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Summary 

Nitric oxide (NO) plays a key role as biological messenger in the biological system, 

however detection and quantification thereof has always posed significant problems. 

NOx is a principal constituent of air pollutants. There are seven oxides of nitrogen of 

which N2O, NO and NO2 are most important. NO is a free radical and reacts extremely 

fast with oxygen, peroxides and superoxides. It’s these reactions which are responsible 

for NO’s fleeting existence.  

The specific detection and quantification of NO still remains challenging. Most 

techniques rely on the measurements of secondary nitrite and nitrate species. 

Electrochemical techniques using ultra micro-electrode systems presented the 

possibility of direct detection of NO, offering a range of favourable characteristics; 

good selectivity towards NO, good sensitivity, fast response, long-term stability and 

ease of handling. 

Electrochemical detection of NO relies on the modification of electrode surfaces and 

exploiting the redox properties of NO. NO can either be oxidized or reduced 

electrochemically depending on the nature of the solution. Under cathodic current NO 

is reduced to nitrosyl, a highly unstable derivative of NO. These nitrosyls are subject 

to a serious of chemical reactions to eventually form nitrous oxide. Due to the 

interferences presented by the electrochemical reduction of NO, the electro oxidation 

of NO is therefore the methodology of choice for NO detection. The electrochemical 

oxidation of NO occurs at positive potentials around 800 mV vs. Ag/AgCl. However 

this potential range is not only favourable to NO oxidation but can lead to the oxidation 

of several other biological species. These interfering species are biologically present 

at concentrations higher than NO therefore selectivity is of the highest order when 

designing these electrode systems. Some nitric oxide sensors are limited in their 

sensitivity, stability and reproducibility. 

Direct electron transfer between redox proteins and conductive membrane layers has 

been scrutinized for years in an attempt to reproduce the mechanistic charge transfer 

processes for sensor application. However, literature reports have presented many 

arguments on the complexities associated with depositing these enzymes on electrode 

surfaces for the purpose of reproducing direct electron transfer at metalloprotein 

centres.  

The study sets out to design a material which could mimic the electrochemistry of 
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denatured cytochrome-c. To achieve this it was imperative to design a polymer which 

could reproduce the electrochemistry of the ligands coordinated to the metal centre of 

the metalloprotein. A novel Schiff base was synthesized by cross-linking naphthalene 

to pyrrole to produce the monomer, N,N-bis((1H-pyrrol-2-yl)methylene)naphthalene-

2,3-diamine). The monomer was electrodeposited on a screen print carbon electrode 

(SPCE) vs. Ag/AgCl and served as a supporting layer for denatured cytochrome-c. 

Cytochrome-c is classified as a metalloprotein. These metalloproteins possess metal 

centres which when denatured unfolds and allows access to the metal centre. 

Cytochrome-c was subjected to thermal denaturation which opened up the iron centre. 

The denatured metalloprotein was cross-linked to the ligand to reconstruct the heme 

centre environment. This was believed to facilitate the electrochemical activity of the 

system and allow for electrochemical analysis of these metalloproteins for sensor 

application. The redox behaviour of the sensors were modelled in phosphate buffer 

solution (PBS) with cyclic voltammetry. Electrochemical analysis reported the sensors 

to possess reversible electrochemistry with diffusion control characteristics. The 

sensor recorded a redox system in the negative potentials range. Following the 

establishment of the electrochemical profile of the sensor an attempt was made to 

produce a synthetic analogue of denatured cytochrome-c. Iron (II) was chelated to the 

monomer N,N-bis((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine) to form an 

iron ligand complex. The complex was subjected to a series of characterization 

techniques which confirmed coordination to the metal centre. The iron ligand complex 

was electrodeposited on a SPCE over the potential window of -1 V and 1 V to model 

the electrochemical behaviour of the sensor. The material was found to be 

electroactive. Subsequent electrochemical analysis revealed the system to have 

electrochemical properties, analogous to that of the denatured cytochrome-c system.   

The sensor was applied in NO and NO2 studies and displayed an affinity towards NO. 

Based on extrapolated values it was postulated that the lower limit range for NO 

detection was in the range of 30 to 40 nM. The potentials recorded were lower than 

the reported oxidation potentials for nitric oxide. The sensor displayed stability and 

selectivity towards nitric oxide within a complex matrix. The complex matrix 

employed in this study was synthetic urine that was synthesised in the lab. The sensor 

displayed the capacity for linear range of NO detection with very low error margins.  
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1. Research proposal 

The following section discusses the life cycle of nitric oxide (NO) in the ecosystem. 

It describes the presence of NO in the atmosphere and the impact thereof on climate 

change. Presented here is a brief overview of the regulation of NO which is followed 

by an extensive discussion on biological synthesis thereof, sources, health 

complications associated with NO and possible applications of NO markers.  

 

1.1 Nitric oxide in the atmosphere 

The earth’s atmosphere is made up of a collection of gasses that represent the gaseous 

phase of biogeochemical cycle nitrogen, oxygen and carbon dioxide. The atmosphere 

is made up of a collective of segmented altitudes. The troposphere which is closest to 

the earth. This region is made up of the air we breathe, and where weather systems 

occur. The air pressure increases with altitude exponentially, 90% of the atmospheric’s 

mass is in the troposphere1. Gases released from the earth tend to mix throughout the 

troposphere, the region is identified by slow vertical transport. Above the troposphere 

the temperature begins to increase with altitude as result of absorption of light energy 

by ozone. The top boundary of the troposphere, the tropopause, is identified by the 

altitude with the lowest temperature2. The area above this is called the stratosphere 

where the temperature is higher resulting in the slow vertical mixing. The chemical 

makeup of the stratosphere is different to that of the troposphere. The water 

concentration is much lower, very little water vapour makes it through the cold trap as 

water condenses into clouds in the troposphere. Methane oxidation is another source 
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of stratospheric vapour but very little water vapour is present in this region accounting 

for low cloud formation3. The clouds in the troposphere play a crucial role in ozone 

regulation, very little ozone reach the stratosphere as they either dissolve in the water 

or are broken down by chemical reactions in the troposphere. Some of the molecules 

that reach the stratosphere are nitrous oxide (N2O), carbonyl sulfide (OCS), methane 

(CH4), chlorofluorocarbons (CFCs) and halogenated compounds3. 

The earth's atmosphere consists mainly of N2, O2, Ar and H2O, in addition to these 

components are a multitude of trace gases. The atmospheric trace gases can be divided 

into short-lived and long-lived trace gases. Most long-lived trace gases are important 

contributors to greenhouse gases and the atmospheric radiation budget. The short-

lived chemical species make up the reactive species and govern the oxidation capacity 

of the atmosphere, the ability of the atmosphere to oxidize chemical compounds to 

water-soluble gases. The upper troposphere and lower stratosphere are dynamically 

and chemically distinct regions. The upper troposphere is characterised by fast 

migration of trace gas initiated by weather systems and convection.  

The presence of NO in the troposphere is both natural and anthropogenic and is 

represented by eq (1.1 and 1.2)4. There are seven oxides of nitrogen of which N2O, 

NO and NO2 are most important that makes up the collective NOx. NOx is a principal 

constituent of air pollutants5. The dissociation products of NO2, NO and O, are 

involved in the photochemical production of O3. In the troposphere O radicals required 

for oxygen formation cannot be produced due to the lack of UV radiation blocked by 

the stratospheric ozone layer. On the other hand the role of NOx in the troposphere is 

to catalyse the production of ozone as illustrated in the following equations6. 

NO + HO2   →  NO2 + OH     (1.1) 

NO2 + hv (λ<400nm) →  NO + O(3P)     (1.2) 

O(3P) + O2 + M  →  O3 + M      (1.3) 

Eq (1.1) depicts the production of oxygen (O2) and nitrogen dioxide (NO2) through 

the reaction of NO with perhydroxyl radical (HO2). The photodissociation of NO2 into 

NO and ground state oxygen atoms (O(3P)) at wavelengths less than 400 nm7 is 

depicted in eq (2). The rate of O3 production depends on NOx concentration in the 

atmosphere. Photodissociation of ozone in the upper troposphere is associated with 

hydroxyl radical production which is the main oxidizing specie in the upper 
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troposphere7.   

A 2012 analysis from the WMO Global Atmosphere Watch programme showed the 

global average of CO2, CH4 and N2O reached new highs. Compared to levels 

preceding the industrial age the levels have increased by 141%, 260% and 120% 

respectively. The atmospheric increase of CO2 from 2011 to 2012 was higher than the 

average growth rate over the past 10 years. N2O growth rate for the same period is a 

bit smaller compared to 2010 to 2011 but was still higher than the average growth rate. 

The report showed atmospheric levels of CH4 increasing at a consistent rate. Radiative 

forcing by long-lived greenhouse gasses has by increased 32% with CO2 accounting 

for 80% of this increase. In 2014 the average atmospheric increases of CO2 from 2013 

to 2014 was close to the average over the past 10 years. For NO2 and CH4, increases 

for the same period was larger than observed for 2012 to 2013 and greater than the 

mean rates over the past 10 years. The radiative forcing for the period of 1990 to 2014 

increased by 36% with CO2 making up 80% thereof. This poses a major problem 

because it directly impacts the earth’s climate system7. 

 

1.2 Sources of nitric oxide 

Africa is the only continent which has significant land mass in both hemispheres. 

Africa’s total emissions are made of three region types. The first is windblown dust 

due to large arid regions, the next is densely vegetated forests and biomass burning. 

The third type is anthropogenic, which are generally clustered, of which industrialized 

South Africa makes up the largest component8.  

Vehicle emissions are major contributor to air quality deterioration. In urban areas 

vehicle emissions have been reported to be responsible for 90 to 95% of CO and 60 to 

70% of nitrogen oxides within the atmosphere9. Emissions levels which require 

management locally and regionally are sulphur dioxide, nitric oxides, carbon dioxide, 

volatile organic carbons, persistent organic pollutants and particulate matter. Some of 

these compounds undergo chemical transformation which results in secondary 

pollution. Pollutant transport by wind, can result in these secondary pollutants causing 

problems in distant areas and even trans-boundary pollution10. Air quality is a direct 

threat to human health. Through inhalation these pollutants have direct access to our 

bodies and result in respiratory illnesses. Environmentally, these pollutants can cause 
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acid rain which results in secondary pollution such as acidification of soils and water 

bodies. Eutrophication is a condition where nitrogen stimulates the production of blue 

algae that causes the death of fish11. Sources of air pollution can be divided into natural 

and anthropogenic sources. Anthropogenic sources of air pollution comes from fossil 

fuel burning, electricity generation, vehicle and aircraft emissions and waste 

incineration. Secondary particulate emission concentrations are dependent on point 

source concentration, temperature humidity and time. The most common secondary 

pollutants are sulphates (SO4
2-) and nitrates (NO3

-) which emanates from sulphur 

dioxide and NOx respectively. Nitric oxide is a product of high temperature 

combustion which is then photochemically converted to NO2
12. In Cape Town vehicle 

emissions have been assigned the major contributor to brown smog. A study by 

Walton (2005) identified five major sources to the brown haze problem. The sources 

that were identified were CBD, Cape Town international airport, Caltex Oil Refinery, 

Consol Glass and urban areas Khayelitsha and Mitchell’s Plain. Based on the 

CALPUFF modelling system which tracked the spatial and temporal distribution of 

NOx and SO2 and PM10 (particulate matter with aerodynamic diameter less than 10 

µM) found the CBD to be the greatest contributor of these pollutants due to the high 

traffic volumes12. According to the “National Environmental Management: Air 

Quality Act”, the objective of the act is to enforce the implementation of the air quality 

management plans in South Africa to enhance the quality of ambient air. It includes a 

list of pollutants which require an Atmospheric Emission License that stipulates 

emissions standards13.         
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Figure 1: The nitrogen cycle14  

The diagram in figure 1 illustrates the major nitrogen reservoirs, processes and 

contributors to the nitrogen cycle. Nitrogen forms part of an import class of biological 

chemicals. The conversion of nitrogen to bio-available nitrogen is essential to life’s 

processes and can only be performed by biotic processes15.  Nitrogen fixation can only 

be carried out under anaerobic conditions to essentially produce NO. NO is a product 

of biological processes but in recent years the environmental quota has come from 

anthropogenic intervention.  

 

Figure 2: Atmospheric NO2 photolytic cycle5 
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The nitrogen cycle has a major impact on the ecosystem. NO and N2O are components 

of the nitrogen cycle and are powerful greenhouse gases which are directly involved 

in the production of O3
16. In the troposphere the oxidation of volatile organic 

compounds proceed in the presence of NOx and sunlight which leads to production of 

ozone (see figure 2). Maintaining the NOx balance is important as it has a direct impact 

on ozone production17. NO reacts with O3 to produce NO2 and forms the collective 

NOx gas. NO has been reported to be directly involved in the production of OH and 

can have a direct impact on the oxidizing capacity of the atmosphere18.      

Portman, Daniel and Ravishankara (2012) reported on the chemical effects of source 

gases on stratospheric ozone. Their research built on existing knowledge and found all 

greenhouse gases play a role in the future evolution of ozone. The ozone hole was 

caused by a build-up of halocarbons. This resulted in heterogeneous reactions on 

aerosol particles to form reactive chlorine reservoirs. However, it's expected for ozone 

to recover once halocarbons return to natural levels. NO2 on the other hand has been 

identified as the largest ozone-destroying gas of anthropogenic origin, and controlling 

N2O emissions would make provision for a reduction in future ozone destruction19.  

The understanding of the regulation of trace gases is fundamental in interpreting 

climate regulation. This has sparked a demand in the quantification of such data which 

can be used for predictive modelling. The presence of NO in soil has been ascribed by 

Pilegaard (2013) as products of chemical and microbial activity. NO is mainly 

produced in soil by processes such as nitrification, denitrification and 

chemodenitrification (see figure 3). These processes can either be abiotic or biotic. 

Abiotic processes are only relevant in acidic soils with high NO2
- concentration20. In 

nitrification NO and N2O are by-products of ammonium oxidation to nitrate by 

nitrosobacteria.  

NH4
+→NH2OH → HNO → NO → NO2

- → NO3
-    (1.4) 

(Eq) 1.4 outlines the nitrification pathway under oxygenated conditions as proposed 

by Ludwig et al., (2001). The rate of nitrification is controlled by the availability of 

NH4
+ 20. Under conditions where oxygen is depleted nitrate is reduced to nitrite and 

then to NO. During denitrification micro-organisms reduce nitrogen oxides to gaseous 

products21.  
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NO3
- → NO2

- → NO (g) → N2O (g) → N2 (g)      (1.5) 

Figure 3 illustrates the production of nitric oxide in soil and the diffusion into the 

atmosphere22. The production and use of NO in soil can be ascribed to microbial 

activity and chemical activity. Nitrogen emission from soil forms part of the major 

sources of atmospheric NO. NO produced in soil can be decomposed either chemically 

or biologically. Emissions of NO from the soil is controlled by soil moisture which 

controls oxygen transport. Under dry conditions nitrification results in the emission of 

NO from soil. Under wet conditions denitrification inhibits the emission of NO from 

the soil21.  

 

Figure 3: Soil emission of NO and N2O
23  

Nitrogen oxides are vital to the ecosystem but modern agricultural practices has led to 

an imbalance in the biogeochemical cycle. The use of NH3 based fertilizers has a direct 

impact on the levels of nitrites and nitrates in the water table. Higher levels of NH3 

will impact soil nitrification and denitrification processes, and lead to increased levels 

of N2O and NO24. NOx emissions from soil has been reported to be comparable to 

anthropogenic emitted NOx to the amount of 20-24 Tg N per year.  

Of all the sources of anthropogenically produced NOx the combustion of fossil fuels 

contributes the most. NOx proceeds via four pathways during the combustion process; 

through the Zeldovich reaction of atmospheric nitrogen and oxygen which occurs at 
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high temperatures, the oxidation of nitrogen compounds chemically embedded in 

organic matter, the reaction of hydrocarbon radicals with atmospheric nitrogen and the 

heterogeneous reactions of solid carbonaceous substances25.  

 

1.3 The significance of nitric oxide 

NO is a free radical and is directly involved in plant physiological processes. NO 

influences a range of cellular processes in plants and has also been reported as a plant 

physiological mediator26. In bacteria and eukaryotes NO has been reported to play a 

crucial role in metabolic pathways. In some gram positive bacteria NO is required to 

regulate some metabolic pathways. Although there’s been few reports on the 

generation of NO in bacteria Sasaki et al., (2016) proposed the pathway Arginine → 

NO → NO3
- → NO2

- where organic nitrogen was mineralised during vegetative cell 

growth27. The primary function of NO in plants is still debated but studies have 

reported that the production of NO forms part of a myriad of cellular processes. In 

more recent reports nitrite has been proposed as the substrate for NO synthesis via 

enzymatic and non-enzymatic routes26. The role of NO in plants has been reported to 

facilitate symbiosis. A common model used to illustrate this is the nitrogen-fixing 

symbiosis between leguminous plants and nodule producing bacteria. Nodule 

development occur alongside NO development, any disruption to NO production 

impairs nodule development28. Giudice et al., (2011) investigated the presence of NO 

and its roles on M trancatula-S. meliloti symbiosis based on the leguminous plants and 

nodule producing bacteria symbiotic theory. They reported a dependence on NO for 

optimal symbiosis which was explained on the premise of a link between cytokinin 

and NO signalling during nodulation29.        

NO functions from metabolic intermediates to defence mechanisms for invading 

species. In macrophages nitric oxide is generated as a cytotoxic weapon to poison 

pathogens. NO has also been described as a metabolic intermediate and helps to 

regulate the concentration of NO in denitrifying bacteria. On a cellular level NO can 

damage cells by competing with the host for metal acquisition30. Autreaux et al (2002) 

reported on nitric oxide’s ability to inhibit ferric uptake regulation activity in E. coli. 

Ferric uptake regulatory proteins are involved in specific DNA sequences.   
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NO regulates important functions, one of the primary functions of NO is to regulate 

the interaction of O2 with haemoglobin31.  However, NO has a short life-span and its 

functions are mostly restricted to areas in close proximity to its production site, before 

it is oxidized by haemoglobin32. A short overview of the biochemistry of nitric oxide 

by Hill et al. (2010) provided the framework for the biological role of NO. Nitric oxide 

is largely derived from enzymatic and non-enzymatic pathways. Enzymatically, nitric 

oxide is produced by a group of enzymes nitric oxide synthase (NOS). The activity of 

this enzyme is regulated by various factors which include Ca2+ and the calcium binding 

protein and physical forces. NOS is stimulated by L-arginine and converted to L-

citrulline and NO (see figure 2). Different isoforms of nitric oxide synthase (NOS) 

have different physiological functions. NOS1 (nNOS) and NOS3 (eNOS) are involved 

in microvascular tone while NOS1 is linked to the systemic regulation of blood 

pressure. These enzymes are mainly expressed in the vascular endothelium but has 

also been found in neurons, epithelial cells etc. NOS2 also called inducible NOS 

(iNOS) has the highest capacity to generate NO and is mainly expressed in multiple 

cells in response to inflammatory stimuli. Large amounts of NO has been associated 

with inflammatory disease of the gastrointestinal tract33. The main role of NO is to 

interact with metal centres to allow for electrochemical interactions33. 

NO can’t be stored in the cells it’s produced in. The expression of nitric oxide 

endogenously is tightly regulated, and is highly specific. Excessive production of NO 

has been linked to conditions such as cancer34. The expression of NOS in the body is 

targeted at a subcellular level. Strategies that are currently employed as standard 

practice for the monitoring of cellular nitrogen is through lipid modification and 

protein-protein interactions. NO is expressed by three isomeric enzymes which targets 

different cellular levels35. NO has been reported to modulate different processes 

related to cancer. Figure 4 illustrates the enzymatic synthesis process of nitric oxide.     
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Figure 4: Nitric oxide synthesis pathway36 

NO synthesis in mammalian cells proceed via the oxidation of L-arginine. The 

oxidation process is catalysed by the enzyme nitric oxide synthases and occurs in 

vascular endothelial cells. In order to synthesize nitric oxide from L-arginine the 

reducing agent NADPH is required. This reaction involves the reduction of arginine 

to citrulline. In addition to this process the synthesis of NO is regulated by the calcium-

calmodulin enzymes and four co-factors NADPH, FAD, FMN and hemes37. Hemes 

and its components are coordination complexes and referred to as components of 

haemoglobin. These hemes can be described as iron coordinated to porphyrin which 

acts as a ligand. Flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) 

are biomolecules involved in metabolic processes38. It can also be produced 

endogenously from nitrite. This occurs under acidic and hypoxic conditions where 

nitrite is reduced to NO by heme proteins. Nitric oxide is a free radical with a very 

short half reported in the range of 2 ms to 2s. Endogenously nitric oxide reacts with 

ferrous iron Fe2+ and other radicals. The reaction between NO and Fe2+ in 

nitrosylation, where NO coordinates with Fe2+, is responsible for all biological effects 

of NO. The coordination of NO with the ferrous heme is involved with many 

biological processes. NO controls a number of actions in the body such as vasodilation 

and regulation of normal vascular tone. It also inhibits platelet aggregation which 

prevents thrombus formation to list a few37. The interaction of NO with Fe2+ is very 

rapid and can therefore coordinate easily to haemoprotein iron, free iron and iron-
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sulphite complexes. The binding process of NO to haemoglobin is also a method by 

which the body regulates nitric oxide in the body39. Interferents such as O2
- interferes 

with the nitrosylation process where NO can no longer coordinate with Fe2+ 4031. 

Nitric oxide synthase can be analysed by a range of methods based on either citrulline 

or NO formation. NO formation can be measured quantitatively in two ways, the 

oxidation of haemoglobin and the formation of NO2
- + NO3

-. The oxidation of 

haemoglobin is measured by spectrophotometric assays. NO2
- is measured by the 

enzymatic reduction of NO3
- and performing the Griess test. The other method 

involves measuring NO2
- through chemiluminescence or HPLC with UV detectors38.  

Nitric oxide concentrations can serve as a measure of disease. Physiological nitric 

oxide production is affected by illness. NO production has been reported to be affected 

in patients with sepsis36. Sepsis is the body’s response to infection which results in 

metabolic changes. Arginine is the only substrate that allows for the production of NO 

through nitric oxide synthase. Metabolic changes induced by infections can have a 

direct impact on the metabolism of arginine41. A study by Luiking, Poeze, Ramsay 

and Deutz (2009) investigated the production of arginine from citrulline. Ten critically 

ill patients with septic shock and two other control group patients were used in their 

study. The study found protein breakdown in patients with sepsis were higher 

compared to the controlled groups which had a direct impact on citrulline and arginine 

metabolism. This was characterized by decreased production in citrulline and arginine 

and nitric oxide42.      

The availability of nitric oxide has been reported to be affected by obesity. 

Diminishing expressions of NOS3 enzymes has been reported in obese adults and 

rodents. Studies have shown there to be an interdependency between insulin 

resistance, obesity and endothelial dysfunction. However, conceptualising this 

relationship appears challenging. Insulin has been associated with endothelial 

dysfunction. Georgescu et al., (2011) examined the mechanism and correlates by 

which obesity affected subcutaneous adipose tissue. The study reported diabetes to 

alter the structure, function and biochemistry of peri-umbilical adipose tissue. Insulin 

stimulates the production and release of nitric oxide, however structural modification 

to arterioles by obesity was found to cause a significant reduction in eNOS expression 

and NO production43.  A study by Kraus et al., (2012) investigated the relationship 
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between inducible nitric oxide synthase (iNOS) based on the rodent model which 

demonstrated a strong relationship between insulin resistance and iNOS. The study 

concluded there to be no relationship between insulin resistance and iNOS protein 

expression44.  

Under pathological conditions, where higher concentrations of induced NOS are 

recorded the metabolic pathway of NO changes. When this occurs NO can directly 

regulate the functions of ion channels and interfere with cellular processes. In spite of 

NO’s role in homeostasis NO radicals can cause DNA damage. DNA damage can 

result in two ways, reaction of NO with molecular oxygen or superoxides. Reactions 

with molecular oxygen can result in the formation of carcinogenic N-nitrosoamines. 

Reaction of NO with superoxides can produce peroxynitrite anions that can cause 

cellular damage45. Studies have reported on the involvement of NO in gastrointestinal 

ulcer formation and inflammation. Patients that tested positive for gram negative 

bacterial infections in gastrointestinal disease showed higher levels of iNOS mRNA 

expression33. The study by Kaise et al., (2003) examined the expression of iNOS in 

patients with duodenal and gastric ulcers. iNOS expression in the gastroduodenal 

mucosa was found to be higher in patients infected with gram negative bacteria 

associated with gastrointestinal disease, and recorded a decrease on iNOS expression 

when the bacteria was eradicated46.  

NOS effect in tumour growth has been outlined in a review by Xu et al., (2002) 

reported on the absence of iNOS in tumorigenic cells which promoted intestinal 

tumorigenesis in mice. Gal and Wogan (1996) investigated the impact of excess NO 

in the spleen and lymphatic tissue of mice. They developed an experimental model 

where they stimulated a specific immune response to induce iNOS expression in 

macrophages located in the spleen and kidney. NO was found to only induce mutation 

in the spleen of the mice and not the kidneys47. In breast cancer NOS was detected in 

invasive tumours grade 1 and benign tumours showed no detectable levels of NOS 

activity. Elevated levels of NO was reported for constitutive and inducible NOS for 

invasive tumours. The study concluded positive expression for NOS expression in 

breast tumours but was related to the grade of the tumour48.  

NO has been found to have contrasting effects on tumour growth, it either stimulates 

or supresses it. Ambs et al., (1998) modified tumour proteins to endogenously express 
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NOS and found NOS expression in non-mutated tumour proteins had reduced tumour 

growth. However, where these proteins were mutated to over express NO tumour 

growth was promoted49.    

 

1.4 Problem statement 

NO plays an important role in biological processes. This makes the development of 

fast and sensitive detection methods very essential for measuring NO in biological 

samples and organisms. Although electrochemical techniques allow for good spatial 

and temporal resolution for long-term NO detection, NO detection for electrochemical 

sensors still remain challenging. NO has a very short half-life. NO is a free radical and 

reacts extremely fast with oxides, peroxides and superoxides.    

Nitrites are electroactive species which have been reported to readily oxidize at 

platinum electrodes polarized at +0.9 V. However the high oxidation potential of 

nitrites introduces the prospect of interferences from other species in complex media50. 

Nitric oxide oxidation proceeds via an electrochemical mechanism. In the first step 

nitric oxide is oxidized by the solid electrode to form a nitrosonium cation (NO+) 

which is a strong Lewis acid which explains the short lifespan of these species. The 

NO+ ion is subsequently converted to nitrite. The oxidation potential of nitric oxide 

and nitrite is between 60 to 80 mV more positive than 800 mV, and forms the basis of 

nitric oxide detection in solid electrode systems. It is this very characteristic which 

facilitates the discrimination between oxidation products, nitrites and nitrates, of nitric 

oxide51.  

Advancements in improving sensitivity and selectivity with these sensors have been 

established in literacy to evolve around the development of suitable membranes for 

these electrodes52. Badea et al, 2001 designed a sensor that could effectively 

discriminate against nitrites and nitrates based on nitrite oxidation in acetate buffer 

using a Pt electrode. The electrode was polarised at +900 mV against AgCl reference. 

In order to make Pt electrodes selective to nitrite oxidation the electrodes were 

modified with cellulose acetate membranes. The membranes were applied in the 

design of an amperometric sensor for the detection of H2O2. Although the sensor was 

never tested for nitrite permeability, in its application the sensor displayed good 

mechanical stability and selectivity towards nitrite though low. Direct electron 
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transfer, between redox proteins and conductive membrane layers, has been 

scrutinized for years in an attempt to reproduce the mechanistic charge transfer 

processes for sensor application. Research has reported on the complexities associated 

with depositing these enzymes on electrode surfaces, for the purpose of reproducing 

direct electron transfer at the protein. One such enzyme is cytochrome-c, class I of the 

c-type cytochrome family. Cytochrome-c is a protein containing heme moiety. It’s 

linked to specific cysteines via thioether linkages and surrounded by a folded peptide 

chain53. During electron transfer reactions the heme alternates between reduced 

ferrous (Fe2+) and oxidized ferric (Fe3+) states54. Although cytochrome-c adsorbs 

strongly to metal electrode surfaces such Au, Ag, Pt of Hg it suffers conformational 

change of the protein which leads to retardation in electron-transfer kinetics55.  

Considering the complexities presented in literature when working with these hybrid 

systems, is it possible to synthetically emulate biosensors. Will these synthetic sensors 

be capable of reproducing the functions of its biosensor counterpart when exposed to 

specific analytes. More importantly will these sensors be stable and will the process 

be reproducible.    

Millar and Day (1996) investigated the biological effects of nitric oxide (NO) on 

cytochrome oxidase. Previous reports cited NO affects respiration by inhibiting 

cytochrome oxidase. Therefore, the focus of the research was more on plant 

mitochondrial electron transport in the mitochondria. NO was found to inhibit oxygen 

consumption via the cytochrome pathway, however as the concentration of NO 

reduced the inhibition of respiration via the cytochrome pathway was reversed. In the 

presence of NO respiratory inhibition was circumvented by alternative oxidase which 

facilitated electron flow56.   

 

1.5 Research hypothesis 

Specific detection and quantification of NO still remains challenging52. Although 

many analytical techniques have been developed, some of the most common 

techniques are chemiluminescence, UV-vis spectroscopy, electron paramagnetic 

resonance and electrochemistry57. All these techniques have limited application with 

respect to sensitivity and specificity. Most techniques rely on the measurements of 

secondary nitrite and nitrate species. Electrochemical techniques using ultra micro-
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electrode systems presented the possibility of direct detection of NO offering a range 

of favourable characteristics; good selectivity towards NO, good sensitivity, fast 

response, long-term stability and ease of handling52.  

Electrochemical detection of NO relies on the modification of the electrodes surfaces 

and exploiting the redox properties of NO. NO can either be oxidized or reduced 

electrochemically depending on the nature of the solution. Affinity towards NO can 

be achieved by modifying the electrodes with materials selective towards NO 

oxidation.  

NO in its free form is highly reactive in biological systems and is converted to nitrite 

and nitrates in water in the presence of oxygen. S-nitrosothiols have been reported to 

play a key role in transnitrosation reactions. Amino acids such as cysteine play a key 

role in the production of S-nitrosothiols through the degradation of GSNO (S-

nitrosoglutathione) resulting in higher NO concentrations58. Palemerini, Arienti and 

Palombari (2003) exploited this cellular production of NO process to assay the 

production of NO by cells. The system consisted of a graphite electrode, two Ni1-xO 

or Ag/Ag2O reference electrodes and a zirconium phosphate protonic conductor. This 

was connected to a reaction vessel and a trap containing acidic solutions of MnO4
- 

which converted NO to a more stable analogue for detection. With this system they 

were able to detect NO concentrations as low as 5 to 10 pico molar. The system has 

been reported effective for the monitoring of the release kinetics of NO donors59.  

Brown and Schoenfisch (2018) presented work that drew comparison between 

metollophthalocyanine (MPc) analogues. MPc compared to Metalloporphyrins (MP) 

catalysts presented greater thermal and chemical stability. Iron-phthalocyanine (FePc), 

cobalt-phthalocyanine, nickel-phthalocyanine and zinc-phthalocyanine were 

identified in a previous study as the most catalytic MPc complexes. NO selectivity is 

generally achieved through permeable membranes or electrocatalysts. Permeable 

electrodes enhance selectivity. Anionic and cationic membranes enhance selectivity 

by electrostatic repulsion. Although multiple membranes can facilitate selectivity it 

compromises electrode sensitivity60. Electrocatalysts function by enhancing NO 

signals or reduce the oxidation potential by means of electron transfer kinetics. Signal 

enhancement is generally restricted to the target analyte. Theoretical and experimental 

selectivity coefficients were calculated for each complex to tease out any signal 

interferents. FePc displayed the greatest selectivity for NO61.  
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Literature is overwhelmed with publications in measurements and detection methods 

of nitric oxide. However, detection of nitric oxide still remains challenging. Some 

nitric oxide sensors are limited in their sensitivity, stability and reproducibility. 

Sensors selective towards nitric oxide have additional coatings which are vital in the 

ability of these sensors to minimize interferences5152. Sensor performance depends on 

the electrode material and polymerization conditions that dictates polymer properties. 

The potential at which NO is detected depends on the substrate, electrochemical 

properties of the membrane and surface roughness60         

 

1.6 Aims and objectives: 

Aim 1: 

To synthesize a highly conjugated Schiff base compound that will serve as a suitable 

platform for metalloproteins, specifically cytochrome-c.  The metalloprotein has a 

central heme which lies at the core and forms the basis of its electrochemical 

properties. The Schiff-base will orientate the metalloprotein in a manner which will 

retain and promote its innate electron transfer capabilities.  

Objectives: 

 To synthesize a highly conjugated heterocyclic Schiff base material by means 

of a standard condensation reaction.  

 Physical and electrochemical characterization to confirm successful formation 

of the hinge type Schiff base. Spectroscopy techniques such as Fourier-

transform infrared spectroscopy (FTIR) will give confirmation of the imine 

linkage. Schiff bases show strong IR absorption bands for O-H (3475 – 

3392cm-1), N-H (3386 – 3313cm-1) and C=N (1632 – 1592) respectively. In 

the case of successful formation of the imine absorption bands at 3375cm-1 and 

1621cm-1 is expected. Ultraviolet-visible spectroscopy (UV-Vis) is extremely 

useful when studying molecules with conjugated pi systems. It is expected of 

H-NMR analysis to reveal singlet peaks for N=CH- in the vicinity of 8.5.  

 The Schiff base will then be electrodeposited and modified with the 

metalloprotein cytochrome-c. Electrochemistry will be performed on the 

denatured enzyme composite to map the redox behaviour of the system, using 

primarily cyclic voltammetry and square wave voltammetry.   
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Aim 2:  

Metalloproteins however present some limitations one of which is electron transfer 

retardation. Therefore, a synthetic analogue of cytochrome-c will be synthesized that 

will mimic its electron transfer process. This process will proceed by synthesizing a 

Schiff-base macromolecule from the monomer that will replicate the redox properties 

of the Schiff-base metalloprotein complex.  

 The Schiff-base ligands will be used in the design of a FeL4 type complex to 

simulate the orientation and structure of denatured cytochrome-c, by chelating 

the iron with the Schiff base through refluxing the Schiff base in an alcoholic 

iron salt solution.  

 The spectroscopic and electrochemical evaluation of the FeL4 complex and its 

ability to mimic the redox properties of the cytochrome-c deposited onto the 

Schiff base modified electrodes. Spectroscopy techniques such as FTIR will 

give confirmation of the iron linkage to the Schiff base in the mid infrared 

region in the vicinity of 500 cm-1. EDS and EELS will give evidence of the 

presence of elemental iron 

 

Aim 3:  

The composite material will then be applied in NOx detection studies.  In the design 

of the composite material the heme structure of cytochrome-c was emulated by using 

the Schiff-base ligand and complexing it with iron. The electron transfer reactions of 

the complex was then compared to the Schiff-base modified with denatured 

cytochrome-c. 

 A UV control study will be performed aimed at evaluating time-dependent 

changes to the concentration of nitric oxide in phosphate buffer at pH 7.  

 The response of the sensor systems developed will be evaluated using NO 

donor, diazeniumdiolates (Z)-1-(N, N-diethylamino)-diazen-1-ium-1,2-diolate 

(DEA-NONOate). DEANONOate spontaneously decomposes to nitric oxide 

in neutral pH and will be electrochemically detected. The electrochemical 
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techniques that will facilitate the experimental research are cyclic voltammetry 

and square wave voltammetry.  

 The sensor systems will be assessed in the application of nitric oxide recovery. 

Screen printed carbon electrodes modified with the iron ligand material will be 

applied in experimental studies to recover nitric oxide from synthetic urine.   
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2. Literature review 

The following review discusses the prospects of Schiff base ligands and their 

applications as suitable biosensor platforms for NOx detection. NO oxide plays a key 

role as biological messenger in the biological system, however detection and 

quantification of NO have always posed significant problems. NO is a free radical and 

react extremely fast with oxygen, peroxides and superoxides. It’s these reactions 

which are responsible for NO’s fleeting existence. And this is why the specific 

detection and quantification of NO still remains challenging52.  

 

2.1 Background  

Presently there are many techniques available for measuring gases for quantitative or 

qualitative analysis. Many of the techniques however are sophisticated and technical 

with instrumentation requiring serious capital investment. Therefore the past few years 

there has been extensive efforts devoted to the development of gas sensor 

technologies. Gas sensors are chemical sensors that translates chemical states into 

electric signals. In these sensors a sensitive layer is in contact with the analyte. When 
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exposed to the analyte the sensitive layer undergoes a change in chemistry. The 

sensitive layer is mounted on a platform which translates the chemical change of the 

sensitive layer after exposure to the analyte into electrical signals. Chemical sensors 

are divided into two domains, physical transducers and chemical interfaces. The 

chemical interface refers to the chemical interaction of the analyte with the surface 

which facilitate changes in either the physical or chemical properties of the sensor62. 

Biochemical gas sensors have achieved success in detecting H2 by means of gas-

permeable membranes with immobilised bacteria and achieving satisfactory 

selectivity. However, these devices are not functional at elevated temperatures. 

Semiconductor sensors have two types of sensors: either semiconductor metal oxide 

films or mixtures of semiconducting oxides and metal phthalocyanine organic 

semiconductors. Poor selectivity to different gases is still a major limitation with these 

systems. Solid electrolyte sensors are well known for its quality performance and has 

been the most promising of the lot for commercial applications due to its high 

selectivity, simplicity and rapid response time. Major advances were made in galvanic 

cells and accelerated with advancements in the fields of solid-state ionics and 

electronics. The performance of solid-state electrochemical gas sensors were rated on 

response time, thermodynamic stability, operating temperature, gas-sensing ability 

and sensitivity. However, the need for cheap, easily deployable sensors that could 

collect emission data over wide areas were required to better understand NO2 

emissions over broad landscapes. 

 

2.2 Sensors 

Electrochemical sensors are analytical devices which can translate analytical 

information to electronic signals through transduction. Electron transfer is inherent to 

biological and chemical systems and is mostly associated with energy transduction. In 

nature basic fundamental processes rely on the electron transfer reactions associated 

with redox proteins. In electrochemistry the electron transfer between the analyte and 

electrode surface forms the backbone of analytical detections by converting bio-

recognition processes to signals. This process is referred to as electrochemical 

transduction. In potentiometric devices the former process is characterized by the 

production of a potential signal. In amperometric systems the subsequent signal 

response is an expression of the redox activity of electroactive species63.  
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Sensors can be classified on their mode of transduction and application. Sensors that 

are based on transduction are; Potentiometric sensors, which can either be symmetrical 

or asymmetrical. Potentiometric sensors applied as biosensors incorporating enzymes 

and antibodies consume or produce species which can be directly monitored by an ion-

selective electrode. In amperometric sensor the signals are proportional to the 

concentration of the analyte specie. Suitable species for detection are electroactive 

species which are capable of oxidation or reduction. A study by Umaña and Waller 

(1986) reported on the amperometric detection of glucose. Glucose oxidase enzyme 

was electrodeposited onto the electrode surface by electropolymerizing pyrrole in the 

presence of the enzyme. The glucose oxidase could be incorporated into the 

polypyrrole film during formation for glucose detection. The sensor could determine 

glucose in an aqueous environment for up to seven days64.  

Polymers serve one of two functions. In sensor devices they either participate in the 

sensing mechanism or immobilizes the component responsible for sensing62. 

Piezoelectric sensors generate acoustic waves which are propagated by an external 

alternating current between two electrodes. These sensors are mostly applied for gas-

phase monitoring calorimetric sensors. The measured resistance is a function of 

temperature and is commonly used in thermal enzyme probes.  Optical sensors find 

application in the measurement of light absorbed or emitted during a biochemical 

reaction. The light waves are guided by optical fibers to suitable detectors and find 

application in the measurement of pH, O2, CO2 etc.  

 

2.3 Advances in sensors 

In recent years research and development rendered new classes of polymeric sensor 

material with properties intrinsic to inorganic systems. Conductive polymers 

contributes more than a suitable medium for the biological component. These 

polymers are known as conductive polymers which exhibit unusual electrical and 

optical properties62. Conducting polymers exhibit electrochemical driven expansion 

and shrinkage that are driven by oxidation/reduction processes under applied potential. 

During the oxidation reduction processes when conductive polymers are laminated 

against a second layer, a stress gradient is generated which, can either cause bending 

away or towards the conductive polymer film. Gaihre et al., (2013) examined the 
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displacement of bilayer actuators based on three different polymers (polypyrrole 

(PPy), poly(3,4-ethylenedioxythiophene) PEDOT and poly(3,3-dihexyl-3-4-dihydro-

2H-thieno[3,4b][1,4]-dioxepine [PProDOT(Hx)2] synthesized under different 

conditions.  The study found the displacement of the chemically synthesized bilayer 

actuators were lower than the electrochemically synthesized actuators that showed 

better displacement. It was found that the conducting polymers that were 

electrochemically polymerized exhibited greater conductivity. The polymers are 

arranged from that of greatest displacement to lowest; PPy, PProDOT(HX)2 and 

PEDOT65. Conductive polymers have been reported to be influential in the 

electrochemical reactions of the system as well expressing selective and transducer 

properties as well. The contribution of conductive polymers can be explained as 

follows; in the case of its selectivity the material, when exposed to redox 

environments, adopts a reduced or oxidized state. The redox environment generally is 

created by specific analytes, which facilitates the metamorphosis of the conductive 

polymer affording it an altered electrochemical fingerprint66.  

Electrically conducting conjugating polymers display interesting electrical and optical 

characteristics. Electrically conductive polymers differ from inorganic 

semiconductors in that polymers are molecular in nature and lack long-range order. 

Conducting polymers contain π-electron backbones which are responsible for the 

electrical conductivity, low energy optical transitions, low ionization potential and 

high electron affinity. It is this innate property of conducting polymers that makes their 

application in sensors as attractive. It enhances speed, sensitivity and versatility of 

sensors. Conductive polymers have shown promise in sensing for gases with acidic, 

basic or oxidizing characteristics. Conducting polymers in gas sensing applications 

are polythiophene and its derivatives, polypyrrole, polyaniline and composites of the 

polymers67. In pH sensors polyaniline membranes have improved on sensor stability 

in the presence of air. In ion-selective electrodes the conducting polymer can either be 

the conductive system or function as a matrix for the conductive system. When using 

PANI as a membrane, matrix ionic response signals can be transformed to electronic 

signals68. The conductivity of conductive polymers can be manipulated by doping 

using electrochemical techniques. The electrical conductivity is also affected by 

responses to changes in pH, applied potentials or their environments69. Polymer 

materials are generally associated with flexibility and ease of process but they also 
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possess conducting properties. These properties are associated with a class of 

polymers, conjugated polymers, with electrical and conducting properties similar to 

metals and semiconductors. These properties of conductive polymers makes for 

interesting applications as electrochemical sensors70.  

 

2.4 Conductivity and electrochemical sensors 

Conjugated polymers made up of conjugated π-electron systems delocalize along the 

polymer backbone. Injection of a charge into the polymer backbone results in a 

reorganization of the electronic state excitation, where the intruding electron fits into 

the deformed chain of the polymer. This phenomenon is referred to as the 

polaron/bipolaron state67 which accounts for the electrical transport mechanism in 

conducting polymers. The polaron/bipolaron effect was illustrated by Heeger (1985) 

who performed a series of excitation experiments on polyacetylene and polythiopene 

systems. The study assessed the mid-gap state and the subsequent changes to the 

characteristic IR absorption spectra induced by chemical dopants or photoinduced 

excitation71. Conductive polymers not only play a role in charge transfer mediation 

but also acts as a binding mechanism66. The former was illustrated by Swann et al. 

(1997) whom studied the function of polypyrrole films in enzymatic electrodes, in 

particular diffusivity. The study was conducted by modifying a Pt electrode containing 

a film of D-fructose dehydrogenase with polypyrrole. The performance of the 

electrode was assessed on the basis of standard fructose response. The performance of 

the composite sensor was enhanced substantially with a charge capacity ranging 

between 1000 to 2000 nA/cm2 and a fructose activity reduction from 300 to ~190 

mU/cm2 in comparison to the fructose monolayer electrode. They attributed the 

performance of the sensor to the charge transfer capacity of polypyrrole. This however 

was found to be subject to polymer thickness72.  

 

2.5 Biological integration in electrochemical sensors 

There's been extensive reports on electronic communications between functionalised 

conducting polypyrrole and redox proteins, in solution. What was achieved was an 

approach to study biological electron transport between proteins and polymeric 

materials using electrochemically functionalised conducting polymers to produce thin 

http://etd.uwc.ac.za/



24 

 

films73. The methods used had potential advantages over more standard techniques 

used in bioelectrochemistry as found in self-assembled monolayers. By employing this 

technique polymer films could be used to modify a wider range of electrode materials 

which allowed for the synthesis of biological significant chemical functionalities at 

the surface for molecular recognition. The synthesized functionalized interfaces could 

be introduced to the biological solution as a stable film. It also allowed for altering of 

the physical character of the film by modifying polymerization conditions74. The 

theoretical study by Del Nero, Galvão and Laks (2003) found electrochemical 

behaviour of the substituted pyrrole monomers to be unaffected by the absence of 

carboxylic acid groups when used as a working biosensor for cytochrome-c. 

Carboxylic acid groups were reported to facilitate the orientation of the protein and 

enable electron transfer. The study found on the other hand that the structures of the 

monomers were responsible for the differentiation in electrochemical behaviour75. 

Immobilization of biomolecules often compromise the activity of the enzyme. Losses 

have been attributed to conformational changes or interactions between the 

biomolecule and the solid surface. Chah, Kumar, Hammond and Zare (2004) presented 

a method to quantify the biological activity of the biomolecules attached to solid 

surfaces. The stability of biomolecules were reported to be a function of its 

thermodynamic properties which could be expressed through Gibbs free energy. The 

technique that was used to monitor the enzyme kinetics was surface plasmon 

resonance. It provided information on the refractive index of the denatured and 

renatured biomolecule. The reflectivity of the light would in turn affect the dielectric 

constant and the thickness. The changes were then expressed in the SPR plots. This 

facilitated the calculation of the Gibbs free energy and allowed for the quantification 

of denaturation and renaturation changes of the biomolecule76. Electronic kinetics of 

immobilized proteins are slow and slows down further as SAM chain length increases. 

Experimental work has indicated electrostatic or chemisorptive end-capping of the 

proteins with gold nanoparticles to improve distant donor-acceptor electronic 

coupling. A study by Caban, Offenhäusser and Mayer (2009) bovine heart 

cytochrome-c was electrostatically coupled to an atomically flat Au (111) surface 

through a monolayer of 11-mercaptoundecanoic acid. AFM and SEM characterisation 

confirmed the presence of gold nanoparticles on the protein monolayer. Binding of the 

gold nanoparticles to cytochrome-c was identified with AFM to proceed via two 
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mechanisms which was identified by changes in magnitude of redox response. It was 

postulated that the attachment of the nanoparticles might have caused substantial 

deformation of the protein's ternary structure resulting in increased heme-electrode 

distance. The changes in response was related to immobilization time of the particles 

and their size. Binding of the Au nanoparticles was also found to favourably alter the 

spatial geometry of cytochrome-c by accelerating the long range electron transfer rate 

of the protein77.  

 

2.6 Redox proteins in electrochemical sensors 

Cytochrome-c has been reported to loose functionality once immobilized on an 

electrode surface. The loss in function has been reported to be attributed to protein 

denaturation, however modifying the electrode surface by chemisorbed self-

assembled monolayers (SAM) appears to have overcome that limitation. The 

interaction between the protein and the SAM has been found to be paramount in the 

enhancement of the electron transfer capabilities. Modifying the electrode surface with 

a self-assembled monolayer of alkanethiols, an approach by Tanimura et al., (2002), 

would see the orientation of the enzyme align the positively charged lysine residues 

with the negatively charged carboxylate head group, enhancing the electron transfer 

capabilities78. Other methods that have also been applied involve modification of the 

enzymes with reactive groups. Tümer et al., (2008) constructed an amperometric 

biosensor capable of real-time non-invasive detection of extracellular H2O2 released 

by aquatic microorganisms. The sensor was constructed by first modifying 

cytochrome-c lysine derivatives with carboxyl-terminated thiol derivatives 

mercaptopropionic acid (MPA) or mercaptoundecanoic (MUA). This was achieved by 

carbodiimide/N-hydroxysuccinimide (EDC/NHS) activation. The capping terminals 

were prepared in phosphate buffer saline (PBS) at pH 7 mixing 0.5 M of MPA or 

MUA with equimolar concentration of EDC and NHS under stirring. 5 ml of 500 µM 

cytochrome-c in PBS was then mixed with 50 µL of the MPA/MUA solution at room 

temperature whilst stirring. After 2 hours ascorbic acid was added to the mixture to 

reduce the protein which was then purified in a separatory column.  The electrodes 

were modified by dipping them in PBS electrolyte containing the protein solution. 

Prior to this step the electrodes were treated with hot “Piranha” a mixture made up of 

concentrated H2SO4 and 30% H2O2 in a 7:3 ratio. Modification of the electrodes with 
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the thiol derivatives allowed for fast absorption onto the electrode surface. The sensor 

in its application exhibited high affinity for H2O2 with limits of detection ranging from 

1 µM to 250 µM. What was most impressive was the real time analysis of H2O2. 

Addition of 1µM H2O2 displayed an immediate spike in the cathodic current 

demonstrating that cytochrome-c based amperometric sensors are well capable of real-

time analysis79.  

Previous studies have shown carbon materials can be used as mediators to promote 

electron-transfer reactions of cytochrome-c. Therefore, Zang (2008) investigated the 

electron transfer between horse heart cytochrome-c and carbon by immobilizing 

cytochrome-c in and on 3D ordered macroporous active carbon electrode (MPCE). 

The study also looked at the electroactivity of cytochrome-c when immobilized on the 

substrate surface and its pseudo peroxidase activity. Cyclic voltammetry of 

cytochrome-c/MPCE confirmed the successful immobilization of cytochrome-c on the 

surface of MPCE. The results identified a negative shift for the redox reaction of 

cytochrome-c. It was speculated that the interaction was an electrostatic interaction 

between the positively charged cytochrome-c and negatively charged carboxylic 

groups on the surface of MPCE, and the intercalation interaction of cytochrome-c with 

the 3D porous active carbon itself. The interactions were confirmed by spectral 

characterisation, FTIR absorption spectra identified shifts in absorption peaks for 

cytochrome-c; 1647.9 to 1657.6, 1556.6 to 1545.5, 1462.4 to 1448.6 and 1407.0 cm-1 

to 1402.8 cm-1 respectively80.  

The electron transfer properties of proteins and enzymes at electron surfaces have been 

found to be inconsistent and specie specific. Certain amino acid sequences of some 

species identified variations in electron transfer kinetics in cytochrome-c oxidase/ 

cytochrome-c. The study by Rhoten, Burgess and Hawkridge (2002) identified a 

difference in surface morphology of cytochrome-c. Tuna cytochrome-c displayed 

higher hydrophobicity. Their findings suggested cytochrome-c oxidase possess the 

ability to distinguish between cytochromes from different species, essentially the 

ability for an electrode to distinguish between proteins. The electron transfer kinetics 

were a function of current and was also found to be a possible indicator for oxidative 

damage to the components of the mitochondrial electron transport system. Myocardial 

damaged has been linked to cytochrome-c reductase as a marker. A reduced oxidative 
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activity in cytochrome-c reductase was identified as an indicator for ischemic injury81. 

Caban, Offenhäusser and Mayer (2009) investigated the morphological changes 

displayed by cytochrome-c when exposed to denaturants. The natural structure of 

cytochrome-c has been found to protect the heme of the protein, inhibiting solvents 

from reaching the active site. However, once the pH was agitated the structure 

unfolded to expose the heme of the enzyme. This was quite significant as it afforded 

the protein peroxidase activity. The catalytic reduction of H2O2 was electrochemically 

identified. However, the peroxidase activity was only observed in the pH range of 3 

to 7. It was speculated that with increased pH the peroxidase activity decreased. The 

denaturation process was also found to be irreversible. When the pH was raised back 

to 7.5 only the charging current was displayed which was indicative of the loss of the 

native confirmation82.   

One of the prerequisites for reagentless biosensors is to facilitate adequate 

communication between the electrode and the biocatalytic system. The primary 

objective is to maintain adequate distance between the electrode surface and enzyme 

as this will allow for electron transfer processes with high rate constants. Biocatalyst 

with small molecular weights can facilitate better electrochemical communication 

between the electrode and the environment with its redox active sites83. It’s been 

suggested that the electrochemical behaviour of enzymes are altered when adsorbed 

onto electrode surfaces. The reason for the specific occurrence, in the case of 

cytochrome-c, the enzyme adsorbs irreversible on electrode surfaces and subsequently 

denatures84. Szücs and Novák (1995) investigated the interaction between electrode 

surfaces and cytochrome-c. The study found experimental conditions to be imperative 

on the electrochemical characteristics of cytochrome-c. By altering the experimental 

conditions they were able to retain the reversible character of the enzyme adsorbed 

onto the bare electrode surface. The electrochemical response was found to be stable 

and near reversible near 60 mV with a scan rate of 20 mVs-1. However, reproducibility 

of these results were not as straight forward and was dependent on very intricate 

methodologies. Good reversible electrochemical response was found to be dependent 

on a range of conditions. The age of the sample, the dissolution procedure of the 

enzyme, concentration, type of electrode surface and stabilisation time were all 

influencing factors. The electrochemical activity was found to improve with time. The 

electrochemical activity was however compromised by aggregation of the enzyme. 
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Increased oligomer concentration per unit area was found to deteriorate the 

electrochemical response. The adsorbed oligomers were suspected to be the cause of 

a positive shift in the redox potential when compared to the monomeric form. The 

variation in the electrochemical response of adsorbed cytochrome-c on both gold and 

glassy carbon electrodes was suggested to be related to the structure of the adsorbed 

state. Adequate anchoring to the electrode surface inhibited aggregation, maintaining 

monomeric molecular layers. The monomeric forms of the enzyme was found to 

facilitate reversible electron exchange of cytochrome-c. The complexes on the other 

hand were reported to block the reversible chemistry and cause shifts in potentials8584.  

Bonanni et al., (2003) performed a study on yeast cytochrome-c (YCC) which makes 

up a key component of the mitochondrial respiratory chain. It plays a role in electron 

transfer between membrane-bound enzyme complexes. In order to integrate these 

unique functions of the proteins with bioelectronic systems the proteins were required 

to be immobilized onto an electrode, preferable through chemisorption in order to 

preserve the unique functions of the protein. The study found no cluster formation or 

mobility on the surface of the electrode. On the gold substrate yeast cytochrome-c 

proteins bound covalently with the surface of the electrode with up to 84% coverage 

of the gold electrode substrate.  The proteins were found to retain their redox-activity 

whilst preserving morphology86.  

Chen et al., (2002) probed the non-destructive adsorption of cytochrome-c on 

electrode surfaces whilst maintaining maximum potential of electron exchange 

between the electrode surface and the protein. Numerous studies have reported on the 

destructive effect of adsorption of cytochrome-c on electrode surfaces which 

subsequently compromised the electrochemistry of the enzyme. This was attributed to 

the manner in which the enzyme adsorbed that lead to conformational changes and in 

the end denaturation. The use of self-assembled membrane layers (SAMs) is almost 

explicitly associated in literature with protein conformation on organic surfaces, and 

the influence on the protein. SAMs terminating in specific functional groups were 

selected that was based on the environmental conditions they represented. 

Cytochrome-c was reported to undergo substantial conformational change when 

adsorbed onto hydrophobic surfaces. This resulted in the denaturation of the enzyme. 

The report goes on to discuss how SAMs provided a measure of control over the 

function of cytochrome-c. From facilitating rapid exchange of electrons on SAMs 

http://etd.uwc.ac.za/



29 

 

surfaces terminating in trimethylammonium, to denaturation of the enzymes on 

hydrophobic surfaces terminating in methyl and phenyl groups87.  

Cytochrome-c was found to possess the ability to improve on its electron transfer 

capability by incorporating certain promoters. These promoters were reported to 

facilitate cytochrome-c binding in such a manner that influenced the orientation of the 

protein promoting electron transfer. However, these findings were disputed shortly 

thereafter which led to controversial findings.  

Rhoten, Burgess and Hawkridge (2000) investigated the performance of cytochrome-

c relative to its environment. The study reported cytochrome-c to preserve its electron 

transfer capabilities when mounted to an electrode. Even in temperatures exceeding 

80 oC the enzyme maintained its electron transfer capabilities. The study was 

performed by simulating the natural environment of cytochrome-c oxidase, the 

mitochondrial membrane, and was incorporated into an electrode-supported lipid 

bilayer membrane. The cells exceptional performance was attributed to its 

environment. Cyclic voltammetry was used to characterize the immobilized oxidase. 

The rate of mediated electron transfer between the solution and the electrode was also 

observed to be specie dependent. The system was able to detect reduced cytochrome 

species at concentrations as low as 25 µM88.  

Direct enzyme immobilization on the electrode surface is not a simple procedure and 

presents technical difficulty. Lötzbeyer, Schuhmann and Schmidt (1996) proposed 

monolayer enzyme composite systems to improve the reduction capabilities of the 

enzymes. The enzymes were peroxidase-reducing enzymes, horseradish peroxidase, 

myoglobin, cytochrome-c and microperoxidase MP11, selected on the bases of size 

differentiation. The catalytic activity of the enzymes were evaluated individually to 

assess the limiting factors for enzyme communication, by suspending the enzymes in 

a homogenous solution. Thereafter the enzymes were immobilized on self-assembled 

thiol-monolayers. What they found was a significant difference in catalytic 

performance of the enzymes and concluded what was called ‘productive binding’. This 

is where the hemin groups orientate towards the monolayer prior to immobilization 

facilitating efficient direct electrochemical communication 83.     
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2.7 Cytochrome-c 

Cytochrome-c is one on the most studied redox proteins for its electron transfer 

capabilities. The role of cytochrome-c is to transfer an electron from cytochrome-c 

reductase to cytochrome-c oxidase which is the terminal enzyme in oxidative 

phosphorylation. Electron transfer has been reported to take place at the exposed heme 

edge surrounded by positively charged lysine89. In the mitochondrial respiratory chain 

cytochrome-c functions as a single electron carrier. It has a prosthetic heme group 

which is covalently attached to the surrounding ligands that affords cytochrome-c the 

ability to adopt a ferrous or ferric state. These structures may be similar in structure 

but differences in the oxidation states directly impacts the biochemical properties of 

the protein54. The most important reactions of NO are the reactions with O2 in aqueous 

and gas phase. NO has a very short half-life and is highly dependent on initial 

concentration. Nitric oxide reacts with O2 radicals to form peroxy nitrite90. NO easily 

coordinates with transition metal ions such as metalloproteins. There’s been 

substantial research on the interaction of nitric oxide with haemoglobin. NO binds to 

haemoglobin at a rate more rapid than O2. NO binds to Fe(III)-porphyrins. Upon 

binding the complex undergoes a charge transfer to form Fe(II)NO+ as result of a 

subsequent attack by ambient nucleophiles90. In the presence of NO, respiratory 

inhibition was circumvented by alternative oxidase which facilitated electron flow56. 

Studies have reported on the risks of certain cancer types associated with continuous 

inflammation. NO free radicals have been associated with inflammatory conditions 

associated with malignancies. NO has also been demonstrated to induce cellular 

damage and mutations47. NO in its free form is highly reactive in biological systems 

and is converted to nitrite and nitrates in water in the presence of oxygen. S-

nitrosothiols have been reported to play a key role in transnitrosation reactions. Amino 

acids such as cysteine plays a key role in the production of S-nitrosothiols through the 

degradation of GSNO (S-nitrosoglutathione) resulting in higher NO concentrations58.         

In biosensors enzymes are utilized to translate biological signals generated by a 

specific biological process, into an electrical signal. Redox enzymes are naturally 

designed to administer control over the redox state of the embedded cofactor, but 

maintaining the integrity of the enzyme pose major difficulties. Immobilization of 

enzymes therefore play a major role in the construction of amperometric biosensors. 

The most commonly utilized enzymes in biosensors belong to the group 
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oxidoreductases. These enzymes are designed to incorporate redox cites coupled to 

electron receptors such as heme moieties. The ideology was for the design of superior 

architecture that will minimize any additional reagents within the biological matrix 

while maintaining electron transfer (ET) integrity. Thus far reports on reagentless 

biosensors explored ET through direct tunnelling and securely immobilized redox 

relays. According to the Marcus theory ET between redox sites depend on; the 

reorganization energy qualitatively reflecting structural rigidity of the redox 

compound in oxidized and reduced form, potential difference between involved redox 

centres, and the distance between redox cites. Substantial efforts have been committed 

to the advancement of redox relays to overcome the limitations of tunnelling 

probability and reducing ET distance. Very recent research suggested the application 

of redox mediators with fast and reversible electrochemical responses. This was 

speculated to allow for the shuttling of electrons to protein redox centres. Redox 

mediation perpetuate redox process on electrode surfaces. Where a voltage is applied, 

electrochemically, the electrode support layer facilitate direct oxidation and reduction 

processes of solution phase redox species91.  

 

Cytochrome-c’s redox electron reaction capabilities in the mitochondrial cell makes it 

the most widely studied protein for its electrochemical properties. Investigations into 

the redox behaviour of the protein revealed electron transfer to metal surfaces to be 

sluggish as result of adsorption denaturation89. Part of the problem was to manage a 

successful approach to the electron transfer surface whilst maintaining the stability of 

the protein92. Direct and quasi-reversible electrochemistry was observed when 

cytochrome-c was deposited on Pt electrode surfaces. The study found initial electro-

kinetics to be slow but the introduction of a monolayer, trans-1, 2-bis (4-pyridene) 

ethylene, greatly enhanced the electron transfer rate. ET was believed to have been 

facilitated by the absorption orientation of the monolayer. This facilitated  terminal 

nitrogen interactions with cytochrome-c8993. Further studies, on the effect of mediators 

on the redox behaviour of cytochrome-c, were conducted by a number of researchers. 

Song, Clark and Bowden (1993) immobilized cytochrome-c on gold electrodes coated 

with SAM of –S-(CH2) n-1-COOH. On the premise of their findings a series of 

deductions were made. The electronic coupling strength between electrode and 

proteins can be varied by changing the length of the alkane chain. The mono SAM 

thickness has a direct impact on the electron-transfer rate constant. This was ascribed 
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to the electron tunnelling and associated distance94. In cytochrome-c the iron heme is 

covalently linked to the enzyme at cys14 and cys17 by thioether bonds. During 

electron transfer processes the redox state of the iron changes between Fe2+/Fe3+. The 

formal potential of the redox state is sensitive to the environment of the heme group. 

It provides information about the conformational state of cytochrome-c94.     

 

Figure 5: Diagram of microperoxidase (Hanrahan, MacDonald and Roscoe 1996) 

The architecture of cytochrome-c affords the enzyme exceptional specificity and 

selectivity in electrochemical catalysed interactions. Although these attributes could 

not be replicated on bare electrodes. However, by functionalizing the working 

electrodes researchers such as Bianco and Lattuca (1997), who experimented with 

membrane-microelectrode assembly entrapped redox proteins, for the detection and 

study of proteins. The particular electrode assembly successfully yielded 

electrochemical responses with the entrapped cytochrome-c95. Bond et al., (1992) 

investigated the mass transport mechanisms associated with redox processes of 

cytochrome-c at gold electrodes modified with 4, 4’-bipyridyl disulphide (SS-bpy). 

They discovered the modifications to provide electroactive sites under applied 

potentials. It was rationalized that the modifiers unblocked parts of the electrode 

surface. This would displace adsorbed cytochrome-c and provide sites for electron 

transfer96.    
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Eguílaz et al., (2010) constructed a cytochrome-c based biosensor by drop-coating 

cytochrome-c on a hybrid glassy carbon electrode modified with poly-(3-

methylthiophene) and multiwall carbon nanotubes. The hybrid GCE was subsequently 

coated with a SAM of l-cysteine that was subsequently drop-coated with cytochrome-

c. The system was evaluated against H2O2. Cytochrome-c type biosensors have 

previously been used for H2O2 determination and other analytes related to H2O2 

quantification. Hemeproteins don’t need redox mediators. They facilitate direct 

electron transfer to the electrode surface97. However, recently cytochrome-c found 

application in the biocatalytic oxidation of nitrite. The reaction is follows; 

Fe2+ - Cyt c →Fe3+ - Cyt c + e-       (2.1) 

Fe3+ - Cyt c → [Fe4+ - Cyt c] • + 2e-       (2.2) 

[Fe4+ - Cyt c]• + NO2
- + H2O → Fe3+ + -Cyt c + NO3

- + 2H+   (2.3) 

In the above reactions ferrous cytochrome-c was oxidized to ferric iron at a low 

potential. It was further oxidized to [Fe4+ - Cyt C]• at higher potentials. The 

intermediate specimen, [Fe4+ - Cyt c]•, was very reactive. It facilitated the oxidation 

of NO2
- to NO3

- in solution98. The sensor displayed good performance in the 

amperometric determination of H2O2. For the biocatalytic determination of nitrite the 

system displayed superior sensitivity.  

In order to determine the complete function of NO in living systems the behaviour of 

NO had to be analysed. However, the detection of NO always proved difficult. This 

was as a result of NO's instability and high reactivity with other molecules in aqueous 

solutions. Heat-denatured cytochrome-c and radical scavenger 2-(4-carboxyphenyl)-

4, 4, 5, 5-tetra methyl imidazoline-1-oxyl-3-oxide (C-PTIO) are amongst the most 

reviewed materials for the detection of in-situ NO systems. Heat denatured 

cytochrome-c deposited on 4-mercaptopyridine gold electrodes, respond to NO in 

aqueous environments with a cathodic current due to an electrochemical reduction of 

the oxidative form of cytochrome-c (Fe3+). The study by Haruyama et al., (1998) 

assessed two types of electrochemical systems for NO based on heat-denatured 

cytochrome-c and C-PTIO sensing material. Denaturation of cytochrome-c was 

achieved by heating a 20 mg/ml dissolved cytochrome-c solution in a hot water bath 

in an Eppindorf tube for 15 minutes. Heat-denatured cytochrome-c/4-

mercaptopyridine modified gold electrodes were prepared by submerging gold 
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electrodes in a 3% mercaptopyridine solution for 10 minutes. Heat-denatured 

cytochrome-c self-assembled on the electrode by adsorption99.  

A study on ferredoxin-nitrite reductase by Yamada et al., (2002) unexpectedly 

revealed the heat treated enzyme to reduce NO2
-. The target enzyme was identified as 

denatured cytochrome-c-553. The study reported heat treatment of cytochrome-c to 

induce uncharacteristic catalytic activity in the enzyme when complexing it with 

NO100. When compared to the native enzyme the protein exhibited similar traits. The 

heme of denatured cytochrome-c on the other hand displayed higher NO2
- reducing 

activity. Heat treatment appeared to induce functional changes to the structure of the 

heme of cytochrome-c. The heme formed a His-Fe-Met octahedral coordination and a 

thioether bond with two cysteine residues of the peptide chain. The peptide chain of 

haemoglobin or myoglobin bound only the histidine residue as a fifth ligand revealing 

unfolding of the peptide chain. The physiological changes induced by heat to denature 

cytochrome-c were as follows; unfolding of the peptide chain resulted in the exposure 

of the iron heme as methionine-sulphur coordination disappeared. This exposed the 

heme to water and resulted in the heme’s newly acquired autoxidation ability101. 

 

2.8 Electrochemical sensors and nitric oxide detection 

Nitric oxide is a free radical found both inter- and extracellularly, and is involved in 

variety of biological processes. However measuring nitric oxide is still relatively 

difficult due to the myriad of biochemical reactions it undergoes. NO can be described 

as a diatomic hydrophobic gas with the capacity to permeate cellular membranes and 

other hydrophobic structures. Nitric oxide can be produced by either enzymatic or 

non-enzymatic reactions.  

The most popular technique for real time NO detection is amperometry which 

manages very low and rapid levels of detection. In this technique the electrode is 

covered with a NO permeable membrane. NO diffuses across the membrane producing 

a redox current due to the potential difference and is oxidized at the electrode surface. 

In addition to amperometry cyclic voltammetry techniques are also employed to detect 

nitric oxide. Instead of using a NO selective membrane materials electroactive towards 

nitric oxide is electrodeposited onto the surface of electrodes. Once deposited the 

electrode can react electrochemically with nitric oxide. The interaction between nitric 
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oxide and the electrodeposited layers will produce electrochemical signals. The 

catalytic oxidation of nitric oxide is thus a useful method for nitric oxide 

discrimination102.    

Since NO’s discovery as a biological signalling molecule many donor molecules have 

been synthesized. These donor molecules all possess different physico-chemical 

properties and reactivity that facilitates the in-vitro and in-vivo deliverance in various 

biological systems. NO oxidation proceeds via an electrochemical mechanism. In the 

first step NO is oxidized by the solid electrode to form the nitrosonium cation (NO+). 

This is a strong Lewis acid which will explain the relatively short lifespan of these 

species. The NO+ ion is subsequently converted to nitrite. The oxidation potential of 

nitric oxide and nitrite is between +60 to 80 mV and forms the basis of NO detection 

in solid electrode systems. It is this very characteristic that facilitates the 

discrimination between oxidation products, nitrites and nitrates, of nitric oxide51. 

Electrochemical detection of NO relies on the modification of the electrodes surfaces 

and exploiting the redox properties of NO. NO can either be oxidized or reduced 

electrochemically, depending on the nature of the solution. Under cathodic current NO 

is reduced to nitrosyl, a highly unstable derivative of NO, which is subject to a series 

of chemical reactions to eventually form NO. Oxygen is present in most biological 

systems which makes the potential window below oxygen reduction unsuitable for 

electroanalysis. Due to the interferences presented by the electrochemical reduction of 

NO, the electro-oxidation of NO is therefore the methodology of choice for NO 

detection. The electrochemical oxidation of NO occurs at positive potentials around 

800 mV vs. Ag/AgCl and proceeds via a three electron oxidation mechanism. This 

potential is however not only favourable to NO oxidation but can lead to the oxidation 

of several other biological species. These interfering species are biologically present 

at concentrations higher than NO. Selectivity is therefore of the highest order when 

designing these electrode systems103. Advancements, in improving sensitivity and 

selectivity, with these sensors have been established in literacy to evolve around the 

development of suitable membranes for these electrodes52. Badea et al., (2001) 

designed a sensor that could effectively discriminate against nitrites and nitrates. This 

was based on nitrite oxidation in acetate buffer using a Pt electrode. The electrode was 

polarised at +900 mV against AgCl reference. In order to make Pt electrodes selective 

to nitrite oxidation the electrode was modified with a cellulose acetate membranes. 
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Although the sensor was never tested for nitrite permeability, it displayed good 

mechanical stability and selectivity towards nitrite, though low. Modification of the 

electrode with an electropolymerized film of 1, 8-diaminonaphthalene, the sensitivity 

of the system was enhanced five times. It was found that these sensors were quite 

effective for rapid detection of nitrites and nitrates in water. An interesting observation 

was the polarization times of the two membranes. The electropolymerized membranes 

required one night of stabilization in pH 4 acetate buffer at 900 mV50.  

Electroanalytical techniques such as cyclic voltammetry (CV), fast-scan CV and 

differential pulse voltammetry are quite useful tools for the determination of certain 

biological specimen. However for short-lived species amperometry offers the best 

resolution but selectivity is limited. This can be established by running CV which 

allows for parallel discrimination of the interfering analytes104. Shibuki (1990) 

reported on an electrochemical microprobe which detected NO in brain tissue. 

According to reports this appears to be one the first probes to effectively detect 

endogenous release of NO. Using sodium nitroprusside as a NO donor, the probe 

successfully detected the release of NO and effectively discriminated between O2 and 

oxidized NO derivatives 105.  

 

2.9 Motivation 

Metalloproteins are proteins that contain metal cofactors. These cofactors are 

imperative to the function of the protein with innate electron transfer capabilities. 

Cytochrome-c has long been scrutinized for its electron carrier capabilities. The 

enzyme consists of a polypeptide chain with 104 amino acid residues arranged in a 

manner to house a central heme (see figure 5). According to literature electron transfer 

takes place at the exposed part of the heme. There’s been a lot of interest in the direct 

electrochemistry and electrocatalysis of cytochrome-c immobilized on inert 

substrates. In order to retain biological significance it is important to design dynamic 

polymer interfaces that will regulate interactions with the protein106. Conductive 

polymers contribute more than just a suitable medium for biological components. A 

study by Bedioui and Griveau (2013) reported on the amperometric detection of 

glucose by immobilization of glucose oxidase to an electrode. The process involved 

the electropolymerization of pyrrole in the presence of the enzyme. The glucose 
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oxidase was incorporated into the polypyrrole film during formation, for glucose 

detection64. Pashai, Najafpour, Jahanshahi and Rahimnejad (2018) fabricated an 

electrochemically reduced graphene oxide gold nanocomposite electrode for NO 

oxidation. The electrode displayed high selectivity for NO facilitated by the nafion 

cation-exchange film. This acted as barrier allowing the diffusion of NO to the 

electrode surface. In the presence of NO oxidation peaks were recorded at +0.8 V. 

Limits of detection was estimated to be 0.250 µM107. Musameh et al., (2018) presented 

work on the elimination of electron mediators in electrodes. A silk solution was drop-

casted on a GC electrode modified with multiwalled carbon nanotubes encapsulated 

with heme. Well defined electrochemical activity was reported on the Fe2+/Fe3+ redox 

system. The sensor recorded NO anodic potentials above 0.45 V and reduction 

potentials below -0.7 V with good stability. The sensor managed a lower detection 

limit of 2 nM with high selectivity for NO108.   

 

2.10 Rationale 

Cytochrome-c has been the subject of extensive research for its redox electron reaction 

capabilities in the mitochondrial cell. It’s been the most widely studied protein for its 

electrochemical properties. Investigations into the redox behaviour of proteins 

revealed electron transfer to metal surfaces to be sluggish as result of adsorption 

denaturation89. The reason for the specific occurrence, in the case of cytochrome-c, 

was as result of irreversible adsorption on the electrode surface and subsequent 

denaturation84. By altering experimental conditions Szück and Novak (1995) were 

able to retain reversible redox characteristics of enzymes adsorbed onto bare electrode 

surfaces. However, reproducibility of these results were not as straight forward and is 

dependent on very intricate methodologies. López-Bernabeu et al., (2017) presented 

work on silica encapsulation of cytochrome-c. Consequent to literature on the 

suitability of silica as an ideal matrix for enzymatic compounds. The studies presented 

preservation of the enzyme but poor conductivity. This work explores the potential of 

methyl-modified silica as an alternative matrix. The study presented upper limits of 

cytochrome-c loading. This was circumvented by doping silica with a conductive 

polymer. Poly(3, 4-ethylenedioxythiophene) (PEDOT) was inserted into the silica 

pores, this would facilitate adequate charge transfer to the isolated cytochrome-c 

molecules109. Lebègue et al., (2018) reported on a cytochrome-c GC lipid modified 
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system. Cardiolipin was deposited on a GC electrode. This system was used to model 

the electroactivity of cytochrome-c in solution. The system provided sufficient 

electron transfer support between the electrode and redox protein. The cardiolipin also 

adsorbed cytochrome-c in its native state and retain its electroactivity61. Direct enzyme 

immobilization on the electrode surface is not a simple procedure and presented 

technical difficulties. 
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3. Monomer synthesis: Methodology, results and discussion 

The following chapter outlines the methodology applied in the study to answer the 

research questions posed and objectives as outlined in chapter one. The processes are 

presented in a comprehensive manner and include all the details of how the study was 

conducted for independent reproducibility  

 

3.1 Schiff base chelating ligands 

Schiff bases have been reported to be excellent as chelating ligands in main group and 

transition metal coordination chemistry110. Transition metal Schiff base complexes 

possess unusual configuration and are sensitive to the molecular environment. In 

metalloproteins the surrounding environment, with regards to coordination geometry 

of ligands and donor groups, lies at the core of the specific physiological functions of 

metalloproteins111. Tümer et al., (2008) synthesised Schiff base ligands and their Co 

(II), Fe (III) and Ru (III) derivatives. The genotoxicity, antimicrobial and 

electrochemical properties of these compounds were subsequently studied. Some of 
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the ligands were mutagenic on salmonella typhimurium, some ligands displayed 

mutagenic activity on salmonella typhimurium while some ligands were not 

mutagenic on salmonella typhimurium110.  Mangamamba, Ganorkar and Swarnabala 

(2014) synthesized coordination complexes with Cu (II), Ni (II), Co (II), Fe (III), Mn 

(II), Cr (III) and VO (II) with Schiff base ligands.  

All reagents used for synthesis and characterization were analytical grade and were 

purchased from Sigma-Aldrich and KIMIX chemicals. Millipore deionised water from 

a Millipore Synergy water system with a resistivity of 18 MΩ was used to prepare all 

aqueous solutions. The chemicals and reagents used throughout the study is listed 

below in Table 1.  

Table 1: Reagents and materials used for synthesis 

Chemical Name Purity Chemical Company 

2,3-diaminonaphthalene 95% SIGMA Aldrich 

Pyrrole-2-carboxaldehyde 98% SIGMA Aldrich 

cytochrome-c from equine heart 95% SIGMA Aldrich 

iron(II) tetrachloride 99.99% trace metals SIGMA Aldrich 

anhydrous Chloroform 99% SIGMA Aldrich 

Chloroform-d 99.8 atom% SIGMA Aldrich 

1-Propanol 99.65% SIGMA Aldrich 

N,N-Dimethylformamide (anhydrous) 99.8% SIGMA Aldrich 

Methanol  99.9% SIGMA Aldrich 

Sodium nitrite   SIGMA Aldrich 

Potassium chloride  SIGMA Aldrich 

Sodium chloride  SIGMA Aldrich 

DEA-NONOate (diethylammonium (Z)-1-(N, 

N-diethylamino) diazen-1-ium-1, 2-diolate) 

 BIOCOM Africa 

Absolute Ethanol  99.9% KIMIX 

Silica Gel on TLC plates Silica gel matrix SIGMA Aldrich 

 

3.2 Solution preparation  

Solutions were prepared using general analytical methods and formulas. 

For solutions synthesized from solid materials the following formula was used; 

𝐶 =
𝑛

𝑉
       (1) 
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Aqueous solutions were prepared as follows; 

𝐶1𝑉1 =  𝐶2𝑉2       (2) 

C1 = initial concentration 

V1 = initial volume 

C2 = final concentration  

V2 = final volume 

n = mol  

a) 𝑚 = 0.1 𝑥 0.50 𝑥 156.01 (Na2HPO4) 

     = 7.8 g 

𝑚 = 0.1 𝑥 0.50 𝑥 177.99 (NaH2PO4) 

     = 8.9 g 

A 500 ml phosphate buffer solution with a pH 7.1 was prepared by adjusting the pH 

of Na2HPO4 with NaH2PO4.  

b) Phosphate buffer saline was prepared by doping the phosphate buffer solution 

with  NaCl and KCl with 137 mM and 2.7 mM concentrations proportionately 

to the buffer solution 

𝑚 = 0.137 𝑥 0.1 𝑥 58.4 (NaCl) 

     = 0.8 g 

𝑚 = 0.0027 𝑥 0.1 𝑥 74.551       

     = 0.02013 g 

 

3.3 Monomer synthesis - bis((1H-pyrrol-2-yl)methylene)naphthalene-2,3-

diamine) – monomer 

Conjugated aromatic Schiff bases have received substantial interest for the exceptional 

thermal stability, semi-conductivity, electrochemical and nonlinear optic properties112. 

These characteristic thermal stability, mechanical strength and opto-electronic 

properties of Schiff bases have been reported to be resultant of aromaticity and 

conjugation. Naphthalene incorporation into Schiff bases have been reported to 

enhance thermal stability and polymer solubility113. Poly(pyrrole) has a very low 
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oxidation potential consequently it can be synthesized from a range of aqueous and 

non-aqueous solvents where as polythiophene's solubility is limited to organic 

solvents. Polymerization can be performed on pyrrole using either chemical or 

electrochemical methods. Water has been identified as the best solvent for 

polymerisation of polypyrrole and iron chloride as the most ideal oxidant when 

considering conductivity114115116. Schiff bases are a product of the reaction between 

carbonyls such aldehydes or ketones and generally primary amines. Water is a by-

product of these reactions and it is therefore necessary to keep the environment dry to 

maintain the thermodynamic balance. However, when using aromatic carbonyls the 

forward reaction is favoured therefore these types of reactions occur with ease and 

produce high yields117.  

The Schiff-base N, N-bis((1H-pyrrole-2yl)methylene) naphthalene-2,3-diamine was 

synthesised through the condensation reaction of an amine and aldehyde. The reaction 

is generally either acid, base or heat catalysed but acid catalysis is generally used to 

spur on more difficult reactions. The principle mechanism of this reaction is 

nucleophilic substitution, and the purpose of acid catalysis is to activate the carbonyl 

carbon for nucleophilic attack provided the presence of a weak nucleophile. 

 

Figure 6: Condensation reaction depicting the Schiff base formation from 2, 3-

diaminonaphthalene and pyrrole-2-carboxaldehyde 

The reaction setup used consisted of a 250 ml three necked round bottom flask, to 

which the gas line was attached. The round bottom flask was placed in a hot oil bath 

on a pre-set IKA ceramic magnetic hotplate stirrer. The reaction was initiated by 

dissolving 0.5 mM equivalent (395 mg) of the amine, 2, 3-diaminonaphthalene, in 50 

ml dried propanol in a 250 ml round bottom flask. The solute was heated to and kept 

at 60oC in a hot oil bath. In a separate vessel 1mM equivalent (475 mg) of the aldehyde, 

pyrrole-2-carboxaldehyde, was dissolved in 10 ml dried propanol and heated to 60oC 

prior to addition. Prior to the addition of the reactants the glassware was dried and 

purged with Ar. The centre neck of the flask was connected to the nitrogen line in a 
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fume cupboard whilst the side necks were sealed with septum stoppers. In order to 

prevent gas build up the one neck was fitted with a pressure release makeshift valve. 

Initial trials and previous reports suggested the rate of the reaction to be relatively 

slow. Addition of the aldehyde was therefore executed over a period of ten minutes 

through drop-wise addition using a HPLC steel glass syringe. Once the addition of the 

aldehyde was completed the reaction was allowed to proceed. Considering the nature 

of the solvent used it was expected to perform the reaction under reflux but this 

appeared to hinder the reaction equilibrium. The extend of the reaction was measured 

at the 24 hour mark with thin layer chromatography using 35 mm x 60 mm silica plates 

in a 1 ml 90:10 ratio hexane ethanol mixed mobile phase. The solvents were 

immiscible under standard conditions and had to be sonicated for 10 minutes to 

facilitate mixing. Once the solvents were miscible it was transferred to a 100 ml glass 

beaker and covered with a petri dish. Three spots, aldehyde, amine dissolved in ethanol 

and an aliquant of the reaction, were placed 1 cm from the edge above the level of the 

mobile phase. This was allowed to run for 15 minutes.  
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Figure 7: Proposed synthesis mechanism of the monomer bis((1H-pyrrol-2-

yl)methylene)naphthalene-2,3-diamine) 

The Schiff-base N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine was 

synthesised through the condensation reaction of 2,3-diaminonaphthalene and the 

acidic aldehyde pyrrole-2-carboxaldehyde. This reaction is generally either acid, base 

or heat catalysed but the acidic nature of the aldehyde pyrrole-2-carboxaldehyde 

negated the need for acid catalysis. The principle mechanism of this reaction is 

nucleophilic substitution. The purpose of acid catalysis is to activate the carbonyl 

carbon for attack nucleophilic attack provided the presence of a weak nucleophile. 2,3-

diaminonaphthale suffers significant steric hindrance and by virtue thereof is a weak 

nucleophile. The reaction is marked by the formation carbinolamine succeeding the 

protonation of the carbonyl. This carbinolamine is a tetrahedral intermediate and 

unstable, and being an alcohol undergoes acid catalysed dehydration118. Condensation 

reactions are trademarked by their production of water and considering the 

reversibility of the reaction keeping the environment dry was imperative. Schiff base 
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synthesis is considered a high yielding reactions and keeping the environment dry 

helped the reaction go to completion. Prior to initiation the reaction vessel was purged 

with nitrogen. The reaction was subsequently performed under nitrogen.  

The reaction was initiated by dissolving the amine, 2,3-diaminonaphthalene, in dried 

propanol. The solute was heated to and kept at 60 oC in a hot oil bath. In a separate 

vessel pyrrole-2-carboxaldehyde was dissolved in dried propanol and heat prior to 

addition. Initial trials and previous reports suggested the rate of the reaction to be 

relatively slow. Once the addition of the aldehyde was completed the reaction was 

allowed to proceed. Considering the nature of the solvent used it was expected to 

perform the reaction under reflux but this appeared to hinder reaction equilibrium. 

 

Figure 8: TLC of (A) pyrrole-2-carboxaldehyde, (B) 2,3-diaminonaphthalene, (C) N, 

N-bis((1H-pyrrole-2yl)methylene) naphthalene-2,3-diamine at 48 hours (D) and 24 

hours in 90:10 hexane ethanol mixed mobile phase  

In comparison to hinge reactions performed by Ward et al., (2014) on pyrrole 

accordion type polymers, where the diamine displayed similar stereochemistry the 

reaction displayed retarded kinetics119. At the 24 hour mark thin layer chromatography 

(TLC) was performed to monitor the progress of the reaction. Distinction was based 

on differences in absorption activity of the material.  TLC was performed on silica 

plates using a mixed mobile phase with a 90:10 ratio. The reaction appeared to be 

incomplete under UV light at 254 nm wavelength, there was very poor distinction in 

retention between reactants. At the 48 hour mark another TLC was performed. Four 

spots, pyrrole-2-carboxaldehyde (A), 2,3-diaminonaphthalene (B), aliquots of the 

reaction at 24 hours (C) and at 48 hours (D) were placed 1 cm from the edge above 

A        B          C           D 
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the level of the mobile phase. There appeared to be a clear distinction in retention 

times between the starting materials and reaction mixture (see figure 8). At the 24 hour 

mark it was evident, compared to running the experiment for 48 hours, the reaction 

was incomplete and starting materials were still present. 

 

Figure 9: Reflux synthesis of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine 

At the 48 hour mark the reaction mixture had turned from its initial orange brown 

colour to a deep red brown solution (see figure 9). The reaction was stopped and 

allowed to settle for several hours at room temperature. This step was critical as it 

allowed the product to precipitate and separate. At this stage of the synthesis the 

product had to be separated from the mother liquor. This was achieved through roto-

evaporation. Following the removal of the mother liquor the compound was dissolved 

in chloroform and cooled in the freezer for one hour to facilitate separation. Thereafter, 

the solution was roto-evaporated and dried in the vacuum oven over night. A 65% 

yield was recorded.  

The degree of solubility which measures the maximum amount of a solute which can 

dissolve in a given amount of solvent. Solubility of solutes can generally be influenced 

by temperature and pressure. Where the solute can no longer dissolve in the solvent 

under a given temperature and pressure the solution is regarded as saturated. The 

solubility testing of the monomer was performed by dissolving 1 mg of solute in 1 ml 

of ethanol and subsequently adding 1 mg aliquots of the solute until the solution was 
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saturated. The saturation concentration was established at 10mg of the solute in 1 ml 

of ethanol.   

 

3.4 Characterization of Schiff base monomer  

3.4.1 Proton Nuclear Magnetic Resonance 

In NMR nuclei in a strong static magnetic field is disturbed by an oscillating magnetic 

field and produces an electromagnetic signal with a characteristic frequency of the 

magnetic field. This is followed by resonance from the specific magnetic properties 

inherent to certain atomic nuclei. Proton NMR analysis was performed on N, N-

bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine with a Bruker BioSpin GmbH 

Fourier 300 instrument. Solubility posed a major hurdle therefore a diluted sample 

was used for analysis. A 5 mg sample was dissolved in 2 ml deuterated chloroform, 

the sample was filtered through cotton wool and transferred to the NMR tube. The 

sample was analysed by scanning the sample twelve times.   

Table 2: Chemical shifts for N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine 

Chemical shift (ppm) Assignment 

5.7  Pyrrole N hydrogen 

6.2 – 6.7 Pyrrole ring hydrogen 

6.9, 7.1 Naphthalene hydrogen 

7.4, 7.9 Naphthalene hydrogen 

7.7, 8.1 Imine hydrogen 
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Figure 10: H NMR spectrum of base N, N-bis(1H-pyrrole-2yl)methylene naphthalene-

2,3-diamine in deuterated chloroform 12 scans 

Table 2 lists the chemical shifts and assigned the peaks of the proton NMR spectrum 

of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine. The spectrum shows 

an absence of the characteristic amine and carbonyl chemical shifts expected for 2, 3-

diaminonaphthalene and pyrrole-2-carboxaldehyde respectively. The spectrum does 

however identify to symmetrical peaks at 8.1 and 7.7 ppm which was evidence of 

imine formation (-N=CH-). The shift coincided with reports on imines by Simionescu 

et al., (1998)113 who synthesized and polymerized pyrrolylidene naphthylamine 

monomers.      

   

3.4.2 Fourier Transform Infrared Spectroscopy 

Fourier transfer infrared spectroscopy (FTIR) is a technique used to obtain an infrared 

absorption or emission spectrum of a solid, liquid or gas. A FTIR spectrometer collects 

spectral data over a wide spectral range. It measures the bonding vibrations of a 

molecule which is dependent on the type of bond. In the technique a 1% (w/w) of 

sample was mixed with dried KBr. KBr is dried at 100 oC for one hour and allowed to 

cool to room temperature. A 4 mg aliquot of N, N-bis(1H-pyrrole-2yl)methylene 
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naphthalene-2,3-diamine was mixed with dried KBr and compressed into a pellet with 

a PerkinElmer KBr pellet quick press for 5 minutes. FTIR analysis was performed on 

PerkinElmer spectrophotometer to record the infrared spectra of the monomer and 

starting materials in the range of 400 to 4000 cm-1.  

Table 3: FTIR bands relevant to N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine 

Wavelength, nm Assignment 

3380-3300 Primary amine group, diaminonaphthalene 

3150 N-H group, pyrrole 

1632-1630 Aromatic carbon-carbon bond, 

1595 Imine 
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Figure 11: FTIR spectra of starting materials 2,3-diaminonaphthalene, pyrrole-2-

carboxaldehyde and monomer N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine in dried KBr.  

Infrared analysis was performed on the starting materials and the monomer, and 

compared as per figure 11. The results identified a spectra with characteristic 

absorption bands for each compound. The monomer identified molecular vibrations 

and rotations that was a combination of 2,3-diaminonaphthalene and pyrrole-2-
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carboxaldehyde. 2,3-Diaminonaphthalene identified an absorption band at 3380 cm-1 

which coincided with reports in literature for primary amines120. The absorption band 

at 1595 cm-1 coincided with literature reports, and confirmed the formation of the 

Schiff base which was characterized by formation of an imine bond113120121. The shift 

in the wavelength coincided with findings in literature. Extending pi conjugation has 

been reported by Barbon, Staroverov and Gilroy (2015) resulted in red shifts122. The 

study investigated the effect of pi conjugation on the properties of boron difluoride. 

The study found pi conjugation to have a direct impact on wavelength absorption 

which resulted in a red shift. A theoretical study by Isaiah, Adejoro and Collins (2013) 

on the effects of substituents, such as cyano and carbonyl groups on pyrrole, found 

these groups to have an effect on the HOMO and LUMO levels123. The groups were 

found to decrease the band gap and increase the conjugation length of the polymers 

which impacts absorbance. In the spectra for the monomer a shift in stretch in vibration 

was evident for pyrrole. This was evidence of successful coordination. 

 

3.4.3 Ultraviolet-visible absorbance spectroscopy   

The UV-Vis spectra of pyrrole-2-carboxaldehyde, 2,3-diaminonaphthalene and 

monomer N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine was 

measured on a Nicolet Evolution 100 UV-Vis spectrophotometer, over the 200 to 900 

nm spectral range, with 10 mm pathlength Hellma absorption cuvettes in ethanol at 

room temperature. The solubility limit of the monomer was established at 10 mg/ml 

in ethanol. This was the standard concentration for the materials that were diluted with 

ethanol in graduated Plastic Eppendorf centrifuge tubes, to concentration levels 

adequate for analysis. A serial dilution factor of 1:100 000 was used, DF = 
1
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Figure 12: UV-Vis absorbance of starting materials 2,3-diaminonaphthalene, 

pyrrole-2-carboxaldehyde and monomer N, N-bis(1H-pyrrole-2yl)methylene 

naphthalene-2,3-diamine in ethanol  

The UV spectra for pyrrole-2-carboxaldehyde, 2,3-diaminonaphthalene and the 

monomer are presented in figure 12. For the monomer three bands were detected, at 

230, 288 and 349 nm. The bands at 230 nm and 288 nm was attributed to the π-π* 

transitions of the aromatic rings of pyrrole and naphthalene. The absorption band at 

349 nm can be attributed to the π-π* of the imine124. When the spectrum of the 

monomer was compared to the starting materials a clear broadening of the bands were 

evident. These changes were attributed to the extended conjugation of the monomer.   

 

3.4.4 Electron microscopy  

Electron microscopy uses electrons to provide enlarged images of specimen. These 

microscopes have the capability to provide imagery with much greater resolution than 

light microscopes and magnification. Electron microscopes utilize electrostatic and 

electromagnetic lenses to form images by controlling the electron beam, focussing it 

at specific planes relative to the specimen. Transmission electron microscopy (TEM), 

energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy 
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(EELS) data were collected using an FEI Tecnai F20 field emission gun TEM (FEG-

TEM) operated at 200kV, equipped with a liquid nitrogen cooled Si(Li) detector for 

x-ray detection and a Gatan GIF-2001 energy filter for EELS analysis. Each spectrum 

was collected in normal parallel beam, bright-field TEM mode for 5 seconds. Scanning 

electron microscopy (SEM) and EDS data were collected using the Auriga FEG SEM. 

It is a fully digital 30 kV Hi Resolution FEG SEM unit equipped with EDS. The 

samples were coated with carbon using the sputter coater Emitech k950x.  

SEM analysis can provide valuable information about topography and qualitative 

elemental analysis. SEM analysis were performed on both the starting materials and 

product. 

 

Figure 13: HRSEM images of (A) pyrrole-2-carboxaldehyde 
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Figure 14: HRSEM images of 2,3-diaminonaphthalene 

 

Figure 15: HRSEM images of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine 
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Figure 16: Energy-Dispersive X-ray (EDS) analysis of N, N-bis(1H-pyrrole-

2yl)methylene naphthalene-2,3-diamine 

The HRSEM results are presented in figures 13 to 16. At 20 000 magnification the 

materials display distinct difference in appearance. The image of N, N-bis(1H-pyrrole-

2yl)methylene naphthalene-2,3-diamine (see figure 15) is much brighter than 2,3-

diaminonaphthalene (see figure 14) and pyrrole-2-carboxaldehyde (see figure 13). The 

yields of secondary electrons in heavier elements are larger than lighter elements 

therefore the contrast of the monomer is brighter than the starting materials. Heavier 

nuclei are more effective at light scattering. EDS analysis in figure 16 shows the 

elemental analysis of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine. 

From the excitation data recorded it is evident that the composition of the monomer is 

carbon based. EDS has been reported to be less sensitive to low atomic number 

elements therefore detection of imine nitrogen is not expected.  
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3.5 Electrochemistry background  

Electrochemistry is one of the leading techniques to probe electron transfer in 

reactions. Electrochemistry relates the electron exchange with the chemical reaction 

which is generally associated with oxidation or reduction of complexes. The transfer 

of electrons in a reaction between two molecules in solution proceeds from high 

energy to low energy state. The difference in energy states facilitates the reaction. In 

electrochemistry heterogeneous electron transfer occurs between an electrode and its 

environment. The driving force of the electron exchange is facilitated by an external 

power source, when the electrons in the electrode are at a higher energy than its 

environment an electron is transferred from the electrode to the conductive layer or 

electrolytic solution125.    

 

3.5.1 Electrochemistry of ligand 

Electrochemistry has become an essential tool to monitor electron transfer processes 

of electroactive materials125. Research on the redox behaviours of Schiff bases have 

found the redox properties to be of sizable importance. It’s been reported that the 

electrochemical properties of Schiff bases play a role in the biological characteristics 

of the material126. Whether it is chemical reduction or electrochemical reduction, the 

energy difference is the driving force of these reactions. In chemical reduction 

reactions electron transfer takes place between two molecules in solution. In 

electrochemical reduction reactions electron transfer takes place between the electrode 

and solution. Electrochemical reactions however makes provision for the manipulation 

of electron energy in the electrode which will facilitate electron transfer125. 

In order to investigate the redox properties of the ligand cyclic and square wave 

voltammetry was performed on screen print carbon electrodes modified with N, N-

bis(1H-pyrrole-2yl) methylene naphthalene-2,3-diamine (monomer). The electrodes 

were prepared as follows; A 10 mM equivalent solution of N, N-bis(1H-pyrrole-

2yl)methylene naphthalene-2,3-diamine was prepared by dissolving 6.2 mg of the 

monomer in 2 ml of dimethylformamide in an electrochemical cell. The solution was 

stirred for 5 minutes to facilitate adequate mixing. 2 ml of degassed 0.1 M HCl 

supporting electrolyte was added to the solution and stirred. The electrodes were then 

immersed in the monomeric solution to which a potential was applied using a 
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PalmSense potentiostat. Cyclic voltammetry (CV) was applied to deposit the material 

by cycling the potential between -0.600 V to 0.700 V at the working electrode for five 

cycles. This potential window was found to generate adequate charge to facilitate the 

electrochemical deposition of the monomer on to the working electrode. Thereafter 

the material was characterized in phosphate buffer solution with a pH of 7.1. Cyclic 

and square wave voltammetry was performed on the modified screen print carbon 

electrode (SCPE) over the potential -1 V to 1 V varying the scan rate between 10 mV/s 

and 500 mV/s.  

Table 4: Redox properties of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-

diamine 

√𝑠𝑐𝑎𝑛𝑟𝑎𝑡𝑒 
Scan 

Rate 
Ip anodic Potential Ip cathodic Potential ∆E Eo' 

𝐼𝑝𝑎

𝐼𝑝𝑐
 

3,162 10 8,6E-07 0,687 -2,8E-06 -0,676 1,363 0,006 -0,306 

4,472 20 3,58E-07 -0,522 -4,9E-06 -0,685 0,163 -0,604 -0,072 

5,477 30 7,5E-07 -0,505 -7,6E-06 -0,697 0,192 -0,601 -0,098 

6,325 40 7,46E-07 -0,516 -1E-05 -0,701 0,185 -0,609 -0,074 

7,071 50 1,11E-06 -0,528 -1,3E-05 -0,695 0,167 -0,612 -0,089 

10,000 100 1,12E-06 -0,538 -1,5E-05 -0,73 0,192 -0,634 -0,073 

14,142 200 3,68E-06 -0,541 -2E-05 -0,769 0,228 -0,655 -0,182 

17,321 300 4,44E-06 -0,539 -1,9E-05 -0,793 0,254 -0,666 -0,228 

20,000 400 3,47E-06 -0,53 -1,9E-05 -0,798 0,268 -0,664 -0,184 

22,361 500 3,92E-06 -0,531 -1,9E-05 -0,799 0,268 -0,665 -0,210 
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Figure 17: Cyclic voltammetry of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-

2,3-diamine deposited on  SPCE in 0.1 M PBS vs Ag/AgCl performed at scan rates 

ranging between 10 and 500 mV/s over the potential window -1V to 1 V 

CV (see figure 17) was performed on the material to determine if the material is 

electroactive. CV also provided data of the potentials at which the electrochemical 

processes occurred. The redox properties of N, N-bis(1H-pyrrole-2yl)methylene 

naphthalene-2,3-diamine was investigated following the electrodeposition of the 

monomer on the SPCE. Electrochemical experiments were initiated at -1 V, where no 

electrode processes occurred, and scanned linearly in the positive direction until the 

switching potential was reached at +1 V, and swept back to -1 V. In the forward scan 

a non-reversible oxidation process was recorded producing a peak current at 0.687 V. 

This was attributed to production of an anionic radical127. A strong reduction peak was 

observed at -0.676 V in the cathodic scan. This was attributed to the reduction of the 

anionic radical. At 10 mV/s the electron transfer process appeared to be slow, the peak 

to peak separation, as per table 3, was ∆E = 1.363 V at 10 mV/s. The initial electron 

transfer process was determined to be non-reversible. In subsequent scans electron 

transfer at 0.687 V appeared to be blocked. The oxidation process at 0.687 V was 

electrochemical in nature, a one electron transfer process that produced 

Ph=[NHC5H7N]·+ an unstable intermediate128. At 20 mV/s an anodic peak was 

recorded -0.522 V. The anodic and cathodic peak currents increased with increasing 
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scan rate and identified quasi reversible electron transfer. The initial oxidation process 

would suggest electron transfer to proceed via a heterogeneous chemical reaction, 

transforming from and insulating to conductive layer. The product of the initial 

oxidation reaction was reduced and available more rapidly for reoxidation129. The 

subsequent electron transfer processes depicted in the CV can be ascribed to 

adsorption and diffusion processes. 

It’s well accepted that a diffusion controlled current for CV according to the Randle-

Sevcik equation is linear. A plot of the square root of the scan rate vs. the peak current 

of the monomer is presented in figure 18. 

 

Figure 18: Randles-Sevcik plot of N, N-bis(1H-pyrrole-2yl)methylene naphthalene-

2,3-diamine   

The plot revealed the electron transfer process to be non-linear. The deviation from 

linear behaviour could be associated with adsorption phenomena. It is evident that the 

mass transfer behaviour of the ligand did not display diffusion control characteristics.    
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Figure 19: Square Wave Voltammetry, anodic and cathodic, of N, N-bis(1H-pyrrole-

2yl)methylene naphthalene-2,3-diamine deposited on SPCE performed in 0.1 PBS vs 

Ag/AgCl performed at scan rates ranging between 10 and 100 mV/s over potential 

window -1V to 1 V 

Table 5: Square wave Redox properties of N, N-bis(1H-pyrrole-2yl)methylene 

naphthalene-2,3-diamine (Peak *) 

√𝑠𝑐𝑎𝑛𝑟𝑎𝑡𝑒 
Scan 

Rate 
Ip anodic Potential Ip cathodic Potential ∆E Eo' 

𝐼𝑝𝑎

𝐼𝑝𝑐
 

3,162 10 1,82E-06 -0.572 8,22E-06 -0.582 10 -0.577 0,221 

4,472 20 5,78E-06 -0.577 1,22E-05 -0.592 15 -0.584 0,474 

5,477 30 7,23E-06 -0.573 1,39E-05 -0.600 27 -0.586 0,521 

6,325 40 8,66E-06 -0.572 1,54E-05 -0.603 31 -0.587 0,562 

7,071 50 9,39E-06 -0.565 1,65E-05 -0.605 40 -0.585 0,570 

10,000 100 9,76E-06 -0.568 1,83E-05 -0.614 46 -0.591 0,533 

 

 

 

 

 

 

* 

** 

* 

** 
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Table 6: Square wave Redox properties of N, N-bis(1H-pyrrole-2yl)methylene 

naphthalene-2,3-diamine (Peak **) 

√𝑠𝑐𝑎𝑛𝑟𝑎𝑡𝑒 
Scan 

Rate 
Ip anodic Potential Ip cathodic Potential ∆E Eo' 

𝐼𝑝𝑎

𝐼𝑝𝑐
 

3,162 10 3,1E-07 -0.150 7,7E-08 -0.172 22 -0.161 4,026 

4,472 20 8,85E-07 -0.141 3,87E-07 -0.187 46 -0.164 2,287 

5,477 30 9,62E-07 -0.137 4,69E-07 -0.179 42 -0.158 2,051 

6,325 40 1,12E-06 -0.135 5,11E-07 -0.190 55 -0.162 2,192 

7,071 50 1,08E-06 -0.132 5,65E-07 -0.196 64 -0.164 1,906 

10,000 100 1,15E-06 -0.126 5,96E-07 -0.192 66 -0.159 1,936 

 

Square wave voltammetry is a more sensitive technique than cyclic voltammetry and 

is generally performed to eliminate background interferences such as capacitive 

current. Figure 19 above illustrates the square wave voltammograms of N, N-bis(1H-

pyrrole-2yl)methylene naphthalene-2,3-diamine electrodeposited on screen printed 

carbon electrodes in 0.1 M phosphate buffer at different scan rates. Square wave 

voltammetry was initiated at -1 V and scanned in the positive direction. At this point 

the material was unreactive in the electrolyte and the current stable. In both anodic and 

cathodic scans the currents recorded over the potential window was a function of scan 

rate. The frequency was kept constant, at 10 Hz, changing only the potential step. The 

anodic peak currents recorded for N, N-bis(1H-pyrrole-2yl)methylene naphthalene-

2,3-diamine was assigned to the redox processes of Ph=[NHC5H7N]2
2- (-0.572 V) and 

Ph=[NHC5H7N]2
·- (-0.582 V) following the formation of an anion intermediate. 

Investigations of the second peak indicated the peak to be asymmetric and indicative 

of electrochemical reaction coupling. This was substantiated by the peak current ratios 

in table 6.  This phenomena has been reported to be indicative of electroactive 

molecules with more than one isomer129. The two electron transfer process recorded 

could possibly confirm this with the two isomeric forms having different redox 

properties. 
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4. Macromolecule synthesis: Methodology, results and discussion 

In an attempt to mimic the electrochemical behaviour of cytochrome-c, a new 

molecule was designed based on Schiff base chemistry and the incorporation of an 

iron centre. Different sensor strategies were employed to isolate and optimise the 

reactivity of the metal ligand complex towards NO detection.   

 

4.1 Electrochemistry of Fe2+/Fe3+ in situ   

Potassium Ferricyanide is commonly used to calibrate voltammetric systems in 

aqueous media. Voltammetric experiments on 5 mM potassium ferricyanide 

K3Fe(CN)6 will give a characteristic current response at which iron is oxidized and 

reduced at the working electrode. The electrochemical measurements were performed 

by dissolving potassium ferricyanide in a 0.1 M KCl supporting electrolyte solution. 

Cyclic voltammetry was recorded over the potential window -1V to 1V in PBS. The 

square wave redox voltammetry of ferricyanide was recorded at 10 Hz, changing only 

the potential step.     
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Figure 20: (A) Cyclic voltammetry (B) Square Wave Voltammetry of K3Fe(CN)6 on 

SPCE in 0.1 M KCl vs Ag/AgCl at 20 and 100 mV/s over potential window -1V to 1 V 

Table 7: Cyclic voltammetry study of ferricyanide redox couple 

Oxidation potential (V) Reduction potential (V) Scan rate (mVs-1) E0’ (V) 

0.275 0.177 20  0.226 

0.308 0.166 100 0.237 

 

Table 8: Square wave voltammetry study of ferricyanide redox couple 

Oxidation potential (V) Reduction potential (V) Scan rate (mVs-1) E0’ (V) 

0.242 0.223 20  0.232 

0.258 0.220 100 0.239 

As the potential is scanned in the forward direction ferricyanide is oxidized to; 

    Fe(CN)6
-4         Fe(CN)6

-3 + e-   (4.1) 

The anodic peak current formed at 0.275 V. For the purpose of illustrating reversibility 

the scan rate was increased to 100 mVs-1. The anodic current was recorded at 0.308 

V, where oxidation peaked and gradually decreased until the switching potential was 

reached. On the reverse scan ferricyanide was reduced to; 

                Fe(CN)6
-3 + e-             Fe(CN)6

-4   (4.2) 

The cathodic current reached a potential where reduction of Fe reached a maximum at 

0.177 V at 20 mVs-1. When the scan rate was increased to a 0.100 Vs-1 the reduction 

of Fe peaked at 0.166 V at 0.100 Vs-1. The formal potential was calculated at 0.226 V 

at 20 mVs-1 and 0.237 V at 0.100 Vs-1 and accounts for the activity coefficients for 

oxidation and reduction at these potentials.  

A B 
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Square wave voltammetry is more sensitive than cyclic voltammetry.  The potential 

windows for both oxidation and reduction processes ranged from -1 to 1 V. At a scan 

rate of 20 mVs-1 an anodic peak current was recorded at 0.242 V and a cathodic peak 

current at 0.223 V. When the scan rate was increased to a 0.100 Vs-1 an anodic peak 

was recorded at 0.258 V and a cathodic peak at 0.220 V. ΔEp was subsequently 

calculated to be 0.038 V. A process, by definition, is reversible if the peak potentials 

are separated by 0.059 V for a one electron transfer process. It was also evident that 

the peak current potentials correlated to the scan rate. The peak currents were recorded 

as follows 5.145 µA (Ipa) and 5.118 µA (Ipc) with a peak current ratio of 1. These 

results correlated with literature reports on systems that display ideal behaviour for 

chemically reversible systems in aqueous solutions130131.   

 

4.2 Sensor synthesis strategies 

Three electrode synthesis strategies were adopted. In synthesis strategy (A) denatured 

cytochrome-c was used as a redox element. The denaturation of cytochrome-c was 

induced by heating 1 ml solution of horse heart cytochrome-c, 1 mg/ml, for 1 hour at 

70oC.  Sensor strategy A involved the electrochemical deposition of the denatured 

cytochrome-c on a bare SPCE. In sensor strategy B, the chemically synthesized Schiff 

base ligand was electrodeposited onto the SPCE. This step was followed by drop 

coating the denatured cytochrome-c onto ligand modified SPCE. Sensor strategy C 

involved modification of the bare SPCE with the synthesized Fe centred Schiff base 

ligand complex (FeL4) (see figure 21).  
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Figure 21: Schematic design of sensor fabrication strategies 

 

4.2.1 Sensor synthesis strategy A 

For sensor strategy A denatured cytochrome-c was electrodeposited onto a SPCE by 

cycling a current, once, over the potential window -0.600 V to 0.700 V at 50 mV/s. 

This was performed in a 1mg/ml solution of denatured cytochrome-c. These studies 

were conducted with SPCEs to assess the electrochemical response of the enzyme in 

its denatured state. Past studies, which investigated structural aspects of the protein, 

found the environment of the protein to have a direct impact on the electron transfer 

capabilities of the heme. The electrochemistry of denatured cytochrome-c was 

examined in PBS by performing cyclic voltammetry over a potential window of -1 V 

and 1V.  
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Figure 22: (A) Cyclic voltammetry (B) Square Wave Voltammetry of SPCE/denatured 

cytochrome-c in 0.1 M PBS (7.1) at scan rates 20 mV/s and 100 mV/s  

An inspection of the electron transfer behaviour of the enzyme subjected to an applied 

potential showed the denatured enzyme to be electroactive (figure 22A). In the anodic 

scan a Faradaic current was produced, as a function of applied potential, with a 

moderate oxidation peak observed at 0.410 V. The electron transfer appeared to be 

irreversible as only an oxidation peak was observed on the forward scan. This 

suggested changes to the conformational structure of the enzyme, akin to denaturation 

of the enzyme. Previous reports sited quasi-reversible electrochemistry of 

cytochrome-c deposited on glassy carbon and pyrolytic graphite electrodes. When 

looking at the heme structure of cytochrome-c lysine has been reported to facilitate 

redox processes within the enzyme but high temperature denaturation deprotonates 

lysine. This results in changes to the redox behaviour of the enzyme92132. CV revealed 

strong conformational changes represented by a shift in native formal potential 

previously reported at 0.060 mV133. The oxidation peak observed at 0.410 V was 

attributed to the oxidation of Fe2+. The shift in the oxidation potential was attributed 

to a conformational change in the heme due to heat induced unfolding. The peak 

broadening effect observed was interpreted as fluctuations in the stability of adsorbed 

denatured cytochrome-c. The stronger the molecule adsorbed the more the negative 

the oxidation potential132. This phenomena coincides with a report by Clark and 

Bowder (1997) whom investigated the voltammetric peak broadening for cytochrome-

c monolayers adsorbed onto self-assembled monolayer (SAM) modified gold 

electrodes134. The interpretation of this phenomena was that cytochrome-c underwent 

A B 
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considerable conformational changes upon adsorption on to the hydrophobic surface 

resulting in the denaturation of the enzyme135136137.  

Square wave voltammetry a technique much more sensitive than cyclic voltammetry 

was performed. This technique rejects interference by charging currents. A two-step 

redox process, a reversible one electron transfer process at -0.250 V and a non-

reversible electron transfer process at 0.435 V, was revealed (see figure 22B). The 

peak currents increased with increasing scan rate indicating a diffusion controlled 

process. The reversible couple at -0.250 V could have originated from a weak 

interaction between denatured cytochrome-c and the electrode surface. The oxidation 

peak current corresponded to -0.250 V and reduction -0.350 V. No redox couple was 

observed for the oxidation of Fe2+ at 0.435 V. This finding coincided with 

investigations into the influence of SAMs terminating in functional groups. These 

simulated different surface conditions and the impact thereof on the conformation of 

cytochrome-c87. A study by  Szucs and Novak (1995) reported on reversible and 

irreversible electrochemical behaviour of cytochrome-c deposited on bare 

electrodes84. The irreversible electron transfer behaviour was ascribed to the presence 

of oligomers on the electrode surface that oxidizes monomeric forms of cytochrome-

c. Monomeric forms on the other hand facilitates redox chemistry on the electrode but 

decreases as oligomeric forms increase. This can be identified by voltammetric peaks 

forming shoulders. When deposited on bare electrodes the enzyme undergoes 

conformational changes with possible loss of transfer capabilities but when 

immobilized on a monolayer it can retain near native conformation84. These findings 

were also reported by Sagara et al., (1990) who investigated the redox behaviour of 

cytochrome-c deposited on gold electrodes modified with 4-pyridyl derivatives that 

served as surface modifiers133. The electron transfer behaviour of cytochrome-c was 

investigated when immobilized on the modified gold electrodes. The study reported 

on shifts to more negative formal potentials in comparison to native cytochrome-c.  
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Figure 23: UV Vis spectroscopy of 4ml 1mg/ml denatured cytochrome-c solution in 

deionised water 

UV Vis analysis of the cytochrome-c solution confirmed the solution to be denatured 

as indicated by the Soret band of the iron heme 410 nm in figure 23. The position of 

the Sorbet is an indicator used in literature to provide information of the heme protein, 

when denatured the absorption band shifts or disappears106. The presence of the peak 

confirmed the availability of the heme for electron transfer interactions. 

 

4.2.2 Sensor synthesis strategy B 

 

Figure 24: Schematic design of sensor fabrication strategy B 
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In the second sensor strategy, sensor fabrication strategy B, a Schiff base was 

synthesized and used as a transducer layer. It served as a redox mediator to allow for 

the investigation of the electron transfer behaviour of denatured cytochrome-c. 5 mM 

of the Schiff-base bis((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine) (6.2 mg 

weight equivalent), was deposited on to the SPCE surface electrochemically in a 

mixed electrolyte system. The monomer was dissolved in 2 ml DMF and mixed with 

2 ml of degassed 0.1 M HCl supporting electrolyte solution. The solution was bubbled 

with Argon gas for 5 minutes to remove dissolved oxygen. The Schiff base monomer 

was electrodeposited onto the electrode surface using CV with the following 

parameters; a potential window of -0.600 V to 0.700 V was cycled 5 times at a scan 

rate of 50 mVs-1. A stock cytochrome-c solution with a concentration of 10 mg/ml was 

prepared by dissolving 10 mg of the enzyme in 1 ml deionized water in an Eppindorf 

tube. The enzyme was denatured in a hot water bath (75 oC) for 1 hour. From this 

solution a 1 mg/ml solution of the denatured enzyme was prepared. The denatured 

enzyme was anchored on the ligand with 10 µl of a 1% gluteraldehyde solution that 

was drop coated on the SCPE and dried for approximately 1 to 3 hours. Thereafter 10 

µl of the 1 mg/ml denatured cytochrome-c solution was deposited on the surface and 

dried overnight. Cyclic and square wave voltammetry was used to investigate the 

electron transfer behaviour. The diffusion coefficient was calculated using the 

Randles-Sevcik equation ip = (2.69 x 105) 𝑛
3

2 A𝐷
1

2𝐶𝑣
1

2: A is the electrode area (cm2), 

D diffusion coefficient (cm2/s), C is the concentration of the electrolyte in bulk 

solution (mol/cm3) and v scan rate.   
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Figure 25: Cyclic voltammograms of denatured cytochrome-c, sensor strategy B, at 

the modified SPCE vs Ag/AgCl, in 0.1 M PBS at scan rates using 10-500 mV/s 

Table 9: Cyclic voltammetric study of denatured cytochrome-c redox couple     

√𝑠𝑐𝑎𝑛𝑟𝑎𝑡𝑒 
Scan 

Rate 
Ip anodic Potential 

Ip 

cathodic 
Potential ∆E Eo' 

𝐼𝑝𝑎

𝐼𝑝𝑐
 

3,162 10 2,575E-06 -0,524 -2,57E-06 -0,587 0,063 -0,556 -1,000 

4,472 20 6,718E-06 -0,506 -6,34E-06 -0,59 0,084 -0,548 -1,060 

5,477 30 8,137E-06 -0,5 -1,08E-05 -0,593 0,093 -0,547 -0,753 

6,325 40 1,156E-05 -0,486 -1,37E-05 -0,598 0,112 -0,542 -0,841 

7,071 50 1,458E-05 -0,472 -1,71E-05 -0,592 0,12 -0,532 -0,851 

10,000 100 2,644E-05 -0,465 -2,86E-05 -0,608 0,143 -0,537 -0,926 

14,142 200 5,041E-05 -0,443 -5,61E-05 -0,638 0,195 -0,541 -0,899 

17,321 300 6,195E-05 -0,417 -6,05E-05 -0,647 0,23 -0,532 -1,024 

20,000 400 5,910E-05 -0,424 -6,91E-05 -0,657 0,233 -0,541 -0,855 

22,361 500 8,997E-05 -0,368 -9,23E-05 -0,675 0,307 -0,522 -0,975 
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Table 10: Square wave voltammetric study of denatured cytochrome-c redox couple 

The inspection of the electron transfer behaviour of denatured cytochrome-c stacked 

on the ligand subjected to an applied potential revealed a one redox couple. At low 

scan rate the forward scan showed evidence of electron transfer that took place with a 

very poorly defined oxidation peak. In subsequent scans the oxidizing peak increased 

with increasing scan rate as illustrated in figure 26. Ferrous iron in cytochrome was 

oxidized to ferric iron. The ligand modified with denatured cytochrome-c displayed 

oxidizing potentials more negative than denatured cytochrome-c on bare SPCE (see 

figure 25). Comparing the two systems at 10 mVs-1 an oxidizing peak current was 

recorded at -0.524 V vs Ag/AgCl for the SPCE modified with the ligand and denatured 

cytochrome-c. The bare SCPE immersed in a denatured cytochrome-c solution with a 

concentration of 1 mg/ml recorded an anodic peak current at 0.420 mV. At 10 mVs-1 

the formal potential of -0.555 V suggested the material can be readily oxidized under 

standard conditions. As the scan rates increased the current response increased and the 

formal potential shifted and simulated a diffusion controlled one-electron response 

system. The changes in the formal potential of denatured cytochrome-c adsorbed on 

to the ligand was evidence of conformational changes of the denatured enzyme. The 

cyclic voltammetric response of denatured cytochrome-c deposited on the ligand 

identified a quasi-reversible electron transfer system. The ligand appeared to have 

minimized destructive adsorption of denatured cytochrome-c onto the SPCE. The 

ligand allowed for orientation of denatured cytochrome-c onto the electrode surface in 

a manner that allowed for rapid exchange of electrons. These findings coincide with 

reports in literature. Sagara et al., (1990) found electron transfer reactions to be 

facilitated by surface modifiers in their investigation of the behaviour of cytochrome-

c deposited on gold electrodes modified with 4-pyridyl derivatives133. Similar findings 

Oxidation potential (V) Reduction potential (V) Scan rate(mVs-1) E0’ (V) 

-0.540 -0.570 10  -0.555 

-0.090 -0.170 10 -0.130 

-0.508 -0.582 50 -0.542 

-0.126 -0.220 50 -0.173 

-0.504 -0.610 100 -0.538 

-0.098 -0.244 100 -0.171 
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were reported by Eddowes and Hill (1979) whom investigated the impact of 

monolayers on the electron transfer behaviour of cytochrome-c. 
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Figure 26: Square Wave Voltammograms of denatured cytochrome-c (sensor strategy 

B) at the modified SPCE, vs Ag/AgCl in PBS (pH = 7.1) at scan rates 10 – 500 mV/s 

Square wave voltammetry (figure 26) identified a one electron-transfer redox system. 

Although, at low scan rates, two anodic peaks were recorded at -0.540 V and -0.090 

V in the forward scan, the secondary peak (-0.090 V) was attributed to lateral 

interactions of the redox active groups138. This phenomenon was observed by Chidsey 

et al. (1990) who reported broadened voltammograms and positively shifted formal 

potential values brought about by ferrocene monolayers139. The primary redox process 

recorded at -0.540 V was found to be reversible at low scan rates. However, peak-to-

peak separation increased with increasing scan rate rendering the electron transfer 

process quasi-reversible.  
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Figure 27: Randles-Sevcik plot of square root vs scan rate for sensor strategy B 

The Randle-Sevcik equation was applied to investigate electron transfer at the 

electrode surface in figure 27. The Randles-Sevcik plots for the oxidation and 

reduction currents vs. square root of scan rates shows a linear relationship. Based on 

the peak current ratios calculated in table 9 the redox couple displayed reversible 

electron transfer behaviour. The systems displayed diffusion controlled kinetics as 

evidenced by the linear regression lines for scan rates 10 – 500 mV. The diffusion 

coefficient (De) was calculated to be 1.07 x 10-6 cm2/s for the anodic process and 

1.31 x 10-6 cm2/s for the cathodic process. These values were in agreement with a 

report by Eddowes and Hill (1979). De values of 9.4 x 10-7 cm2/s were reported for 

4,4`-bipyridal cytochrome-c systems135. Abass and Hart (2001) reported De values of 

8.1 x 10 -7cm2/s for the anodic peak currents, and 8.03 x 10-7cm2/s for the cathodic 

peak currents, in their investigations of cytochrome-c deposited on polycarbonate 

modified SPCE140.  
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Figure 28: UV Vis spectroscopy of the 4ml PBS solution following characterization of 

the denatured cytochrome-c ligand system 

Stability of the denatured cytochrome-c enzyme on the ligand is vital. Leaching of the 

material into solution will compromise the integrity of the system rendering it 

ineffective. Following electrochemical characterization the PBS electrolyte solution 

was subjected to UV analysis. Two solutions of PBS were analysed, a blank solution 

(black) and the PBS solution used in the characterization of sensor strategy B (red). 

From figure 28 it is evident there was no leaching of the material into the electrolyte 

solution. Hinnen, Parsons and Niki (1983) also cited strong adsorption effects of 

cytochrome-c corroborating the stability of denatured cytochrome-c. The small 

absorbance bumps observed were negligible and was mostly noise. The red bump 

observed 230 nm was ascribed to residual material stuck to the surface of the electrode 

during synthesis, this was therefore insignificant. The dissolution of the adsorbed layer 

into the solution is also negligible141. 

 

4.2.3 Sensor strategy C  

In an attempt to emulate the redox chemistry of cytochrome-c iron was chelated with 

the ligand ((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine). The iron chelated 
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ligand ((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine) complex, was prepared 

by refluxing the ligand in a hot methanol solution of iron (II) chloride tetrahydrate 

(FeCl2.4H2O). A 5 mM methanolic solution of FeCl2.4H2O was prepared by dissolving 

20 mg of FeCl2.4H2O in 20 ml methanol. This mixture was added drop wise to a hot 

10 mM methanolic solution (30 ml) of the monomer. The molar ratio of the ligand and 

iron chloride was 2:1. The reaction mixture was refluxed in a 250 ml round bottom 

flask clamped to a retort stand. Reflux was performed for 3 hours in an oil bath at 70 

oC on an IKA C-Mah HS 7 magnetic stirrer. The solution was allowed to cool to room 

temperature which facilitated the precipitation process of the material. The precipitate 

was then separated from the solvent through rotary evaporation (P-100 BUCHI 

ROTAVAPOR system). The residue was washed with methanol, chilled and allowed 

to reach room temperature. This step was followed by rotary evaporation of the 

solution to produce the metal ligand complex dark brown black in colour with an 

84.5% yield. The colour corresponding to a study by Veauthier et al., (2004). 

 

Figure 29: Proposed mechanism for synthesis of the macromolecule 

Figure 29 predicts a possible mechanism and structure for the macromolecule based 

on the chelating and macrocyclic effect of N, N-bis(1H-pyrrole-2yl)methylene 

naphthalene-2,3-diamine. Coordination of ligands to a Lewis acidic metal ion activates 

the chloro- substituent to nucleophilic attack by methanol and by other exogenous 

nucleophiles142. Pyrrole in a study by Doddi et al., (1976), who investigated the 

reactivity of pyrrole in nucleophilic substitution reactions. When compared to furan 

and thiophene derivatives, pyrrole was reported to be less reactive relative to the other 
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heteroatoms143. Although square planar coordination, for four coordinate compounds, 

it offers substantial electronic stabilization. Strong field ligands has been reported to 

adopt square planar geometry in Ni complexes. Square planar coordination for iron 

(II) compounds have been reported to be limited to complexes containing porphyrin, 

salicylaldimato, phthalocyanine ligands144. Based on the premise of N, N-bis(1H-

pyrrole-2yl)methylene naphthalene-2,3-diamine being a heterocyclic macro-cycle 

organic compound it was postulated that the macromolecule adopted a square-planar 

geometry.     

 

4.3 Characterization of the iron ligand complex 

4.3.1 Fourier Transform Infrared spectroscopy 

FTIR analysis was performed on PerkinElmer spectrophotometer to record the 

infrared spectra of the monomer and starting materials in the range of 400 to 4000 cm-

1. A 4mg aliquot of iron ligand complex was mixed with dried KBr and compressed 

into a pellet with a PerkinElmer KBr pellet quick press 

Table 11: FTIR bands relevant to iron ligand complex 

Wavenumber, cm-1 Assignment 

3200 Pyrrole group 

1630 Imine group 

473 Metal nitrogen bond 
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Figure 30: FTIR spectra of the Schiff-base and iron ligand complex in dried KBr 

The infrared spectral data of the iron ligand complex is presented in Table 11. The 

spectra in figure 30 identified the characteristic stretch in vibration at 1630 cm-1 which 

was attributed to the imine bond. The spectra identified a shift in frequency for some 

bands and also identified a new band 473 cm-1 which was attributed to metal ligand 

complexation. This band was absent in the monomeric form. In the monomer the 

azomethine (imine bond) stretch in vibration was recorded at 1595 cm-1. Therefore it 

can be assumed that the metal ligand coordination did not proceed via the imine 

linkage. According to literature a shift toward lower frequency would have been 

recorded if the iron complexed through the azomethine nitrogen145146111. However, a 

shift to higher frequency was recorded for the azomethine group at 1630 cm-1. It was 

interpreted that the iron did not complex with the azomethine group and that 

complexation occurred at the pyrrole nitrogen. The broad peak at 3200 cm-1 was 

evidence that one of the pyrrole ring nitrogens was not coordinated to the iron146.      

 

4.3.2 Ultraviolet-visible absorbance 

The UV-Vis spectrum of the iron ligand complex was measured and compared with 

the monomer N, N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine. The UV-
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Vis absorbance was measured on a Nicolet Evolution 100 UV-Vis spectrophotometer 

over the 200 to 900 nm spectral range with 10 mm pathlength Hellma absorption 

cuvettes, in ethanol at room temperature. The solubility limit of the iron ligand 

complex was established at 10 mg/ml in ethanol. This was used as the standard 

concentration for the materials and was diluted with ethanol in 10 graduated Plastic 

Eppindorf centrifuge tubes to concentration levels adequate for analysis. A serial 

dilution factor of 1:100 000 was used, DF = 
1

10
∗

1

10
∗

1

10
∗

1

10 
∗

1

10
=

1

100000
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Figure 31: UV Visible spectra of the Schiff-base and iron ligand complex in ethanol 1 

mg/ml 100x dilution 

The UV spectra of the monomer and iron ligand complex is presented in figure 31. 

The iron ligand complex displayed three bands at 225, 287 and 350 nm. The bands at 

225 nm and 287 nm can be attributed to the π-π* transitions in the aromatic rings of 

pyrrole and naphthalene. The absorption band at 350 nm can be attributed to the π-π* 

of the imine124. When the spectra of the iron ligand complex was compared to the 

monomer, a narrowing of the bands were evident. These changes could be attributed 

to the coordination with the iron. The spectrum identified weak absorbance above 400 

nm which could be the d-d transitions of the metal but the intensity of the transitions 

were very weak147.   
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4.3.3 Morphological characterization of iron ligand complex 

The information on electron microscopy relating to the microscopes and techniques is 

contained in section 3.4.4. Metalloproteinase have been reported to catalyse nitric 

oxide electrochemically148. The presence of iron will substantiate the claims that the 

inhibitory effect was due to the interaction between nitric oxide and iron. The binding 

of nitric oxide to iron will be reflected by a change in the electrochemistry of the iron 

ligand complex. Electron microscopy was therefore performed to confirm the presence 

of iron in the iron ligand complex. High resolution images of the material was obtained 

using a new Field Emission Tecnai F20. High resolution SEM and EDS analysis were 

performed on a Zeiss Auriga EMU. These techniques provided high resolution images, 

up to the nanometer range, that provided detailed structural information about the 

compounds. The samples were prepared for analysis by sputter coating the compounds 

with carbon on copper grids. 

 

Figure 32: TEM micrographs of (a) monomer, (b) FeCl2.4H2O, (c) Iron ligand 

complex  

A B C 
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Figure 33: Electron Energy Loss Spectroscopy analysis of metal precursor 

FeCl2.4H2O (black curve) vs. iron ligand complex (red curve)  

 

Figure 34: Energy-Dispersive X-ray Spectroscopic (EDS) analysis of iron ligand 

complex   

http://etd.uwc.ac.za/



80 

 

 

Figure 35: HRSEM of iron ligand complex electrodeposited on SPCE (sensor 

synthesis strategy C)  

The electron microscopy results confirmed successful coordination of the iron to the 

monomer. In figure 32A, which depicts a high resolution image of the monomer (N, 

N-bis(1H-pyrrole-2yl)methylene naphthalene-2,3-diamine), a clear distinction can be 

drawn between the precursor FeCl2.4H2O (32B) and the iron ligand complex (figure 

32C). Structurally the monomer in figure 32A resembled rod shape morphology 

whereas in figure 32B the morphology appeared amorphous with the iron particles 

dispersed throughout. In Figure 32C on the other hand doping monomer with iron to 

form the iron ligand complex appeared to have altered the morphology of the complex 

yielding a highly structured morphology.  

EDS analysis (see figure 34) was performed on the iron ligand complex to confirm the 

presence of iron in the complex. EDS provides an absolute measure over a focus area 

of which several measurements provides a relative measure of specific elements. For 

confirmation of successful coordination of iron to the monomer (N, N-bis(1H-pyrrole-

2yl)methylene naphthalene-2,3-diamine) electron energy loss spectroscopy (EELS) 

was also performed on the iron ligand complex. Transition metals exhibit L3 and L2 

edges which expresses the excitations of electrons from 2p to unfilled 3d orbitals. The 

orbital transitions are represented by ratios. Variations in L3/L2 intensity ratios are 
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related to changes to the electronic structure of the d orbitals. In order to monitor 

changes to the L3/L2 intensity ratios of the iron EELS was performed on iron ligand 

complex as well as the iron precursor (see figure 33). The EELS spectrum in figure 33 

of the iron ligand complex on the other hand provided an absolute measurement of 

iron in the complex. On first glance there was shift in the peaks of the iron ligand 

complex and the precursor. Further analysis of the peak intensity revealed a change in 

the peak ratio. Changes to the peak ratios were an indication of a change in electron 

density surrounding the iron149150. Based on these two findings, coordination of iron 

to the monomer was confirmed. The results also revealed iron to remain in the Fe2+ 

oxidation state.  

Figure 35 illustrates a high resolution image of the iron ligand complex, sensor 

fabrication strategy C, once electrodeposited on a SPCE.   

 

4.4 Electrochemistry of the iron ligand complex (macromolecule) 

In order to investigate the redox properties of the iron ligand complex cyclic and 

square wave voltammetry was performed on screen print carbon electrodes modified 

with the macromolecule. The electrodes were prepared as follows; 2 mM of the iron 

ligand complex was dissolved in 2 ml DMF and mixed with 2 ml of degassed 0.1 M 

NaBF4 supporting electrolyte solution. The iron ligand complex was electrodeposited 

onto the SPCE using cyclic voltammetry. The parameters used were the same as that 

used in the electrochemical deposition of the monomer on to SPCEs. Electrochemical 

deposition was performed over a potential window of -1V to 1V and was cycled for 5 

times at a scan rate of 50 mVs-1. Cyclic and square wave voltammetry was performed 

by recording voltammograms over a potential window of -1 V to 1V, varying the scan 

rates from 0.010 Vs-1 to 0.500 Vs-1. This provided insight into the electron transfer 

behaviour of the iron ligand complex.  
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Table 12: Cyclic voltammetric study of iron ligand redox couple 

√𝑠𝑐𝑎𝑛𝑟𝑎𝑡𝑒 
Scan 

Rate 

Ip 

anodic 
Potential Ip cathodic Potential ∆E Eo' 

𝐼𝑝𝑎

𝐼𝑝𝑐
 

3,162 10 1,066 -0,414 -1,954 -0,507 -

0,093 

-0,461 -0,546 

4,472 20 3,688 -0,416 -7,909 -0,497 0,081 -0,457 -0,466 

5,477 30 6,655 -0,406 -12,321 -0,492 0,086 -0,449 -0,540 

6,325 40 9,464 -0,394 -13,76 -0,487 0,093 -0,441 -0,687 

7,071 50 11,392 -0,38 -15,184 -0,477 0,097 -0,429 -0,750 

10,0 100 22,665 -0,354 -25,257 -0,487 0,133 -0,421 -0,897 
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Figure 36: Cyclic voltammograms of iron ligand (sensor strategy C) modified SPCE 

vs Ag/AgCl, in 0.1 M PBS (pH = 7.1) at scan rates 10 - 100 mV/s  

Cyclic voltammetry of the deposited iron ligand complex showed the system to be 

electroactive (see figure 36) in the electrochemical window between -1V to 1 V vs 

Ag/AgCl, where a well-defined redox couple was recorded at -0.429 V. Coordination 

of iron to the ligand system appeared to have shifted the potential at which oxidation 

and reduction occurred. Cyclic voltammetry of the iron ligand system identified 

electrochemical properties characteristic to reversible electrochemical systems. 

Investigation into redox properties of the iron ligand system revealed the redox system 

to be reversible. In the forward scan an anodic peak current was recorded at -0.414 V 

and cathodic peak current at -0.507 V in the reverse scan. The electron transfer 
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processes were associated with the redox processes of iron Fe2+ to Fe3+. In both anodic 

and cathodic scans secondary redox processes were observed that might be interpreted 

as residual material being oxidized/reduced.     
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Figure 37: Square Wave Voltammograms of iron ligand (sensor strategy C) modified 

SPCE vs Ag/AgCl, in 0.1 M PBS (pH = 7.1) at scan rates 10 - 100 mV/s  

A series of square wave analysis were performed on sensor strategy C (see figure 37). 

A two electron transfer process was observed. The primary peak displayed reversible 

redox chemistry whilst the secondary process displayed quasi-reversible electron 

transfer characteristics. However, as previously cited the secondary electron transfer 

process was attributed to non-ideal lateral interactions of the redox active groups.   
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Figure 38: Randles-Sevcik plot of square root vs scan rate for sensor strategy C 

The Randle-Sevcik equation was applied to investigate the electron transfer at sensor 

strategy C in figure 38. The Randles-Sevcik plots for the oxidation and reduction 

currents vs. square root of scan rates shows a linear relationship. Calculated peak 

current ratios, presented in table 12, suggested electron transfer of the redox couple to 

become reversible at higher scan rates. Diffusion coefficient values for sensor strategy 

C were 8.86 x 10-7 cm2s-1 Ipa, and 9.38 x 10-7 cm2s-1 Ipc. When compared to phenazine-

2,3-diimino(pyrrole-2-yl) (PPDP), a similar type hinge system, doped with 1,4-

naphtaquinone sulphonic acid (NQSA) and polyvinylsulfonic acid (PVSA) the 

diffusion rates were competitive. The following diffusion rate values for PPDP doped 

with NQSA were reported; De – 4.62 x 10-7 (Ipa) and De – 4.39 x 10-7 (Ipc). PDDP 

doped with PVSA on the other hand reported superior diffusion rates, De – 9.28 x 10-

3 (Ipa) and De – 1.60 x 10-2 (Ipc). Reversible electron transfer was identified for sensor 

strategy C coupled with diffusion controlled electron transfer characteristics. This 

corresponds with reports by Zaheer et al., (2011) who investigated introduction of 

ferrocene moieties into Schiff bases. The compounds displayed mass transport 

characteristics controlled by diffusion151. De values of 2.66 x 10-5 cm2/s were reported, 

diffusion coefficient values were found to decrease with molecular weight. Compared 

to De values calculated (see section 4.2.2) for the denatured cytochrome-c ligand 
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modified SPCE (sensor strategy B), 1.07 x 10-6 cm2/s, electron transfer appears to be 

slower.  

Sensor strategy A displayed non-reversible electrochemistry and was not considered 

for comparison. The secondary peak formation was attributed to non-ideal lateral 

interactions of the redox active iron groups138.  

 

4.5 Fe ligand complex stability 

Biosensors convert biological responses into electrical signals. The function of the 

transducer membrane is to relay the interaction with the analyte, and to do so needs to 

be in contact with the electronic circuitry. The material is therefore deposited onto the 

electrode surface by conventional methods.  Stability of the material deposited onto 

the SPCE is vital and is one of the key constraints of biosensors. 

Concerns regarding the Fe stability chelated with the conductive membrane prompted 

the need for a stability assessment of the SPCE modified with the iron ligand complex. 

The objective of the test was to investigate if the iron leaches into solution once 

subjected to electrochemical currents. A stock solution of the iron ligand complex was 

prepared by dissolving 13.5 mg in 2 ml dimethyl formamide. From this solution a 1 

ml aliquot was mixed with 1 ml of 0.1 M NaBF4 supporting electrolyte to yield a 5 

mM equivalent iron ligand solution. The solution was then dropcoated onto SPCE with 

adequate coverage of the working, reference and counter electrode area and inserted 

into a cylindrical glass cell. Cyclic voltammetry over a potential window of -0.600 to 

0.700 V at a 50 mVs-1 scan rate was used and cycled 5 times to electrodeposit the Fe-

Ligand complex. A similar process was used for the electrodeposition of the monomer 

onto the SPCE.  

The stability of the iron ligand modified SPCE, within redox environments is 

important. Will the iron remain chelated to the ligand or leach under applied potentials. 

CV was performed on a 0.1M PBS solution using an iron ligand modified SPCE. CV 

analysis were conducted at three different scan rates 10 mV/s, 50 mV/s and 100 mV/s 

over the potential window -1 V to 1 V. Spectrometric analysis were conducted on the 

electrolyte solutions to identify possible leaching of iron into solution. This would be 
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a good indication of the stability of iron in the complex. This experiment was repeated 

two more times and subsequently labelled A, B and C. 
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Figure 39: Cyclic voltammograms of iron ligand, sensor strategy C, modified SPCE 

and ligand modified SPCE in 0.1 M PBS vs Ag/AgCl at scan rate 10 mV/s  
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Figure 40: : Cyclic voltammograms of iron ligand, sensor strategy C, modified SPCE 

and ligand modified SPCE in 0.1 M PBS vs Ag/AgCl at scan rate 50 mV/s  
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Figure 41: Cyclic voltammograms of iron ligand, sensor strategy C, modified SPCE 

and ligand modified SPCE in 0.1 M PBS vs Ag/AgCl at scan rate 100 mV/s  
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Figure 42: UV spectroscopic analysis of the electrolyte solutions to identify possible 

leaching of iron ligand complex into solution   

Investigation into possible leaching of the material into solution appeared to be limited 

only to the initial electrochemical characterization (see figure 42). Although the UV 
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results indicated leaching of the iron ligand complex into solution, it was restricted to 

the initial scan. The UV spectra in figure 42 identified four bands. The first band was 

that of PBS (yellow), with a very noisy baseline. Batch 1 (black), where leaching was 

evident. The absorbance bands for the iron ligand complex can clearly be observed, 

albeit weak in intensity. However, in subsequent analysis no evidence of leaching 

could be observed. No changes were observed to the CV profiles of the iron ligand 

complex (see figures 39, 40 and 41). The leaching observed was therefore ascribed to 

residual material present on the electrode surface following preparation. It is safe to 

assume that the iron remains chelated to the Schiff base and does not particulate into 

iron under reduction and leach into solution. 

Electrochemical analysis show no changes to the redox profile of the material. 

Oxidation and reduction potentials were reported as follows; reduction of iron Fe2 + 

2e-      Fe(s) at +0.44 V and oxidation of iron Fe3+ + e-      Fe2+ +0.77 V 152. The 

redox potentials corresponded to values published in literature for iron. In figure 40 

the CV for the ligand displayed passivating behaviour with an oxidation peak at 0.580 

V, where electron transfer occurred on the initial scan. Subsequent scans showed 

electron transfer to be blocked at that potential for the ligand. This behaviour takes 

after claims by Mostany and Scharifker (1997) whom alluded to polypyrrole 

displaying insulating properties in its reduced state. Whereas oxidation of the polymer 

backbone endowed the polymer with electronic conductivity and changed its 

properties153. For the iron ligand complex there appeared to be evidence of electron 

transfer on all subsequent scans. Doping the ligand with iron appeared to mitigate the 

passivation observed in the ligand. This finding coincides with views published in an 

article by Wang et al., (2017) whom stated highly conjugated polymer chains can be 

endowed with reversible electrochemical properties by doping154. Examining the 

redox behaviour in figures 39 to 41 the ligand displayed a weak oxidation peak and a 

strong reduction peak. On the other hand the iron ligand complex displayed a modified 

voltammetric response when the potential was swept from -1 V to 1 V. Three oxidation 

peaks (-0.560 V, -0.075 V and 0.600 V) and two reduction peaks (-0.660 V and -0.320 

V) was observed. The peak observed at -0.560 V could possibly be assigned to the 

oxidation process of Fe2+ to Fe3+ 152. The shift in potential could be a result of the metal 

chelating with the ligand. The voltammograms showed increased current density 

response which can be attributed to increased roughness155.  
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5. Detection studies 

The following section is an attempt at improving NO detection and discriminating 

against interfering analyte NO2
-. The analytical performance of sensor strategy B, 

denatured cytochrome-c sensor, and sensor strategy C, iron ligand complex sensor, for 

the detection of NO will be assessed. Sensor strategy A was excluded from 

DEANONOate studies in phosphate buffer solution (PBS) based on the 

electrochemical analysis of the sensor.  The scope of this chapter is therefore limited 

to the electrochemical analysis, by cyclic voltammetry, of nitric oxide at the iron 

ligand complex modified electrodes, in PBS. 

 

5.1 Preparation of NO standards  

Since NO’s discovery as a biological signalling molecule many donor molecules have 

been synthesized. These donor molecules all possess different physical and chemical 

properties as well as reactivity. Each of these properties influence the in vitro and in 

vivo deliverance in various biological systems. The past decade has seen the 

development of diazeniumdiolates also referred to as NONOates. Diethylamine 

NONOates (DEANONOate) spontaneously hydrolyses to physiological regulating 

radical nitric oxide when dissolved in aqueous media. These compounds decompose 

in a 2:1 stoichiometric fashion which is dependent on the pH of the solution and 

temperature, as this strongly influences the half-life156.  

The commercial DEANONOate was dissolved in 0.1 M NaOH to prevent spontaneous 

decomposition of the diethylammonium salt to produce a 50 mM parent stock solution. 

This parent stock solution was split over 10 vials each containing 100 µl aliquots of 
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the donor. On the day 0.5 mM and 0.05 mM sample aliquots of DEANONOate were 

prepared from a 50 mM stock solution. DEANONOate dissociate in a 2:1 ratio 

producing 2 mole of nitric oxide per mole of NONOate. 

[RNONO]- + H3O
+         νNONO· + RH + H2O    (5.1) 

DEANONOate dissociates into nitric oxide and the parent amine as per (eq) 5.1. The 

decomposition process has been reported to be spontaneous and acid catalysed157.  

 

5.2 UV measurement of DEANONOate decomposition 

DEANONOate are nitric oxide donor compounds that are stable in alkaline solutions 

but readily decomposes in neutral or acidic conditions. Decomposition of 

DEANONOate can be observed by changes in the UV absorption bands. Therefore, to 

evaluate the NO donor capability of DEANONOate UV measurements were 

performed over the 200 to 400 nm ultraviolet wavelength range. The decomposition 

of the donor was illustrated by DEANONOate absorbance which was a reflectance of 

the transient nitric oxide concentration. The released nitric oxide reacted with 

molecular oxygen to produce nitrite as illustrated in the equations below158.   

4 NO· + O2 + 2H2O       4 NO2
 -

 + 4H+      (5.2) 

The release of NO was associated with a decrease in DEANONOate absorbance, 

which was also reported to be time-dependant159. A total of eight 5 mM aliquots of 

DEANONOate were injected intermittently into 3 ml of PBS and subsequently 

characterized to validate the NO release rate. In a second study the time dependent 

decomposition of 5 µM DEANONOate in 3 ml 0.1 M PBS was assessed at 2 minute 

intervals. The 2 minute intervals were based on the half-life of the donor. 

Decomposition of the sample was allowed to proceed under aerobic conditions.  
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Figure 43: UV absorbance of nitric oxide donor DEANONOate in PBS illustrating the 

activity of the donor at concentrations ranging between 5 and 45 µM   
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Figure 44: UV absorbance of DEANONOate at 250 nm in PBS to measure donor 

activity  
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Figure 43 illustrates the effect of concentration on the absorbance of DEANONOate. 

The compounding of the donor resulted in an increase in absorbance which was 

proportional to concentration illustrated in figure 44. However, at the 30 µM mark a 

change in trend of the slope was observed. However, subsequent additions of 

DEANONOate saw a continuation in the linear relationship between concentration 

and absorbance. This phenomena was ascribed to the half-life of DEANONOate, 

which was reported by Griveau, Dumézy, Goldner and Bedioui (2007) to be 2 minutes 

at 37oC. The time between each injection was approximately two minutes on account 

of the range of the scan. And at the 30 µM a total time of ten minutes had lapsed. This 

experiment was used to determine the ideal time for the initial spontaneous 

dissociation of DEANONOate.  
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Figure 45: UV absorbance of 5 µM DEANONOate in 0.1 M PBS illustrating the 

decomposition of the NO donor over time   
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Figure 46: UV absorbance of time dependent decomposition of DEANONOate 

Figure 45 illustrates the time dependent decomposition of DEANONOate in solution. 

A phosphate buffer solution containing 5 µM of DEANONOate was analysed over 

period of 20 minutes to investigate the decomposition of DEANONOate over time. 

Phosphate buffer (0.1 M) was used to initiate the decomposition of DEANONOate. 

The decomposition of DEANONOate is plotted in figure 46 and illustrates the 

decrease in absorbance over time at 250 nm. UV absorbance was measured at two 

minute intervals. The decay in UV absorbance corresponded with reports in 

literature158.  

The experiments were conducted on the commercial NO donor, DEANONOate. Up 

till now the experiments were preliminary to establish the ideal decomposition time 

that would allow for maximum NO formation. NO has a short lifespan before it 

spontaneously converts to NO2. Timing was therefore vital and had to be established 

before commencing DEANONOate studies with sensor strategies B and C, as 

described in section 4.2. The decomposition of DEANONOate was calculated over 

time at 2 minute (120s) intervals. This was achieved by using the absorbance data from 

figure 46 which correlated decaying absorbance to concentration at given time 

intervals through Beer-Lamberts Law, A= Ɛ.c.l. The decomposition of DEANONOate 

was reported to follow first order kinetics. The reported stoichiometric ratios 
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[DEANONOate:NO] were 1:1.5 and decomposition kinetics k =12.9 x 10-4 at 250 nm 

at room temperature.       

Table 13: Absorbance vs. concentration over time for DEANONOate and NO at 250 

nm 

Time (s) 
DEANONOate 

Concentration 
Absorbance NO concentration 

120 4,54919E-06 0,24269 4,69476E-07 

240 4,08263E-06 0,2178 8,42654E-07 

360 3,74053E-06 0,19955 1,15807E-06 

480 3,44811E-06 0,18395 1,42338E-06 

600 3,18831E-06 0,17009 1,64517E-06 

720 2,98624E-06 0,15931 1,84908E-06 

840 2,80479E-06 0,14963 2,02618E-06 

960 2,6777E-06 0,14285 2,21071E-06 

1080 2,42352E-06 0,12929 2,25097E-06 

1200 2,32699E-06 0,12414 2,40145E-06 
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Figure 47: DEANONOate decomposition (black line) and nitric oxide formation (red 

line) over time in 0.1 M PBS   
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Figure 47 illustrates the nitric oxide formation as a function of DEANONOate 

dissociation in PBS over 120s intervals. It is evident that NO formation reduced 

overtime, and that the highest rate of nitric oxide formation was at the initial 

concentration of DEANONOate. At 600s the dissociation of DEANONOate and 

production of NO was the highest. Thereafter the amount of NO produced over 120s 

reduced. By virtue of these findings, and considering NO’s fleeting existence, a 600s 

decomposition time was selected.   
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Figure 48: Cyclic Voltammograms of DEANONOate dissociation in 0.1M PBS with 

SPCE vs Ag/AgCl at a scan rate of 50 mV/s  

Figure 48 shows the electrochemical behaviour of DEANONOate at different 

concentrations on blank SPCE. Three 5µM aliquots of DEANONOate was injected 

into 8 ml PBS. The anodic current recorded at ~0.610 V for DEANONOate was 

assigned to nitric oxide oxidation. The growth in the anodic peak current recorded at 

0.610 V indicated an increase in NO production.  

The aim of these experiments were to establish baseline redox profiles for both 

DEANONOate and NaNO2 on screen printed carbon electrodes in 0.1 M PBS. 

 

 

http://etd.uwc.ac.za/



96 

 

 

-1,0 -0,5 0,0 0,5 1,0

-40

-30

-20

-10

0

10

20

C
ur

re
nt

 (
µ

A
)

Potential (V)

 Blank

 5 µM

 10 µM

 15 µM

 

Figure 49: Cyclic Voltammograms of NaNO2 in 0.1M PBS with SPCE vs Ag/AgCl at 

a scan rate of 50 mV/s  

In figure 49 the redox behaviour of NaNO2 is illustrated over the potential range -1V 

to 1V. An anodic current was recorded at ~0.770 V which increased with NaNO2 

concentration. The oxidation process recorded in figure 49 for NaNO2 was assigned 

to the oxidation of nitrite ions to nitrogen dioxide gas (see eq 5.3)160. In all media the 

oxidation of nitrite is believed to proceed by the formation of nitrogen dioxide gas 

(NO2)
161. 

NO2
-   NO2 (g) + e-       (5.3) 

 

5. 3 Electrochemical detection of nitrogen dioxide with sensor strategy B and C 

From (eq) 5.3 nitrite ions form nitrogen gas when it undergoes oxidation, however this 

is dependent on the media it is in160. The electrochemical behaviour of NaNO2 was 

assessed by injecting 10 µM aliquots of NaNO2 into 8 ml PBS. The experiment was 

conducted by running CV over the potential window -1 V to 1 V recording the current 

response after each injection. This procedure was followed for sensor synthesis 

strategy B and C to model and assess the redox behaviour of the sensors in the presence 

of nitrite ions. 
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Figure 50: Cyclic voltammograms illustrating the electrochemical response of 

denatured cytochrome-c, sensor strategy B, deposited on modified SPCE, to NaNO2 

in 0.1M PBS vs Ag/AgCl at 50 mV/s  

-1,0 -0,5 0,0 0,5 1,0

-60

-40

-20

0

20

40

60

C
ur

re
nt

 (
µ

A
)

Potential (V)

 blank

 10 µM

 20 µM

 30 µM

 40 µM

 50 µM

 

Figure 51: Cyclic voltammograms illustrating the electrochemical response of iron 

ligand, sensor strategy C, modified SPCE, to NaNO2 in 0.1M PBS vs Ag/AgCl at 50 

mV/s  
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In figure 50 the electrochemical oxidation of NaNO2 was recorded at different 

concentrations for sensor strategy B in PBS. Analysis of the CV recorded in figure 50 

identified negligible interference by the nitrite ions on the anodic iron peak at ~ -0.500 

V for sensor strategy B. An anodic current was however recorded at ~0.650 V that 

increased with concentration. A shift in the anodic peak potential was also observed. 

At 10 µM an oxidation potential for NaNO2 was recorded ~ 0.650 V, at 50 µM the 

oxidation potential shifted down to 0.600 V. This was attributed to catalytic activity 

of denatured cytochrome-c for nitrite (NO2
-) oxidation to nitrate (NO3

-)162. The 

oxidation process was preceded by the reduction of the heme illustrated in figure 50 

by an increase in the cathodic current. The catalytic oxidation process of nitrite to 

nitrate is as follows; 

Cyt-c Fe(II)   cyt-c Fe(III) + e- 

Cyt-c Fe(III)  [cyt-c Fe(IV)+]· + 2e- 

[cyt-c Fe(IV)+]· + NO2
- + H2O   cyt-c Fe(III) + NO3

- + 2H+ 162 

As the analyte concentration increased at the electrode surface the critical potential 

required to induce oxidation (flow of electrons) decreased. In sensor strategy C 

catalytic oxidation of NO2
- was observed. In figure 51 an anodic current was recorded 

at 0.720 V though weak. A positive correlation was observed between the anodic 

current response and NaNO2 concentration. At low concentrations the electrochemical 

oxidation appeared restricted. An increased basal concentration was required. This 

was assigned to the oxidation of nitrite ions to nitrogen dioxide gas (see eq 5.3)160. 

Subsequently as the concentration increased an increase in the anodic current was 

recorded. This was complemented by an increased cathodic current at -0.520 V and a 

reduction in the cathodic current recorded at -0.400 V.  

 

5.4 Electroanalytical detection of nitric oxide with sensor strategies B and C 

In the next set of experiments the effect of DEANONOate decomposition on the 

electrochemistry of sensor synthesis strategy B was investigated. The behaviour of 

nitric oxide was modelled with the nitric oxide donor DEANONOate which 

dissociated into nitric oxide and the parent amine (see eq 5.1). Nitric oxide in its free 

form is highly reactive in biological systems and is converted to nitrite and nitrates in 
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water in the presence of oxygen. It also reacts rapidly with radicals such as superoxides 

O2
-, peroxynitrite and has been reported to react rapidly with heme proteins163. Nitric 

oxide forms a powerful ligand to metal ions and binds much stronger than CO and O2. 

It’s the understanding that under bioregulatory conditions nitric oxides specifically 

target metal centres164.   

Cyclic voltammetry was performed to investigate the electrochemical response of 

sensor strategy B and C to DEANONOate decomposition in PBS (see figure 52). 5 

µM aliquots of DEANONOate was injected into an electrochemical cell containing 8 

ml of PBS (pH 7.1) electrolyte. The dissociation of DEANONOate was allowed to 

continue for 10 minutes (600s). Cyclic voltammetry was subsequently performed on 

the solution over the potential window of -1V to 1 V with a scan rate of 50 mVs-1. The 

experiment was concluded after five injections of 5 µM DEANONOate aliquots. The 

study was done in triplicate. At the beginning of the experiment a current was cycled 

over the potential window -1V to 1V several times until a stabilized current response 

was achieved.    

 

Figure 52: Cyclic voltammetric study of DEANONOate dissociation in 0.1M in PBS  
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Figure 53: Cyclic voltammograms illustrating the electrochemical response of 

denatured cytochrome, sensor strategy B, ligand modified SPCE vs Ag/AgCl, to 

DEANONOate in 0.1M PBS (pH=7.1) at a scan rate 50 mV/s at different 

concentrations 

Figure 53 illustrates the current response of sensor strategy B to nitric oxide in PBS. 

DEANONOate upon exposure to PBS spontaneously decomposed to produce NO 

and the parent amine. NO has been reported to coordinate strongly with the iron 

heme of cytochrome-c to form linear nitrosyls with the Fe2+ metal centres. 

Coordination of nitric oxide to the iron centres were expected to alter the redox 

behaviour of the system. However analysis of the data revealed negligible to no 

effects to the redox behaviour. Nitric oxide has been reported to exhibit trans-effects 

which would inhibit coordination to the iron centre164. The poor electrochemical 

response of the iron heme metal centre to nitric oxide was thus attributed to steric 

crowding surrounding the heme. 

http://etd.uwc.ac.za/



101 

 

-1,0 -0,5 0,0 0,5 1,0

-100

-80

-60

-40

-20

0

20

40

60

80

100

 Stabilized

 5 µM

 10 µM

 15 µM

 20 µM

 25 µM

C
ur

re
nt

 (
µ

A
)

Potential (V)  

Figure 54: Cyclic voltammograms illustrating the electrochemical response of iron 

chelated ligand, sensor strategy C, modified SPCE vs Ag/AgCl, to DEANONOate in 

0.1M PBS (pH=7.1) at a scan rate 50 mV/s at different concentrations 

Nitric oxide was found to have inhibitory effects on the anodic peak currents of sensor 

strategy C, see figure 54.  Nitric oxide coordinate to iron metal centres as powerful 

ligands which was observed in the results. NO had inhibitory effects on the redox 

chemistry of sensor strategy C. 

Alam et al., (2018) fabricated a rhodamine based Schiff base composite fluorescent 

chemosensor for NO detection. Method of detection proceeded via the formation of a 

nitrosohydroxylamine that altered adsorption and fluorescent properties of the 

sensors165. 

 

In order to establish the effect of DEANONOate dissociation in PBS a series of cyclic 

voltammetric studies were performed at different concentrations. The expected 

outcome was for a linear relationship between the concentration of nitric oxide and 

the inhibitory effect elicited to be reflected. In preliminary studies the response of the 

sensor to nitric oxide correlated to initial injection of the analyte only. Therefore the 

concentration effect was limited to single dose analysis.  
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A 0.1 M PBS solution (8 ml) was injected with a single dose of DEANONOate and 

analysed following a dissociation period of ten minutes. Each experiment was 

conducted in triplicate. 
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Figure 55: Cyclic voltammograms illustrating the current response of the iron ligand, 

sensor strategy C, modified SPCE vs Ag/AgCl, to DEANONOate dissociation in 0.1 

M PBS (pH=7.1) at a scan rate of 50 mV/s at different concentrations 
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Figure 56: Linear plot of current response to DEANONOate dissociation as a function 

of concentration  

Figure 55 illustrates the inhibitory effect of DEANONOate on the anodic peak current 

at NONOate concentrations 0.5 µM to 50 µM. The recorded inhibitory effects were a 

function of NO concentration. In figure 56 the effect of DEANONOate dissociation, 

producing nitric oxide, on the electrochemical activity of sensor strategy C is plotted 

linearly against initial concentration. Alterations to the Fe(II)/Fe(III) redox chemistry 

of sensor strategy C was associated with NO coordination to the iron metal centres. 

The greatest inhibitory effect was recorded at 10 µM. NONOate also appeared to alter 

the redox chemistry of the iron ligand system. A negative shift in the standard redox 

potentials were recorded. The changes in the electron transfer processes were 

associated with NO coordination to the metal centre. 

The current response of the iron ligand complex was assessed against a series of 

aliquots of the nitric oxide donor. The experiments were conducted by measuring the 

current response to one time injections of DEANONOate. The experiments were 

performed in triplicate to establish a calibration curve for DEANONOate in solution 

as well as the percentage error.    
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Figure 57: Triplicate studies illustrating the current response of sensor strategy C, 

deposited on SPCE, in 0.1 M PBS vs Ag/AgCl to 2, 4, 6, 8, 10 µl aliquots (125, 250, 

375, 500 and 625 nM molar equivalent) DEANONOate  

Table 14: DEANONOate current inhibition statistical data  

[NONOate] 

(nM) Current inhibition(µA) 

 

mean SD UL LL 
STD 

error 

0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

125 3,640 4,050 4,202 3,657 0,291 3,948 3,366 7,949 

250 4,644 4,858 5,292 4,497 0,330 4,827 4,167 7,342 

375 5,560 5,053 5,964 5,525 0,456 5,981 5,069 8,262 

500 3,093 5,002 4,334 4,131 0,969 5,100 3,162 23,450 

625 4,889 4,833 5,361 5,474 0,290 5,764 5,184 5,298 

Standard deviation (SD), upper limit (UL), lower limit (LL), standard error (STD) 

Table 15: Nitric oxide concentration at 10 minute mark 

[DEANONOate] (nM) [NO] (nM) 

0 0 

125 64.5 

250 129 

375 194 

500 258 

625 323 
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Figure 58: Mean standard error of nitric oxide detection in PBS 

Figure 57 depicts the current response of sensor strategy C to of 0, 125, 250, 375, 500 

and 625 nM DEANONOate in 0.1M PBS. For each experiment the current response 

was measured 10 minutes after injection of the analyte. On average the concentration 

of DEANONOate where the greatest inhibitory effect was recorded was at 375 nM. 

At higher DEANONOate concentrations the current response was inconsistent. This 

was believed to be a result of surface fowling blocking the metal centre. In figure 58 

the mean range for sensor strategy C, SPCE electrode coated with the iron ligand 

complex, with current response to DEANONOate dissociation after 10 minutes in 0.1 

M PBS is illustrated. The sensor displayed a linear dynamic range for DEANONOate 

from 125 to 375 nM. It managed a lower limit of detection of 62.742 nM for 

DEANONOate with a sensitivity of 0.0139 µA/nM. Table 15 shows NO 

concentrations which was calculated based on DEANONOate reaction rate, 1.29 x 10-

3 s-1, at room temperature. Based on the calculations it was extrapolated that the sensor 

could detect NO in the range of 30 to 40 nM. The standard error of detection for n=3, 

up till 375 nM DEANONOate, was relatively low ranging between 5 and 8. Based on 

standard error the sensing performance of sensor strategy C was found to be repeatable 

for nitric oxide detection in solution.       
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6. Application of sensor strategy c in recovery studies 

This chapter investigates the analytical performance of the sensor strategy C in the 

recovery of nitric oxide within a complex matrix. Synthetic urine simulated a complex 

biological matrix which provided a platform to assess the selectivity of sensor strategy 

c to nitric oxide. Sensor strategy A and B were excluded from this study based on the 

performance of the sensors in preliminary experiments. 

 

6.1 Preparation of synthetic urine 

To prepare a 500 ml synthetic urine sample 3.8 g Potassium chloride, 8.5 g sodium 

chloride, 24.5 g or urea. 1.03 g of citric acid, 0.34 g of ascorbic acid, 1.18 g potassium 

phosphate, 1.4 g of creatinine, 0.64 g sodium hydroxide, 0.47 g of sodium bicarbonate, 

and 0.28 ml of sulphuric acid were dissolved in 500 ml deionized Millipore water. The 

solution was stirred for one hour to facilitate adequate dissolution of the salts and 

refrigerated.  

 

6.2 Nitric oxide recovery 

Experiments were performed to investigate the selectivity of sensor strategy C. 

Binding of nitric oxide to iron was previously illustrated, see chapter 5, to proceed via 

a reduction in the anodic peak current for iron. The study was conducted in phosphate 

buffer pH 7.2. DEANONOate was used as a nitric oxide donor. A parent 50 mM 

solution of DEANONOate was prepared by diluting the commercial salt with 995 µl 

of a 0.01 M NaOH solution. The standard was divided into 10 vials each containing 

100 µl aliquots, and frozen. On the day a vial was selected and allowed to thaw. This 

was followed by serial dilution to yield a 1 ml NONOate solution with a 0.5 mM 

concentration. The diluted samples were only valid for 1 day as per manufacturer 

http://etd.uwc.ac.za/



107 

 

recommendation. The nature of the binding between nitric oxide and iron was non-

reversible and each experiment had to be conducted separately. All solutions were 

degassed with Ar for 10 minutes before commencing studies. 

For nitric oxide recovery studies similar a methodology was applied as per section 5.4, 

see figure 59. Studies were conducted using 8 ml aliquots of synthetic urine that were 

degassed with Ar for 10 minutes. At the beginning of each experiment cyclic 

voltammetry was performed to establish a baseline. A potential window of -1 V to 1V 

was used with a scan rate of 50 mVs-1 for three cycles until the current stabilised. Once 

the baseline was established synthetic urine was injected with a specific quantity of 

stock DEANONOate 0.5 mM and stirred for ten minutes to facilitate adequate 

dissociation of DEANONOate into nitric oxide. The DEANONOate quantities used 

for detection were 2, 4 and 6 µl only with molar equivalents 125, 250 and 375 nM. 

Each experiment was performed in triplicate.  

 

Figure 59: Nitric oxide recovery studies in synthetic urine with cyclic voltammetry 
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Figure 60: Cyclic voltammetry illustrating the redox response of sensor strategy C, 

deposited on SPCE, to the dissociation of 2µl DEANONOate in synthetic urine at 50 

mVs-1 over the potential window -1 V to 1V   
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Figure 61: Cyclic voltammetry illustrating the redox response of sensor strategy C, 

deposited on SPCE, to the dissociation of 4µl DEANONOate in synthetic urine at 50 

mVs-1 over the potential window -1 V to 1V   
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Figure 62: Cyclic voltammetry illustrating the redox response of sensor strategy C, 

deposited on SPCE, to the dissociation of 6µl DEANONOate in synthetic urine at 50 

mVs-1 over the potential window -1 V to 1V   
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Figure 63: Triplicate studies illustrating the current response of sensor strategy C, 

deposited on SPCE, in synthetic urine vs Ag/AgCl to 2, 4, and 6 µl aliquots of 

DEANONOate 

A 
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Figures 60, 61 and 62 illustrates the analytical detection of nitric oxide in synthetic 

urine with sensor strategy C. Detection was performed using three volumetric profiles 

of 0.5 mM DEANONOate, 2 µl (figure 60), 4 µl (figure 61) and 6 µl (figure 62). The 

experiments were conducted in triplicate. In figure 60 the “blank” cyclic 

voltammogram showed the background current of synthetic urine using a blank SPCE. 

At first sight it is evident that the iron ligand system is electroactive in synthetic urine 

and unaffected by competing analytes within the complex matrix represented by 

synthetic urine. In figure 60 two anodic peaks were recorded in the forward scan. The 

first peak at -0.192 V and a second peak at 0.265 V. The first peak was ascribed to 

oxidation behaviour of the iron ligand complex. The complimentary reduction peak 

was recorded at -0.344 V in the reverse scan. The redox chemistry of the iron ligand 

complex displayed redox chemistry characteristic of quasi-reversible systems. The 

second anodic peak observed in the forward scan was assigned to sulphuric acid, a 

component of synthetic urine.  

 

Table 16: Statistical data for NO recovery in synthetic urine 

NONOate

(µl) 
Current inhibition(µA) 

 

mean SD UL LL 
STD 

error 

0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 0,000 

2,000 1,394 1,314 1,488 1,399 0,087 1,486 1,312 6,227 

4,000 2,181 1,853 1,661 1,898 0,263 2,161 1,635 13,851 

6,000 2,385 2,150 1,999 2,178 0,195 2,373 1,983 8,931 
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Figure 64: Mean standard error for nitric oxide detection in synthetic urine using 

sensor strategy C  

The analytical results for the detection of nitric oxide in synthetic urine is presented in 

figure 64. In figure 64 the mean range for sensor strategy C, iron ligand modified 

SPCE, with current response to DEANONOate dissociation after 10 minutes in 

synthetic urine is illustrated. The sensor displayed a linear dynamic range for 

NONOate from 125 to 375 nM. Sensor strategy C was able to successfully facilitate 

selectivity towards nitric oxide. Standard error values 6.277, 13.851 and 8.931 were 

recorded and was found to be higher than that of PBS. The recorded variance in the 

standard error was attributed to a restriction in analyte transport to the sensor surface. 

In spite thereof, a lower detection limit of 46.657 nM for DEANONOate was achieved 

with a sensitivity of 0.0056 µA/nM in synthetic urine.  
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7. Introduction 

This chapter provides an outline of the work performed in the study on “Synthesis 

strategies for denatured cytochrome-c analogues towards analytical reporting of NOx 

species”. The objectives as outlined in chapter one are concluded by highlighting the 

findings and achievements. The chapter begins by providing a brief background of the 

focal points of this work but goes on to discuss the significance of the outcomes of the 

study, as well as recommendations for future work.  

 

7.1 Electrochemical sensors 

Conductive organic polymers have been subject to scrutiny for their application as 

electroactive materials. Organic polymers that have been extensively researched are 

poly(acetylene), poly(thiophene) and poly(pyrrole). Poly(pyrrole) showed great 

potential and found diverse application in research 166. Synthesis of poly(pyrrole) is 

not very complicated, oxidative anodic coupling of the monomer is one such method 

where the monomeric units link α-α with 180o dihedral angles between the units to 

form highly conjugated linear chains. Fundamentally macromolecules all follow 

similar reaction pathway, monomer + monomer to yield hybrid monomer, by means 

of dehydration. Dehydration reactions form a subset of condensation reactions. Schiff-

bases, systems consisting of conjugated ­C=C­ and ­C=N­ bonds, have received 

substantial interest. These systems are generally produced by the condensation of 

amines and carbonyl compounds and have good thermal stability, semi-conductivity, 

electrochemical and nonlinear optic properties112. The characteristic thermal stability, 

mechanical strength and opto-electronic properties of Schiff bases have been reported 

to be resultant of aromaticity and conjugation. Based on literature, which explored 
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naphthalene incorporation into Schiff bases and pyrrole’s diverse properties, pyrrole 

was cross-linked with naphthalene113.  

Monomer precursors pyrrole-2-carboxaldehyde and 2, 3-diaminonaphthalene were 

cross-linked through a Schiff base reaction to yield a hybrid monomer N, N-bis((1H-

pyrrol-2-yl)methylene)naphthalene-2,3-diamine). The synthesis of the hybrid 

monomer was a slow process. The reaction was allowed to run for 48 hours to 

completion at 70 oC under nitrogen gas. Spectroscopic analysis of the monomer N, N-

bis((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine) confirmed successful 

formation. UV-Vis analysis confirmed a system with extended conjugation that was 

absent in the monomer precursors. FTIR analysis identified the formation of a new 

bond at 1595 cm-1 which corresponded to literature reports on successful imine bond 

formation. Microscopy results identified changes to the morphology of the monomer. 

H-NMR spectroscopy identified variations in the molecular configuration of N, N-

bis((1H-pyrrol-2-yl)methylene)naphthalene-2,3-diamine. New symmetrical peaks 

were recorded at 8.1 and 7.7 ppm associated to imine formation. Electrochemical 

analysis of the electrodeposited monomer reported a redox system at -0.522 V and -

0.676 V. The redox system was preceded by a heterogeneous chemical reaction that 

was expressed as an irreversible one electron transfer process at 0.687 V. The Randle-

Sevcik equation, which described the effect of scan rate on the peak currents, identified 

non-diffusion controlled electron transfer behaviour.    

Three sensor synthetic strategies were developed with commercial screen-printed 

carbon electrodes. Sensor strategy A modelled the electrochemical behaviour of 

denatured cytochrome-c with disposable SPCEs. Electrochemical analysis of the 

denatured enzyme identified irreversible electrochemistry and was excluded from 

further experiments. 

For sensor strategy B the monomer N, N-bis((1H-pyrrol-2-yl)methylene)naphthalene-

2,3-diamine) was electrodeposited onto disposable SPCEs to form the ligand. The 

ligand was modified with denatured cytochrome-c by cross-linking the two layers to 

form a stacked system. The electrochemistry of sensor strategy B compared to the 

ligand, electrodeposited monomer N, N-bis((1H-pyrrol-2-yl)methylene)naphthalene-

2,3-diamine), displayed improved electron transfer behaviour. Sensor strategy B also 

showed improved electrochemistry in comparison to sensor strategy A, which 
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displayed non-reversible electron transfer behaviour. Randles-Sevcik plot identified a 

linear relationship between the peak currents and square root of scan rates. Anodic De 

values of 1.31 x 10-6 cm2/s were recorded indicating rapid electron transfer between 

SPCE and denatured cytochrome-c. Electron transfer was established to be reversible 

under diffusion controlled conditions. The results suggested the ligand formed a 

conducting layer on the SPCE surface enabling electron transfer between the electrode 

and redox centre of denatured cytochrome-c.               

An analogue of cytochrome-c was synthesized by doping the monomer, N, N-bis((1H-

pyrrol-2-yl)methylene)naphthalene-2,3-diamine), with iron. The doping processes 

was facilitated by refluxing the monomer, N, N-bis((1H-pyrrol-2-

yl)methylene)naphthalene-2,3-diamine), in a methanolic solution of FeCl2.4H2O for 3 

hours. Microscopy, spectroscopy and electrochemistry confirmed successful 

formation of the macromolecule, iron ligand complex. UV spectroscopy identified 

narrowing of the absorption bands which was associated with coordination of iron to 

the ligand. FTIR spectroscopic analysis suggested coordination to iron at the pyrrole 

ring and not over the imine bond. EDS analysis confirmed the presence of iron in the 

macromolecule. TEM analysis confirmed changes to the morphology of the 

macromolecule. In order to confirm successful coordination of the iron EELS analysis 

was performed with a Zeiss Auriga EMU unit. EELS analysis recorded changes in the 

L3/L2 peak intensity ratios. Changes to these ratios have been reported in literature to 

indicate changes to the electronic environment surrounding the metal. Analysis of the 

data confirmed coordination of iron to the ligand.  

The synthesized iron ligand complex, macromolecule, was incorporated into sensor 

strategy C. The iron ligand complex was electrodeposited onto disposable SPCEs. 

Electrochemical analysis of sensor strategy C demonstrated electron transfer 

behaviour analogues to sensor strategy B although higher diffusion coefficient values 

were established for sensor strategy B. Diffusion coefficient values for sensor strategy 

C were 8.86 x 10-7 cm2s-1 oxidation, and 9.38 x 10-7  cm2s-1 reduction. When compared 

to phenazine-2,3-diimino(pyrrole-2-yl) (PPDP), a similar type hinge system, doped 

with 1,4-naphtaquinone sulphonic acid (NQSA) and polyvinylsulfonic acid (PVSA) 

the diffusion rates were competitive. The following diffusion rate values for PPDP 

doped with NQSA were reported; De – 4.62 x 10-7 (anodic) and De – 4.39 x 10-7 

(cathodic). PDDP doped with PVSA on the other hand reported superior diffusion 
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rates, De – 9.28 x 10-3 (anodic) and De – 1.60 x 10-2 (cathodic). Reversible electron 

transfer was identified for sensor strategy C coupled with diffusion controlled electron 

transfer characteristics. No leaching of the iron ligand complex into solution was 

recorded. The iron ligand complex was found to be stable once electrodeposited.   

 

7.2 Challenges in NOx detection  

Advancements in improving sensitivity and selectivity with these sensors have been 

established in literacy to evolve around the development of suitable membranes for 

these electrodes52. Badea et al, 2001 designed a sensor that could effectively 

discriminate against nitrites and nitrates based on nitrite oxidation in acetate buffer 

using a Pt electrode. The electrode was polarised at +900 mV against AgCl reference 

electrode. In order to make Pt electrodes selective to nitrite oxidation the electrodes 

were modified with cellulose acetate membranes. The membrane was applied in the 

design of an amperometric sensor for the detection of H2O2. Although the sensors were 

never tested for nitrite permeability in its application the sensor displayed good 

mechanical stability and selectivity towards nitrite, though low. But by modifying the 

electrodes with an electropolymerized film using 1, 8-diaminonaphthalene the 

sensitivity of the systems were enhanced five times. It was found that these sensors 

were quite effective for rapid detection of nitrites and nitrates in water. The 

electropolymerized membranes however required one night of stabilization in pH 4 

acetate buffer at 900 mV50.    

Out of the three sensor strategies that were analysed two sensor strategies were applied 

in NOx studies. Electrochemical analysis revealed analogues redox chemistry for 

sensor strategies B and C. These systems were applied in NOx electroanalytical studies 

of nitric oxide and nitrogen dioxide in phosphate buffer solution. Further applications 

saw sensor strategy C applied in the recovery of nitric oxide from a complex matrix, 

synthetic urine.  

The detection of nitric oxide has been a contentious issue. Specificity and sensitivity 

are of the major problems. Nitric oxide has a short half-life and is oxidized rapidly. 

The reactions below illustrates the electrochemical reactions of nitric oxide at 

electrode surfaces over the +600 to 900 mV potential range. 

NO        NO+ + e-      (7.1) 
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NO+ OH-
     HNO2       (7.2) 

HNO2 + H2O    NO3
- + 2e- + 3H+     (7.3) 

It’s these reactions which impede the detection of nitric oxide and the formation of 

NO-derivatives. In the third reaction nitrite is electrochemically oxidized to nitrate. 

Endogenous nitrites therefore ran direct interference167. Materials selective towards 

nitric oxide for electrode modification have been an effective strategy to improve 

specificity168169.   

The response of sensor synthesis strategies B and C were evaluated using nitric oxide 

donor diazeniumdiolates (Z)-1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate 

(DEANONOate) over the potential window -1 V to 1 V. Nitric oxide, donated by the 

decomposition of the nitric oxide donor, displayed inhibitory effects on the anodic 

peak currents for sensor strategy C. Sensory strategy B on the other hand experienced 

less interference by NO and displayed minor changes to the redox couple. This was 

ascribed to unfolding of the heme that provided insufficient access to the iron centre 

due to steric crowding.  

Strategies in literature which allow for real time detection of NO are based on 

chemically modified ultramicroelectrodes with good selectivity, sensitivity and 

stability etc. Sensor strategy C successfully detected nitric oxide in solution. The 

alteration in the Fe(II)/Fe(III) redox activity for sensor strategy C was attributed to the 

affinity of iron for NO. The mechanism for nitric oxide detection by sensor strategy C 

was described as the complexation of NO with iron. This was illustrated by a 

suppression in the anodic peak current recorded in potential range of –500 mV. Metal 

complexes with catalytic activity towards NO oxidation have been extensively 

studied. There exists a need for molecular materials capable of shifting NO oxidation 

to less positive values. Most negative shifts in nitric oxide oxidation potential has been 

reported at approximately 0.150 V. Values for nitric oxide oxidation by platinized 

carbon-fibre microelectrodes has been reported at 0.650 V. The focus for 

advancements in sensors selective to NO are based on membranes selective towards 

NO with long-term stability over 1 to 2 hour. Selectivity in sensor strategy C was 

found to be associated with nitric oxide coordination to the iron metal centres. The 

iron ligand complex, used in sensor strategy C, following electrochemical deposition 

onto SPCE showed stability exceeding the 1 to 2 hour reported range for electrodes 
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used in real time NO detection. The sensor displayed a linear dynamic range for 

NONOate from 125 to 375 nM. It managed a lower limit of detection with an 

extrapolated value of 62.742 nM for NONOate with a sensitivity of 0.0139 µA/nM. 

The sensor was capable of detecting NO. It was speculated that the sensor could detect 

NO at concentrations as low as 64.5 nM. Based on the standard error, the sensing 

performance of sensor strategy C was found to be repeatable. In synthetic urine a lower 

detection limit of 46.657 nM for NONOate was achieved with a sensitivity of 0.0056 

µA/nM. NO detection in synthetic urine, plotting concentration vs. anodic current, 

displayed a linear relationship with a low standard error margin. Nitric oxide 

adsorption to the iron ligand complex, sensor strategy C, was found to be irreversible.  

Concurrent NO2
- studies were also performed in PBS with sensor strategies C to 

analyse possible cross interference by NO2
-. Electro-analytical results revealed no 

interference by the nitrite ions on the redox system of the iron ligand complex. 

 

7.3 Recommendations for further studies 

The following  aspects of synthesis strategies for denatured cytochrome-c analogues 

presented herewith requires further investigation. In this study a sensor synthesis 

strategy was developed that produced a biosensor which replicated the electrochemical 

behaviour of the denatured metalloprotein cytochrome-c; 

A novel monomer, which formed the supporting layer for the denatured enzyme, was 

successfully synthesized through a Schiff base reaction. The monomer, N, N-bis((1H-

pyrrol-2-yl)methylene)naphthalene-2,3-diamine), once electrodeposited to form the 

ligand could harness the electron transfer capability of denatured cytochrome-c. The 

monomer also facilitated the coordination of Fe (II) to produce a macromolecule that 

could replicate the electron transfer capabilities of the iron heme of cytochrome-c. 

More work needs to be done on the long term stability of the iron ligand complex and 

to establish the half-life of the macromolecule.   

The FeL4 iron ligand complex successfully coordinated to the monomer but further in-

depth analysis is required to physically identify the binding interaction.  
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The synthesis strategy of the Schiff base metal ligand complex, FeL4, can be extended 

to other metal centres such as Cu and Ni. The motivation for this is to develop ligands 

with the ability of enzymes with metal centres to catalyse chemical pathways. 

Further nitric oxide studies is required to refine the calibration curves and establish 

lower concentration ranges.        
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Acronyms and abbreviations 
 

µ     Micro 

CV     Cyclic voltammetry 

DEANONOate   Diethylamine NONOate 

EDS     Electron dispersive x-ray spectroscopy 

EELS     Electron energy loss spectroscopy  

Epa     Peak oxidation potential 

Epc     Peak reduction potential 

HRSEM    High resolution scanning electron microscopy 

mM     millimolar 

N2O     Nitrous oxide 

nM     nanomolar 

NO     Nitric oxide 

NO2
-     Nitrite 

NO3
-     Nitrate 

O3     Ozone 

PBS     Phosphate buffer solution 

POPs     Persistent organic pollutants 

SPCE     Screen print carbon electrodes 

TEM     Transition electron microscopy 

UV-Vis    Ultraviolet-visible spectroscopy 

VOC     Volatile organic contaminants 
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