response time and long-term stability in 

the in-vivo environment. Average baseline data for carbon paste electrodes implanted 

in the striatum over an 84 hr period is displayed below in Figure 6.21. 
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Figure 6.21: A time vs. current change graph of baseline O2 currents monitored using 

carbon paste electrodes (8 sensors in 2 animals) implanted in the striatum over 84 hrs. 

The shaded region corresponds to the dark phase. The average SEM current recorded 

for these sensors was 6.62 nA (n = 8) 

The results above show the same trend as observed in Figure 6.13. The O2 levels were 

monitored using carbon paste electrodes implanted in the striatum and display 

characteristic diurnal changes. The O2 levels increase during the light phase when the 

animals usually sleep and decrease during the dark phase when the animals are more 

active. This suggests that O2 utilisation is slightly higher during the dark phase when 

compared to the light phase. This continuous baseline recording over an 84 hr time 
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period is stable with only small fluctuations observed related to O2 utilisation during 

various physiological phenomenon i.e. feeding, grooming and movement.  

In summary, the data displays a stable baseline current with slight fluctuations 

observed indicative of the real-time monitoring of O2. This baseline will provide a 

comparison for the repeated administration of reserpine (0.1 mg/kg) data, with any 

observed changes in the O2 levels attributable to a drug effect. 

 

6.3.6.2 Effect of Multiple Administration of Reserpine on Oxygen 

Levels 

As mentioned previously, the repeated administration of a sub-effective dose (0.1 

mg/kg) of reserpine is utilised as a pharmacological model of the progressive nature 

of PD. The administration of a single low dose of reserpine can induce deficits in 

emotional memory without causing motor alterations. This section investigates the 

effect the repeated administration of reserpine has on O2 levels to determine the role 

of O2 in the manifestation of oxidative stress in the striatum. Average O2 levels 

monitored using carbon paste electrodes implanted in the striatum after administration 

of ten reserpine (0.1 mg/kg) injections subcutaneously is shown below in Figure 6.22 
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Figure 6.22: The average O2 signal (n = 8) recorded in the striatum over a continuous 48 

hr period following the repeated systemic administration of reserpine (0.1 mg/kg). Each 

number corresponds to the relevant injection (1-10), the red arrow indicates the 

administration of the reserpine injection. The shaded region represents the dark phase. 

The average SEM current for the O2 sensors over the 10 reserpine injections was 5.12 ± 

0.26 nA (n = 8). 

The results above display the effect the repeated administration of reserpine has on the 

O2 levels monitored by carbon paste electrodes implanted in the striatum. It is clear 

that similar to the baseline trace (see Figure 6.21) the O2 levels change depending on 

the time of day. The O2 levels increase during the light cycle (07:00-19:00) and 

decrease during the dark phase (19:00-07:00) when the animals are active. This trend 

is observed for all 48 hr time periods after the administration of the various reserpine 

injections (1-10). 

Analysing the data over a 48 hr period, AUC analysis was performed in order to 

quantify any changes in striatal O2 levels as a result of the drug administration. As 

mentioned previously for the NO sensors, each 12 hr data set was analysed 

individually and the mean was calculated. All data was background subtracted and the 

results are shown below in Figure 6.23  
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Figure 6.23: A bar chart displaying the changes in AUC for baseline O2 levels and O2 

levels during multiple injections of reserpine (0.1 mg/kg) monitored by carbon paste 

electrodes implanted in the striatum. Inset displays a comparison between the AUC 

calculated for O2 levels recorded during a baseline period and after a saline injection. 

This bar chart displays the changes over the course of 2 day periods starting at 11:30 (A) 

2 night periods beginning at 23:30 (B) and over the 48 hr period (C) with the average 

total area plotted. 

The figure above displays the differences in the AUC values calculated during a 

baseline period and after the administration of 10 reserpine injections. The inset 

displays the difference between the AUC value calculated for the O2 levels recorded 

during a baseline period and after the administration of saline. The saline injection, 

however, needs to be repeated as this shows a n = 2 in one animal so the error 

calculated is very large. 

Analysing the data over a 48 hr period gives a baseline AUC value of 123.76 ± 16.55 

nA.hr (n = 8) and this value will be used to compare the effect of the drug on the 

striatal O2 levels. A change (P = 0.8083 and P = 0.5918) in the AUC value is recorded 
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48 hrs after the 1st and 2nd injection when compared to the baseline levels, with values 

of 117.90 ± 16.97 nA.hr (n = 8) and 110.75 ± 14.42 nA.hr being obtained respectively. 

Injection 3 shows a similar result (P = 0.8345) to the baseline with a value of 119.20 

± 13.60 nA.hr calculated. However, a small change (P = 0.0791 and P = 0.1634) in the 

AUC is recorded for injections 4 and 5 respectively, however, both values 90.04 ± 6.57 

nA.hr (n = 8) and 95.82 ± 9.32 nA.hr are not significantly different to the baseline 

value of 123.76 ± 16.55 nA.hr (n = 8). Injection 6 shows an almost identical AUC 

value (P = 0.8850) of 126.95 ± 13.97 nA.hr (n = 8) when compared to the baseline 

value which suggests no variation in O2 levels in the striatum after the administration 

of the 6th injection. However, similarly to the NO levels the O2 levels change between 

the 7th and 10th injections. A difference (P = 0.4578) in the AUC value (106.92 ± 15.87 

nA.hr, n = 8) is observed after the 7th injection when compared to the baseline value 

of 123.76 ± 16.55 nA.hr. Similarly, injection 8 demonstrates a further change in the 

AUC value recorded to 92.87 ± 11.72 nA.hr which is not significantly different (P = 

0.1489) to the baseline value of 123.76 ± 16.55 nA.hr (n = 8). Injections 9 and 10 show 

almost identical values of 89.77 ± 9.45 nA.hr and 89.50 ± 7.81 nA.hr, respectively, 

with neither significantly different (P = 0.0962 and P = 0.0822) to the baseline value 

of 123.76 ± 16.55 nA.hr (n = 8). 

The animals submitted to the repeated dose of reserpine every second day showed no 

visible difference in their appearance, however, they developed ocular discharge after 

the 3/4th injection of reserpine. Nasal congestion is the main side effect of reserpine. 

The animals maintained their weight over the 30 days and reacted normally when 

provoked. Again, as mentioned previously, no signs of motor impairment were 

observed in the animals particularly between injections 7-10 which has been 

previously reported (Fernandes et al., 2012). However, in the absence of detailed 

behavioural testing (novel object recognition, fear conditioning etc) it is difficult to 

replicate these results in this research. However, no signs of motor impairment were 

observed in any of the animals submitted to the reserpine treatment. 

In summary, this section provides a detailed account of the effect the repeated 

administration of reserpine (0.1 mg/kg) has on striatal O2 levels. The change in these 

O2 levels were quantified using AUC analysis, however, no significant difference was 

observed in any of the values. 
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6.3.7: Light Reversal 

This section investigates the impact light reversal; lights on (19:00-07:00) and lights 

off (07:00-19:00) induces on NO and O2 levels monitored using NO sensors and 

carbon paste electrodes respectively implanted in the striatum. A baseline period of 48 

hrs was given to allow the sensors to settle before the animals started the light reversal 

experiments. As shown previously in Figure 6.7, NO shows diurnal changes, NO 

levels in the striatum increase during the day and decrease at night when the animals 

are more active. Similarly, striatal O2 levels show diurnal changes as demonstrated 

previously in Figure 6.12. This shows a similar result to NO with O2 levels increasing 

during the day and decreasing at night when O2 utilisation is higher. The animals used 

in this set of experiments were used previously in the repeated administration of 

reserpine experiments, however, they were given a rest period of 2 weeks before the 

commencement of the light reversal experiment to eliminate/minimise any effect of 

the drug.  Figure 6.24 shows the influence light reversal induces on striatal O2 and NO 

levels over a week, monitored using NO sensors and carbon paste electrodes. 
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Figure 6.24: A time vs. current profile for (A) O2 levels monitored by carbon paste 

electrodes (n = 3, SEM = 24.927 nA), and (B) NO levels recorded by NO sensors (n = 3, 

SEM = 0.104 nA) recorded over 168 hrs. The shaded region represents the dark phase 

from 07:00-19:00.  

 

The figure above demonstrates the impact light reversal induces on striatal NO and O2 

levels over a 168 hr period showing the beginning of the light reversal experiment 

where the animals were exposed to light from 19:00–07:00 hr instead of their 

previously dark phase. It is clear, that both NO and O2 levels demonstrate diurnal 

changes as observed previously, both recorded an increase between 07:00 – 19:00 and 

a decrease between 19:00-07:00. Therefore the circadian pattern remains unchanged 

however the diurnal changes are switched. Fillenz and O’Neill demonstrated that 

levels of motor activity was immediately disrupted after the reversal of the light/dark 

cycle and the pattern was re-established 8 days after light reversal (Fillenz and O'Neill, 

1986). Interestingly, after 70 hrs the O2 signal decreases and then remains stable with 

only small fluctuations observed over the 108-168 hr time period. Similarly for the 

NO data, the signal increases between 108-168 hr time period, however the diurnal 

changes are still evident; an increase in NO is observed between 07:00-19:00 during 

the dark phase and a decrease during the light period (19:00-07:00). Nitric oxide 
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synthase (NOS) plays an essential role in the synthesis of NO and acts as a mediator 

for many physiological processes, including mechanisms regulating biological clocks 

and circadian rhythms. Machado-Nils et al. demonstrates that an oscillation in iNOS 

activity and nNOS protein content occurs in the hippocampus of pigeons similar to 

experimental results shown in several brain regions in rodents (Machado-Nils et al., 

2013). Clement and co-workers analysed the links existing between cortical release of 

NO and the NOS expression and activity in adult rats during baseline conditions, 

during a 24 hr paradoxical sleep deprivation (PSD) and during the subsequent 

recovery. The results demonstrated that during baseline conditions a marked circadian 

coupling exists between cortical release of NO and the NOS expression while a long-

lasting disruption takes place during PSD and recovery (Clément et al., 2004). 

Therefore the results above suggests that a homeostatic circadian regulation of the 

sleep-wake cycle takes place, the release of NO occurs phase-locked with the nNOS 

expression and activity.  

In summary, these results demonstrate the effects light reversal induces on striatal NO 

and O2 levels. These experiments show that NO and O2 circadian patterns remain 

unaltered, however, the diurnal changes are switched an increase in NO and O2 is 

observed at 07:00 and a decrease is recorded at 19:00. However, this investigation was 

performed in one animal with 3 carbon paste sensors and one animal with 3 NO 

sensors implanted in the striatum therefore, further studies are required in order to 

verify these results.  

 

6.4: Conclusion 

The initial aim of this chapter was to monitor the changes in NO and O2 in a known 

animal model of PD. This investigation involved the administration of an acute (5 

mg/kg) and chronic (0.1 mg/kg) dose of reserpine and to monitor the changes in NO 

and O2 levels over long periods of time. It has been speculated that ROS and oxidative 

stress contribute to the pathogenesis of PD (Jenner and Olanow, 1996) and evidence 

of damage induced by oxidative stress has been discovered in both brain tissue from 

PD patients (Beal, 2002) and in pharmacological models such as reserpine (Bilska et 

al., 2007) (Spina and Cohen, 1989) and 1 methyl-4-phenyl-1,2,3,6-tetrahydropyrine 

(MPTP) (Obata, 2002). However, the results shown in this chapter postulate that O2 



Chapter 6: NO and O2 Monitoring in PD Model  
 

237  

 

and NO are not good markers of oxidative stress, particularly in this animal model of 

PD. No significance difference in NO or O2 levels were observed after the 

administration of a single 5 mg/kg reserpine injection which was verified by AUC 

analysis where similar values were calculated for baseline and reserpine treatment.  

The repeated administration of a sub-effective dose of reserpine has been identified as 

a progressive model of PD (Fernandes et al., 2012). However, the changes in the O2 

levels were quantified after each of the 10 reserpine injections and no significant 

difference was observed, however a decrease in the total area was observed from the 

8-10th injection which Fernanades et al. had speculated to be the period were oxidative 

stress occurs. Similarly, the NO levels were recorded continuously over a 20 day 

period and AUC analysis was performed to quantify any changes in NO observed as 

a result of the administration of each reserpine injection. Again no significant 

difference in the NO levels were found after the administration of the 10 reserpine 

injections. However, the NO levels decreased after the 7th injection and remained 

decreased following the 8th injection with a return to baseline levels after the 9th 

injection. 

However, current literature does not recognise reserpine as a useful model of PD 

arguing the lack of construct validity. There is no nigral striatal dopaminergic cell 

degeneration observed in this model and thus it tends to be restricted to accessing 

novel approaches to symptomatic treatment (Duty and Jenner, 2011). Other drawbacks 

of this model include its inability to induce neurodegeneration and protein aggregation 

and its lack of specificity regarding dopaminergic neurotransmission. Also, motor 

performance, monoamine content and tyrosine hydroxylase staining are partially 

restored after treatment interruption (Leão et al., 2015). This suggests that reserpine 

may lack validity as a PD model. The results in this chapter correlate with this 

suggestion in terms of determining the role of NO and O2 in the manifestation of 

oxidative stress and its role in the pathogenesis of PD.  

NO has been implicated in the regulation of sleep (Calabrese et al., 2007) (Obal Jr and 

Krueger, 2003). Previous work by Kostin and co-workers utilising the same NO sensor 

monitored extracellular levels of NO across a spontaneous sleep-wake cycle. This 

research determined that the electrode generated currents were higher during the dark 

phase when implanted in the PF-LHA (Kostin et al., 2013). However, the results 
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observed in this research showed an opposing trend, the NO levels increased during 

the light phase and decreased during the dark phase. This same trend was observed by 

Cespuglio et al. when monitoring NO levels in the nRD however an opposing trend 

similar to Kostin’s results was observed in the Cx (Cespuglio et al., 2012). Therefore, 

it can be postulated that diurnal NO changes are region specific. Similarly, diurnal O2 

changes were observed; striatal O2 levels increased during the light period and 

decreased during the dark period when the animals were more active. Therefore, it can 

be expected that O2 utilisation is higher resulting in a decrease in the O2 signal. The 

changes in striatal NO and O2 levels were quantified using AUC analysis over a 72 hr 

period and it was determined that no significant change was observed in the NO/O2 

levels between the day and night phases. This control baseline data was used to 

account for any changes attributed to the reserpine administration over a longer time 

period.  

Finally, preliminary investigations of light reversal involving 2 animals (one with O2 

sensors and the other with NO sensors both implanted in the striatum) over a 168 hr 

period was performed. An increase in the NO signal was observed between 07:00-

19:00 while a decrease was monitored between 19:00 and 07:00, irrespective of lights 

on or off. Similarly O2 levels were monitored by carbon paste electrodes, the circadian 

rhythm an increase in O2 observed between 07:00-19:00 and a decrease recorded 

between 19:00-07:00 was demonstrated for 60 hrs. However, after 60 hrs the O2 signal 

decreased and remained almost stable with minor fluctuations between 108-166 hrs. 

Further investigations will have to be performed in order to verify these results. 

Although this research remains inconclusive on the role of oxidative stress using NO 

and O2 as markers of oxidative stress in this particular animal model of PD, other ROS 

such as H2O2 and O2
- may provide previously undetermined information surrounding 

the etiology and pathophysiology of PD using this animal model. However, the 

baseline recorded data for both NO and O2 levels in the striatum over extended periods 

of time provides a novel insight and foundation for further studies into the role of both 

species in the regulation of sleep. 
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7.1 General Conclusions 

The mammalian brain is a very complex organ that supports a wide range of functions including 

sensory input and processing, behavioural output or response, emotional response, memory 

and cognition. A number of techniques have been employed to determine the structure, 

metabolism and the role of neurochemicals in the brain. These include non-invasive techniques 

such as functional magnetic imaging (Austin et al., 2003), spectroscopic analyses, positron 

emission tomography (Phelps, 2000) and invasive techniques including microdialysis (Miele 

and Fillenz, 1996) and Long Term In-Vivo Electrochemistry (LIVE) (O'Neill and Lowry, 

2006). LIVE enables the in-situ detection of substances in the extracellular fluid (ECF). This 

technique involves the implantation of electrodes into specific brain regions, the application of 

a suitable potential and recording of the resulting Faradaic current which monitors the changes 

in the concentration of a variety of substances in the ECF with high temporal resolution over 

extended periods. This allows for the monitoring of analytes involved in neuronal signalling, 

drug actions and behaviours.   

Electrochemical techniques have been utilised in the development of sensors for the detection 

of several electroactive species including oxygen (O2) (Bolger and Lowry, 2005), nitric oxide 

(NO) (Brown and Lowry, 2003), ascorbic acid (AA) (Boutelle et al., 1989), dopamine 

(Robinson et al., 2003) and 5-hydroxytryptamine (5-HT) (Jackson et al., 1995). However, in 

order to extend this technique to detect electroinactive species such as glucose, choline, lactate 

and glutamate, biosensors have been developed. A biosensor is defined as a self-contained 

integrated device incorporating a biological recognition element in close proximity to an 

electrochemical transduction element (Wilson and Gifford, 2005)  (Thévenot et al., 2001). The 

development of biosensors has extended the pool of species which can be detected in the intact 

brain using LIVE. However, the electroactive compounds present in the ECF, tend to oxidise 

at similar potentials therefore, causing selectivity problems. The incorporation of permselective 

membranes has been utilised in the development of sensors, in order to improve the selectivity 

of the sensors by blocking other electroactive species (McMahon and O'Neill, 2005) (Lowry et 

al., 1994). In addition, utilising this technique in the intact brain poses problems including; the 

composition of brain tissue can decrease the sensitivity of the sensor as a result of fouling  

(Garguilo and Michael, 1994) and restricted mass transport compared to the in-vitro 

environment (O'Neill, 1993). The primary aim of this thesis is the development of a biosensor 
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that can detect, with appropriate sensitivity and selectivity, the reactive oxygen species (ROS) 

superoxide (O2
-) in the mammalian brain. 

Electrochemical sensors for the detection of O2
- have previously been developed by several 

research groups. Mesaros and coworkers have developed an amperometric O2
- biosensor by the 

anodic polymerisation of pyrrole and concomitant immobilisation of superoxide dismutase 

(SOD) on Pt wire. The sensor was held at +700 mV, has a detection limit of 15 nM and a 

response time of  3-5 s  (Mesároš et al., 1998). Manning et al. designed a sensor by covalently 

attaching cytochrome c to a gold working electrode through surface modification with DTSSP 

(3,3’-dithiobis(sulfosuccinimidylpropionate)). The electrode was held at +100 mV and the 

detection limit was 10 nM (Manning et al., 1998) (Manning and McNeil, 2011). Campanella 

et al. developed a O2
- biosensor based on SOD which is physically entrapped in a kappa-

carrageenan gel membrane (Campanella et al., 2000). The immobilised enzyme is then situated 

between the cellulose acetate membrane and a dialysis membrane and the whole assembly is 

fixed to the transducer by means of an O-ring. The Pt anode is then held at +650 mV with the 

sensor having a minimum detection limit of 0.01 mM and a response time ≤ 100 s.  

Chapter 4 outlines the developmental steps undertaken to develop a sensitive and selective O2
- 

biosensor for in-vivo neurochemical applications. The effect the addition of an immobiliser, 

stabilisers and cross-linkers were investigated in terms of their use in conjunction with the 

enzyme and their effect on the sensor’s sensitivity and kinetic parameters. The immobilisation 

matrices utilised were both styrene and methyl methacrylate (MMA). It was determined that 5 

layers of enzyme immobilised within these matrices was optimal for the biosensor design. The 

optimal enzyme unit of activity was determined to be a 200 U enzyme solution. The 

incorporation of a cross-linker GA, alongside PEI proved advantageous, however, the inclusion 

of the stabiliser BSA resulted in a significant decrease in the Vmax current and Km concentration 

recorded. These three components were extensively characterised in terms of their effect on 

the immobilisation of the enzyme until the optimal concentration and position in the layering 

process was determined for maximising O2
- detection. The best design recorded was Sty-(SOD-

0.5%GA-2%PEI)5 which has a sensitivity of 0.91 ± 0.06 nA/µM , Vmax of 15.98 ± 0.15 nA and 

a Km concentration of 10.33 ± 0.27 µM (n = 17).  

The aim of Chapter 5 was to determine an accurate and selective representation of current 

generated by the enzymatic dismutation of O2
- at the Pt surface. Firstly, this chapter 

demonstrated that uric acid (UA) was generated as a by-product of the xanthine/XOD system. 
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This interferent molecule was successfully eliminated with the addition of the size exclusion 

polymer poly-o-phenylenediamine (PPD). PPD blocks access of larger interferent molecules 

such as AA and UA but smaller molecules such as H2O2 can permeate the layer (O’Brien et 

al., 2007) (Rothwell et al., 2008), therefore the biosensor’s signal is not compromised. This 

chapter also demonstrated that the spontaneous dismutation of O2
- is taking place in the 

electrochemical cell generating H2O2. The production of H2O2 by the spontaneous dismutation 

of O2
- was determined using catalase, a single 200 µL injection resulted in an instantaneous 

reduction in the electrochemical signal back to baseline. This was also verified using a Pt-

Catalase biosensor whose design was based on a previously developed H2O2 biosensor 

(O’Brien et al., 2007), where the signal was significantly reduced (P < 0.0001) when compared 

to the Pt-PPD sensor.  

The contribution of this naturally occurring H2O2 is difficult to eliminate as H2O2 is permeable 

to the thin PPD layer. A dual sensor design can be employed and Section 5.3.8 shows this 

design in operation. The O2
- biosensor described in this section consists of a pair of Pt 

electrodes, one with SOD immobilised on the electrode (O2
- biosensor) and one without SOD 

(blank electrode). The H2O2 response of the blank sensor is lower than the SOD biosensor as 

this biosensor has SOD immobilised on the Pt surface which facilitates the enzymatic 

dismutation of O2
- with the production of H2O2. Both sensors observe a signal from the 

spontaneous dismutation of H2O2 in the electrochemical cell, however, this response can be 

subtracted from the SOD biosensor to give the true response from the enzymatic dismutation 

of O2
-. A  O2

- biosensor developed by McNeil and co-workers based on SOD-coated platinised 

activated carbon electrodes (PACE) (Pontie and Bedioui, 1999) utilised a similar subtraction 

method. The SOD-coated biosensor was polarised at +320 mV to estimate the H2O2 produced 

by the enzymatic disproportionation of O2
- through its oxidation current and then a second 

electrode consisting of BSA coated PACE was incorporated to measure the natural 

disproportionation of O2
- which was then subtracted from the combined current. Additionally, 

this chapter details advancements of the initial in-vitro characterisation determining the 

biosensor’s limit of detection (LOD), response time and its ability to block interferences from 

electroactive species present in the ECF.   

The initial aim of Chapter 6 was to monitor the changes in NO and O2 in a known animal model 

of Parkinson’s disease (PD). This investigation involved the administration of an acute (5 

mg/kg) and chronic (0.1 mg/kg) dose of reserpine and to monitor the changes in NO and O2 
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levels over long periods of time. It has been speculated that ROS and oxidative stress contribute 

to the pathogenesis of PD (Jenner and Olanow, 1996) and evidence of damage induced by 

oxidative stress has been discovered in both brain tissue from PD patients (Beal, 2002) and in 

pharmacological models such as reserpine (Bilska et al., 2007) (Spina and Cohen, 1989) and 1 

methyl-4-phenyl-1,2,3,6-tetrahydropyrine (MTPT) (Obata, 2002). However, this chapter 

postulates that O2 and NO are not good markers of oxidative stress particularly, in this animal 

model of PD. No significance difference in NO or O2 levels were observed after the 

administration of a single 5 mg/kg reserpine injection which was verified by area under the 

curve (AUC) analysis which calculated similar values for animals treated with reserpine and 

the baseline.  

The repeated administration of a sub-effective dose of reserpine has been identified as a 

progressive model of PD (Fernandes et al., 2012). The changes in the O2 levels were quantified 

after each of the 10 reserpine injections and no significant difference was observed. However, 

a decrease in the total area was observed from the 8-10th injection which Fernanades et al. had 

speculated to be the period were oxidative stress occurred. Similarly, the NO levels were 

recorded continuously over a 20 day period and AUC analysis was performed to quantify any 

changes in NO observed as a result of the administration of each reserpine injection. Again no 

significant difference in the NO levels were determined after the administration of the 10 

reserpine injections. Similarly to O2, the NO levels decreased after the 7th injection and 

remained decreased after the 8th injection with the levels returning to the baseline value after 

the 9th injection. However, current literature does not recognise reserpine as a useful model of 

PD arguing the lack of construct validity as no nigral striatal degeneration occurs (Duty and 

Jenner, 2011). The results obtained in this chapter correlate with this suggestion in terms of 

determining the role of NO and O2 in the manifestation of oxidative stress and its role in the 

pathogenesis of PD 

Finally, Chapter 6 shows preliminary investigations submitting 2 animals, one with O2 sensors 

and the other with NO sensors both implanted in the striatum to light reversal to monitor the 

changes in NO and O2 levels over a 168 hr period. An increase in the NO signal was observed 

between 07:00-19:00 while a decrease occurred between 19:00 and 07:00 irrespective of lights 

on or off. Similarly O2 levels were monitored by carbon paste electrodes, the circadian rhythm 

(an increase in O2 observed between 07:00-19:00 and a decrease recorded between 19:00-

07:00) was demonstrated for 60 hrs. However, after 60 hrs the O2 signal decreased and 
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remained almost stable with minor fluctuations between 108-166 hrs. Further investigations 

will have to be performed in order to verify these results. 

This research demonstrates the development of a selective and sensitive O2
-   biosensor with a 

sub-second response time suitable for neurochemical monitoring of the target analyte. 

However, few reports exist of the monitoring of O2
- in-vivo. Fabian et al. measured O2

- in-vivo 

using a cytochrome c based platinised carbon electrode (Fabian et al., 1995). This research 

demonstrated that this sensor was sensitive to changes in O2
- levels and responsive to minute 

by minute changes in O2
- levels during brain tissue injury and traumatic models of brain injury. 

Progression of this work would be a full in-vivo characterisation of this biosensor enabling 

therefore its use in neurochemical monitoring of O2
- in various animal models of 

neurodegenerative diseases. This research remains inconclusive on the role of oxidative stress 

using NO and O2 as markers of oxidative stress in this particular animal model of PD. Further 

work with this animal model involving the monitoring of other ROS such as H2O2 and O2
- may 

provide previously undetermined information surrounding the etiology and pathophysiology 

of PD. NO has previously been speculated to be a regulator of sleep and preliminary results 

measured NO levels during light reversal and demonstrated that the circadian pattern remained 

unchanged, however, a switch in the diurnal changes was observed. Progression of this work 

would involve further investigations into the role NO plays in the regulation of sleep by 

monitoring the sleep-wake cycle in various brain regions including the hippocampus, prefrontal 

cortex, disruption of the sleep wake cycle by submitting animals to light reversal, determining 

the effects of sleep deprivation on NO levels, and investigating the effect the NO contribution 

has in the sleep impairments related to aging. Further work into the role of NO in sleep 

regulation could be investigated by the manipulation of NOS by administering local injections 

of NOS inhibitors and NOS donors such as L-NAME and  L-NA and recording there effects on 

the NO signal observed during different sleep cycles.  
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