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Abstract 

 

Tuberculosis (TB) remains a global epidemic despite the fact that treatment has been 

available since the 1950’s. This disease is highly contagious and spreads via 

transmission of the Mycobacterium Tuberculosis (MTB) tubercle via coughing, 

sneezing and spitting. The disease has various side effects including weight loss, 

fatigue and even death. To date no cure has been found for TB and thus optimisation 

of treatment is a constant focus in health related research.  TB is highly prevalent in 

South Africa due to the increased level of patients who are co-infected with HIV.  

Treatment for TB consists of first line drugs including isoniazid (INH), ethambutol 

(ETH), pyrazinamide (PYR) and rifampicin (RIF). These drugs are highly effective but 

also produce many adverse drug reactions (ADR’s) over the 6-month course of 

treatment. These reactions lead to patients not completing the course, losing quality 

of life and ultimately adding to the development of drug resistant strains of TB. A 

method of minimising these ADR’s is the development of a phenotype sensor, which 

is able to determine the metabolic profile of patients. Metabolic profiles play a huge 

role in the efficacy of treatment by tailoring treatment in order for patients to stay 

within the therapeutic range of treatment. This would in turn minimise both toxicity 

and ineffective treatment. Various methods for the quantification of drugs have been 

developed such as high performance liquid chromatography (HPLC), mass 

spectrometry (MS) and ultra-violet visible spectroscopy (UV-vis). These methods 

have been found to be accurate but also have various drawbacks associated with 

them. They all require bulky laboratory based equipment, sample preparation, skilled 

laboratory personnel and many others.  Determination of metabolic profile via drug 

quantification can be carried out with the use of electrochemical sensors. These 

systems offer an easy to use, cheap, portable and fast method of analysis, which can 

be used at the point of care. All of these characteristics make this technique 

applicable towards the detection of anti-TB drugs. Various sensors have been 

developed in recent years, as electrochemistry is a highly adaptable technique. This 

is carried out with the use of smart materials that enhance the sensitivity and 
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selectivity of electrochemical sensors. These materials include nanoparticles, 

conducting polymers, dendrimers, quantum dots, graphene and many others. 

Nanomaterials such as these mentioned, function by largely increasing the surface 

area as well as conductivity of an electrode surface. They can also be modified in 

order to have any other characteristics for the application such as hydrophobicity, 

biocompatibility etc.   

In this work, a first generation copper functionalised polypropyleneimine 

metallodendrimer (CuPPI) was synthesised for application in a chemical sensor 

application towards TB drugs. Dendrimers are highly branched synthetic molecules, 

which consist of a core and repeating branches. Low generation dendrimers have the 

added advantage of having an open structure, which allows for fast electron transfer, 

increasing conductivity of the material. CuPPI was characterised using various 

techniques such as high resolution transmission electron microscopy (HRTEM), high 

resolution scanning electron microscopy (HRSEM) and atomic force microscopy 

(AFM) to determine the surface morphology. The structure was determined using 

Fourier transform infrared spectroscopy (FTIR), UV-vis spectroscopy and small angle 

X-ray scattering (SAXS). The electrochemical properties of the molecule were 

determined using cyclic voltammetry (CV), square wave voltammetry (SWV) and 

differential pulse voltammetry (DPV). The dendrimer was found to be surface 

confined onto the gold working electrode (Au) with a surface concentration of 

9.014x10-7 mol.cm-2 and diffusion coefficient of 4.124x10-5 cm2.s-1. CuPPI was then 

applied in an electrochemical sensor towards the detection of all four anti-TB drugs 

in 0.1 M phosphate buffer (PB). The sensor was capable of determining low 

nanomolar concentrations of the drugs with limits of detection (LOD) ranging from 

0.022 nM to 1.16 nM. The anti-TB drugs were then detected in spiked real samples of 

20 % synthetic urine and 10 % human plasma. In these matrices the LOD increased to a 

range of 0.153 µM to 48.52 µM. The increase in the concentration ranges were due to 

the interfering compounds in these two matrices as well as electrode fouling caused 

by plasma proteins. The linear ranges were well within the therapeutic range of each 

drug. Recovery studies were also carried out by dissolving the tablet forms of each 
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drug in the synthetic urine and plasma. The recovery for the Au|CuPPI sensor using 

real tablet forms on the drug was in the range of 89.27 % to 113 %.  

Sensors can be further enhanced through the addition of a biological recognition 

element such as enzyme, DNA or antibodies. These biosensors are able to selectively 

react with their substrates in the presence of interferences and complex matrices 

found in real samples. Cytochrome P450 (CYP) enzymes are an ideal candidate for 

application in biosensors because of their wide variety of substrates.  These enzymes 

are found in a variety of organisms and are capable of carrying out different types of 

reactions. In humans, CYP’s are typically monooxygenases, which act on their 

substrates via a hydroxylation reaction in the presence of molecular oxygen. CYP3A4 

in particular is a part of this group of enzymes and is responsible for the metabolism 

of 50 % of prescribed drugs. CYP3A4 was therefore incorporated into a biosensor via 

electrostatic attachment to a CuPPI modified gold electrode to form 

Au|CuPPI|CYP3A4. The biosensor was used to determine the four anti-TB drugs 

discussed in 0.1 M PB. In this media, the LOD ranged from 0.02244 nM to 0.1072 nM. 

The lower detectable concentration range was due to the increased sensitivity of the 

CYP enzyme. In order to apply this biosensor in real life conditions, synthetic real 

samples were prepared using the same method as the chemical sensor. The resulting 

calibration curves all showed typical Michaelis-Menten enzyme kinetics, as did the 

calibration curves in 0.1 M PB.  The detection in synthetic urine and plasma yielded 

LOD in the range of 0.165 µM to 0.884 µM. Recovery studies using real tablet drugs 

were also carried out using the Au|CuPPI|CYP3A4 with excellent results in the range 

of 91.5 % to 108.5 %.  

The results obtained from the sensor and biosensor affords us two options for the 

detection of anti-TB drugs. The chemical sensor (Au|CuPPI) has successfully been 

found to detect these drugs in both plasma and synthetic urine as high as 1000 µM. 

It also has the added benefit of clearly distinguishing between each anti-TB drug since 

each has its own unique electrochemical signature. The biosensor allows us to go 

down to concentrations of 0.165 µM, which shows excellent sensor capabilities in 

terms of sensitivity. This study was thus successful in developing both a chemical 
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sensor and biosensor towards INH, ETH, PYR and RIF in phosphate buffer, synthetic 

urine and human plasma.  
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Chapter 1 

1 Introduction 

1.1 Background 

In the year 1905 Robert Koch was awarded the Nobel Prize for Medicine for his work 

for the ultimate discovery of the tubercle bacillus. Before this discovery, tuberculosis 

was proven to be a contagious disease spread by sputum inhalation and through 

other methods as depicted by various researchers between 1650 and 1880. Koch 

embarked on a journey to discover the micro-organism responsible for the disease in 

1881. It was on the 24th of March, 1882 that Koch announced the discovery of the 

tubercle bacillus at a monthly meeting of the Berlin Physiological Society. He 

presented his techniques and novel methods that resulted in him being acclaimed the 

founder of science in bacteriology [1]. Since Koch’s discovery of tubercle bacillus 

there have been countless instances of research on the bacterium and despite this 

discovery many years ago, a cure for the disease associated with the bacterium has 

not been found.  

Tuberculosis (TB) is a common and infectious disease caused by the tubercle i.e. 

Mycobacterium tuberculosis (MTB) [2]. The infection is spread as exhaled drops in 

coughs, spits or sneezes from infected individuals. MTB primarily attacks the lungs 

causing pulmonary TB but it can also affect the lymphatic system, central nervous 

system, the genitourinary system, the circulatory system, the gastrointestinal 

system, joints, bones and even the skin [3]. This tubercle (MTB) is said to be a slow-

growing pathogen which has the unusual propensity to shut down its metabolism 

during adverse conditions such as starvation or immune stress [4]. Symptoms of TB 

include a cough that lasts more than three weeks, weight loss, fatigue and when left 

untreated, even death [5].  
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TB is treated using a variety of drugs which can be separated into their various classes 

and/or their lines of treatment. First line drugs used to combat TB are usually 

administered to those who are being treated for TB for the first time. This group of 

drugs include isoniazid (INH), rifampicin (RIF), ethambutol (ETH) and pyrazinamide 

(PYR). The chemical structures of these drugs are as shown in Figure 1-1. These drugs 

are usually administered as a multi-drug combination or “cocktail” to treat drug 

susceptible tuberculosis over a period of six months. The first two months are very 

intensive and all four drugs are taken together. For the remaining four months only 

rifampicin and isoniazid are taken [6] [7].  

 

Figure 1-1: Chemical structures of first line TB drugs 
 

1.2 TB disease burden 

Although treatment for the disease has been available for decades, as far back as the 

1950’s, TB continues to be a global epidemic with roughly 10 million new TB cases 

reported worldwide in 2018. Of these cases, roughly 1.5 million people died due to TB 

related causes, including 250 000 deaths among patients co-infected with HIV [8]. 
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What is concerning to us is that 25 % of these new cases occurred in Africa as 

illustrated by the World Health Organisation (WHO). A map indicating global TB 

burden in 2018 is as shown in Figure 1-2. South Africa has one of the 30 highest 

incidence rates of TB in the world, with an estimated 567 infected per 100 000 

population per year. These statistics were extracted from the latest Global 

Tuberculosis Report of 2019 of the World Health Organisation (WHO) [9]. 

 

Figure 1-2: Estimated TB incidence in 2018, for countries with at least 100 000 incident 
cases  

 

Incidences of TB globally are gradually decreasing; however, death due to TB 

complications could be avoided by efficient treatment of the disease. Incomplete 

implementation of the TB treatment has been a major cause of the high occurrences 

of the drug resistant strains of the tubercle i.e. MTB. This stems from the fact that 

patients with fully susceptible TB develop secondary resistance during their 

treatment [10]. Many factors assist the formation of drug resistant TB such as 

inappropriate dosing of drugs, inadequate treatment, not taking the prescribed 

regimen appropriately or using low quality medication. Another possible reason for 

the development of drug resistant TB is the metabolic profile of TB patients which 

vary according to genotype or phenotype [11], [12]. Multi drug resistant (MDR) TB is 
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defined as the resistance to two of the first line TB drugs i.e. isoniazid and rifampicin 

[13]. This would thus lead to the necessity to use second line drugs which include 

streptomycin, ofloxacin, kanamycin, capreomycin, amikacin, ethionamide, para-

aminosalicylic acid (PAS) and cycloserine [14]. In more advanced cases, extreme drug 

resistant (XDR) TB also exists which is known as MDR-TB with an additional resistance 

to flouroquinolines and to any of the second-line injectable agents: amikacin, 

capreomycin or kanamycin [15]. To date, there have even been cases reported with 

resistance to all available anti-TB drugs within South Africa and a few other countries, 

these cases are known as totally drug resistant (TDR) TB [16].        

Treatment of any form of TB is complicated further by the onset of adverse drug 

reactions (ADR’s) caused by the combination of various drugs as well as extended 

treatment time. These ADR’s include neurotoxicity, dermatological and 

hypersensitivity reactions, hepatitis or hepatotoxicity which can sometimes be fatal, 

[17]. The prevalence of adverse drug reactions have previously been extensively 

studied in hospitalised patients in the United states of America and it was found  that 

6-7 % of these TB patients suffer from serious ADRs and 0.32 % of these patients 

developed fatal ADRs thus resulting in 100 000 deaths annually in the US [18]. These 

numbers would obviously be much greater in areas with a larger level of TB incidence 

such as Africa and Southern Asia. ADR’s therefore play a major role in the patient’s 

unwillingness to finish their course of treatment for their disease, as well as 

contributing to the TB related death toll.  

 

1.3 Personalisation of TB treatment 

The spread of TB and development of resistance to anti-TB drugs is a very daunting 

battle to fight which requires millions of dollars in research and development [19]. 

One method of fighting TB via minimising ADR’s that would be easier to achieve, is 

the personalisation of TB treatment. The rate at which drugs are metabolised vary 

from patient to patient, and thus the treatment they consume are absorbed at 

different time intervals [20]. This can lead to either inadequate treatment for fast 
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metabolisers or toxicity for slow metabolisers. A graph representing these types of 

metabolisers is as shown in Figure 1-3.  

 
Figure 1-3: Graphic representation of various relative metabolism rates 
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A poor metaboliser would take a dose of a TB treatment drug and be within the 

therapeutic range i.e. the dosage at which treatment is effective [21] however, when 

another dose of drug is administered the level of drug in the body is so high that it 

becomes toxic. This results in adverse drug reaction such as those mentioned 

previously. A patient with normal metabolism would use up the administered dose in 

time for it to be depleted by the time the next dose is administered. A fast 

metaboliser on the other hand, would use up the drugs so fast that most of the time 

the treatment would be ineffective [22]. 

Africans in particular have been found to have a greater genetic diversity and 

variability in genes encoding drug metabolising enzymes such as cytochrome P450. 

These genetic variations largely contribute to the high numbers of adverse drug 

reactions experienced by Africans [23]. Thus, personalisation of care is vital in 

treatment of tuberculosis since it is so highly prevalent in this area. A cost effective 

and efficient determination of a TB patient metabolic profile towards TB drugs would 

greatly reduce these ADR’s and encourage patients’ completion of the treatment. 

 

1.4 Current methods of anti-TB-drug detection 

One way to monitor the metabolism of TB patients is to determine the amount of un-

metabolised anti-TB drugs in their urine [24], or the amount of drug in their blood or 

plasma after a pre-determined time [25]. There are currently various methods of 

determining the amount of drug present in a particular medium. Most of these 

analytical techniques are limited to the laboratory setting. Laboratory based 

techniques require bulky equipment which are not mobile including a qualified 

technician to operate the sophisticated machinery and analyse the results obtained 

from them. The costs of laboratory analysis therefore include extensive sample 

preparation, cost of running equipment, bulk solvents required, technician labour as 

well as extended time [26]. Some of the techniques used for the detection of these 

anti-TB drugs are listed below. 
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1.4.1 Titrimetry 

Titration, also known as titrimetry is a laboratory method of chemical analysis which 

uses volume measurements to determine concentration of a known analyte. 

Titrimetric detection of chemicals is considered one of the earliest forms of 

quantitative chemical analysis. One of the most common types is acid-base titrimetry 

where an acid-base indicator is used to determine the end point of the reaction and 

thus determine the concentration of the unknown [27]. Isoniazid has been 

successfully detected using titrimetry in previous years. One method uses o-

dianisidine or p-ethoxychrysoidine as indicator [28] and another uses starch [29]. 

Titrimetry does not require complex machinery or instruments. However, it requires 

large volumes of solvent and is not environmentally friendly. 

 

1.4.2 Chromatography 

Chromatography is an analytical technique which involves the separation of a mixture 

of chemicals. It is mostly based on the use of a mobile and stationary phase. The 

differentiation between compounds or chemicals would thus depend on their 

movement or elution and also retention time through the different phases [30]. 

Pyrazinamide and its metabolites namely 5-hydroxypyrazinamide (5-OH-PZA), 

pyrazinoic acid (PA) and 5-hydroxypyrazinoic acid (5-OH-PA) were detected using 

high performance liquid chromatography (HPLC) [31]. Pyrazinamide has also been 

successfully identified using HPLC in a complex matrix such as human plasma [32]. 

HPLC is also capable of identifying and quantifying four constituents (pyrazinamide, 

isoniazid, rifampicin and ethambutol hydrochloride) in an anti-tuberculosis fixed dose 

combination tablet. Extensive sample preparation and organic solvents were needed 

for the analysis in this case [33]. The advantages of HPLC analysis includes high 

specificity, precision and accuracy. The drawbacks however are large solvent 

volumes, high cost and laboratory setting which is required. Although this method 

shows good results for detection, the time and effort associated for sample 

preparation is a downside for this type of detection or monitoring.  
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1.4.3 Electrophoretic separation 

Another method of drug detection utilises capillary electrophoresis (CE) coupled with 

a detection method such as UV-vis or electrochemiluminescence. Capillary 

electrophoresis is based on the separation of charged analytes through a thin 

capillary using an electrolyte under the influence of a magnetic field. Here the 

analytes are perceived as peaks as they pass through a detector. The area of that 

peak is a function of the concentration present. Ethambutol and methoxyphenamine 

were separated via CE and detected using electrochemiluminescence [34]. The 

positive aspect of CE is the small sample volume required as well as the shorter time 

of analysis required. The disadvantage here is the necessity of a separate method of 

detection, which can sometimes be difficult to incorporate into a mobile device.  

 

1.4.4 Spectroscopy 

One method that minimises sample preparation to some extent is the use of a 

spectrometer. Spectroscopic methods of detection in this context analyses the 

interaction of electromagnetic radiation with matter. Methods of detection include 

ultraviolet-visible spectroscopy (UV-Vis) [35] or fluorescence spectroscopy [36] 

among others. In this type of analysis, a chromophore or fluorophore is necessary for 

detection methods respectively. If one of these are not present in the analyte, an 

indicator is required for detection. Isoniazid was successfully detected directly using 

UV-Vis spectroscopy in its tablet form [37]. INH has also been determined indirectly 

via the formation of an optical sensor which was formed by the reaction of INH with 

Fe(III) in the presence of PDT (3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine) [38]. 

Ethambutol however does not contain a chromophore and is thus not capable of 

being detected using UV-Vis without the addition of another chemical. Ethambutol 

has successfully been quantified via the quenching of a sensitive fluorescent probe 

[39]. Advantages of this form of analysis are decreased time as well as low labour 

consumption with high precision. The drawbacks however are the necessity of a 

laboratory setting, expensive equipment and the necessity of either a 

chromophore/flourophore or a label. 
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1.5 Rationale and Motivation 

There is a great need to minimise all of the negative aspects and challenges 

associated with anti-TB drug detection described above. This is especially true when 

dealing with a disease such as tuberculosis since it is most prevalent in regions that 

experience high levels of unemployment and poverty [40]. South Africa for instance 

is experiencing both a record high unemployment rate as well as a high prevalence 

of both HIV and TB [41]. This research is in line with the Department of Health’s 

strategic plan 2016-2020, the vision of which is for a long and healthy life for all South 

Africans. Its mission is to improve health status through the prevention of illness, 

disease and the promotion of healthy lifestyles and to consistently improve the 

health care delivery system by focusing on access, equity, efficiency, quality and 

sustainability [42].  

It is thus clear that a more cost effective and efficient method to combat TB is 

needed, such as the monitoring metabolic profiles or phenotypes and thereby 

personalising TB treatment for patients.  A modern and sensitive method of 

detection is electrochemical sensing of various anti-TB drugs. This involves either the 

oxidation or reduction of the analyte at a working electrode surface.  

The working electrode has a relatively small surface area in the region of a few 

millimetres in diameter typically. Solid electrode surfaces are usually made of silver, 

platinum, gold and glassy carbon amongst many others. Electrochemical sensors 

converts the chemical reaction occurring at the surface of the electrode into an 

analytical useful electronic signal which can be read by the user [43]. The surface of 

the working electrode is usually modified in order to increase the conductivity, 

surface area, specificity or selectivity of the sensor.  

Smart materials used to modify an electrode surface include conductive polymers 

[44], nanoparticles [45], quantum dots, dendrimers  and carbon based materials such 

as graphene [46]. Dendrimers are a type of macromolecules that can also be 

described as dendritic polymers. They consist of highly branched and roughly 

spherical repeating units. Their conductivity can also be increased by the inclusion of 
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a metal centre and are thus ideal for applications in electrochemical sensors. They 

can be easily synthesised and provide a simple and effective electro-catalytic 

platform which increases the sensitivity of the sensor [47]. A first generation copper 

functionalised polypropyleneimine based dendrimer was developed and used in this 

work.  

Many different types of electrochemical techniques are used for analysis such as 

voltammetry [48], amperometry, electrochemical impedance spectroscopy [49] and 

others. Electrochemical sensors have commonly been used in the detection of drugs 

and found to be hugely successful [50]. An example is the simple electrochemical 

determination of isoniazid (INH). A rhodium modified glassy carbon electrode 

detected INH by linear sweep voltammetry. Sample preparation is minimal for 

electrochemical detection with the standard samples being dissolved in pH 7 

phosphate buffer 30 minutes before analysis. Human urine sample were centrifuged 

and the supernatant diluted with the same buffer. No further treatment of samples 

were needed for analysis. The electrochemical sensor was highly sensitive towards 

isoniazid in the presence of other interferences with a detection limit of 0.13 µM [51]. 

Pyrazinamide (PYR) was detected more recently at even lower detection limits of 4.31 

x 10-8 M using a graphene-zinc oxide carbon paste electrode. The pyrazinamide was 

detected in pharmaceutical formulations, urine samples and blood serum. No pre-

treatment of samples were necessary for the laboratory samples, these were only 

cleaned by filtering through a 0.22 µm PVDF (polyvinylidene fluoride) syringe and 

dissolving in buffer [52].  An electrochemical sensor for the determination of 

rifampicin was also developed in 2013. Here a glassy carbon electrode was modified 

with a nano-hybrid film of nickel hydroxide nanoparticle and reduced graphene oxide 

nano-sheets. Tablets of rifampicin prepared in human blood serum were 

subsequently detected. The serum was vortexed and the proteins separated by 

centrifugation, diluted and then spiked with rifampicin. The electrocatalytic analysis 

of rifampicin was carried out by linear sweep voltammetry with a detection limit of 

4.16 nmol/L found for this method [53].  Simultaneous detection of anti-TB drugs are 

also possible and much more feasible with electrochemical sensors since each drug 

has a unique electrochemical signature. In one such case, pyrazinamide and 
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ethionamide (ETO) was detected together on a poly-L-cysteine modified glassy 

carbon electrode. Stock solutions of ETO and PYR were diluted either in urine or 

serum. As is protocol, the serum was first allowed to precipitate and centrifuged to 

separate the supernatant. Simultaneous detection of ETO and PYR were carried out 

and the limit of detection were determined to be  0.531 and 0.113 µmol/L respectively 

[54].     

Biosensors are analytical devices which consist of a biological element such as an 

enzyme [55] [56], DNA  [57] or antigens [48], which is attached to a transducer 

surface. This biosensor produces a signal due to a bio-recognition event when in the 

presence of a specific analyte [58]. IUPAC (International Union of Pure and Applied 

Chemistry) defines a biosensor as a device that uses specific biochemical reactions 

mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to 

detect chemical compounds usually by electrical, thermal or optical signals [59] [60]. 

Electrochemical biosensors thus have an electrochemical transducer in use. 

Quite a few biosensors have been developed for TB via detection of the tubercle itself 

[61], or in other cases, where the TB biomarkers [62] are detected. However, not 

many have been developed for the specific detection of TB drugs. Amongst the very 

few biosensors for TB drug detection are those carried out by Ajayi et al. In this study 

for instance, an electroactive nanocomposite was used consisting of poly (8-anilino-

1-naphthalene sulfonic acid) (PANSA) and silver nanoparticles (AgNP’s) stabilized in 

polyvinylpyrrolidone (PVP). The nanocomposite was used in conjunction with a 

CYP450-2E1 enzyme to develop a biosensor for the detection of first line drugs. 

Ethambutol was successfully detected using chronoamperometry within a linear 

range of 2-12 µM and a detection limit of 0.7 µM [63]. In another application, a 

modified form of the CYP2E1 enzyme was used for the detection of rifampicin. The 

enzyme was modified with ethylene glycol bis(succinic acid N-hydroxysuccinimide 

ester) to produce an EG-modified CYP2E1 biosensor with the same nanocomposite 

base. Amperometric detection was carried out and a linear range of 2-14 µM was 

achieved along with a detection limit of 0.05 µM. This biosensor also showed 

excellent reproducibility, stability as well as sensitivity [64]. Another method of 

CYP2E1 enzyme modification carried out by the same author was carried out with di-
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succinimidyl octanedioate (SA). The modified enzyme biosensor was used to detect 

pyrazinamide with a similar linear range and a detection limit of 0.044 µM [65].  

The benefit of electrochemical sensors and biosensors thus include the fact that one 

can minimise sample preparation drastically. The analysis time is also limited to a large 

extent in comparison to standard techniques. Electrochemical sensors and 

biosensors have gained attention since they offer easy to use, low cost and an at 

point-of-care (POC) alternative to other analytical techniques. POC analysis is 

considered an on-site diagnostic tool using a mobile device that is accessible to 

patients at their point of need or location [66]. These sensors are also highly sensitive 

and selective and can be easily miniaturised. They thus allow for mobility and efficient 

analysis to be carried out at the point of care of patients. Various electrochemical 

sensors have been developed to combat TB via DNA based detection of MTB [67], 

immunosensors for detection of the tubercle itself [61] and even enzymatic 

biosensors for TB drug detection [65]. Phenotype biosensors however, have not 

been studied extensively in order to personalise TB treatment and thus, this was the 

focus of this study in order to assist with the End TB strategy [68]. The End TB 

strategy was developed by the World Health Organisation and approved by the 67th 

World Health Assembly in 2014. This strategy aims to achieve a health related target 

under the UN sustainable development goal 3, which calls to end the TB epidemic 

[69]. 

In this work, a first generation polypropyleneimine based dendrimer was synthesised 

along with its copper functionalised counterpart. Both dendrimers were 

characterised using microscopic, spectroscopic and electrochemical techniques. 

Surface morphology was investigated using high resolution transmission electron 

microscopy (HRTEM), high resolution scanning electron microscopy (HRSEM) and 

atomic force microscopy (AFM). The size and shape of the samples were be 

determined using small angle X-ray scattering (SAXS) and their structure and optical 

properties were determined using fourier transform infrared spectroscopy (FTIR) 

and ultraviolet-visible spectroscopy (UV-vis). The dendrimers were then immobilised 

on the surface of gold working electrodes for the detection of the four anti-TB drugs, 

namely isoniazid, ethambutol, pyrazinamide and rifampicin in standard solutions and 
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complex matrices. This was followed by the incorporation of cytochrome P450 (CYP) 

3A4 enzymes into the dendrimer modified working electrode surfaces in order to 

form simple biosensors. CYP enzymes are responsible for the metabolism of a large 

variety of compounds, with TB drugs being a part of their substrates. The inclusion of 

the biological recognition element into the sensor system enhanced their sensitivity 

and selectivity towards these four drugs and its effects were investigated and 

compared to the additionally developed chemical sensors.  

 

 

1.6 Objectives 

o To synthesise and characterise polypropyleneimine based dendrimer and 

copper functionalised first generation metallodendrimer 

o Characterisation of the abovementioned materials will be carried out in order 

to determine its structure, morphology, size, shape and electrochemical 

properties. Characterisation methods include HRTEM, HRSEM, AFM, FTIR, UV-

Vis, SAXS and electrochemical methods such as cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV).  

o To fabricate  biosensors using the copper metallodendrimer and  cytochrome 

p450 3A4 enzymes as the biological element 

o To use the biosensors to detect various concentrations of each of the four first 

line anti-TB drugs i.e. INH, ETH, PYR and RIF 

o To use the electrochemical biosensors to detect drugs in  synthetic urine, 

plasma or serum samples 

o To model the biosensor responses to relate to metabolic profile of TB 

patients. 
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1.7 Thesis Overview 

CHAPTER 1: This is the introduction chapter, which introduces the topic of the thesis 

as well as give the background and motivation of the study. 

CHAPTER 2: This is the literature review covering the use of CYP 450 enzymes in 

catalysis and their application in sensors. 

CHAPTER 3: The first experimental chapter includes the characterisation of a first 

generation dendrimer and its copper functionalised counterpart. 

CHAPTER 4: This describes the application of the copper metallodendrimer in an 

electrochemical sensor for the detection of four anti-TB drugs 

CHAPTER 5: Development of a biosensor based on CHAPTER 4 with the incorporation 

of a CYP 3A4 enzyme to improve sensitivity of the sensor. 

CHAPTER 6: This is the conclusion chapter of the whole thesis including future works 

and recommendations 
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Chapter 2 

2 Literature review: Cytochrome P450 enzymes 

in catalytic reactions and applications in 

sensors 

 

Abstract 

Cytochrome P450 (CYP or CYP450) enzymes are responsible for the metabolism of 

75 % of drugs in the human body. CYP’s in humans typically act as monooxygenases 

and function by hydroxylating substrates during metabolism. These enzymes are 

found in various other organisms, such as fungi and bacteria, with a huge variety of 

functions amongst them. These functions can be optimised through genetic 

engineering and directed evolution. The reactions CYP enzymes catalyse include not 

only regio-selective hydroxylation, but also epoxidation, deamination, carbene N-H 

insertion and others. The application of this diverse group of enzymes in industry was 

thus a natural route. Enzymes provide an environmentally safe method of carrying 

out reactions that would otherwise make use of dangerous solvents, transition metal 

catalysts and high temperatures and pressures. CYP’s have been found to be highly 

regio- and stereo-selective in their reactions, which makes the application in industry 

more lucrative in minimising the formation of unnecessary minor products during 

biosynthesis and bioconversion [1]. Expressing these enzymes in microbes allow for 

bioremediation to take place at the site of contamination in soil or water as well. 

CYP’s have recently been used in multiple biosensor systems acting as the 

biorecognition element towards various compounds.  CYP’s have also been found to 

improve the sensitivity, selectivity and detection limits of these sensors significantly 

and continue to be a point of research focus currently [2].   
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Scheme 2-1: Graphical abstract for Chapter 2 [3] 

 

2.1 Introduction 

Cytochrome P450 was first discovered in 1955 by Brodie et al [4] and Axelrod [5] who 

found that an enzyme system present in the liver was able to metabolise xenobiotic 

compounds [6]. Xenobiotics are compounds that are not normally found in the body 

and include drugs, pollutants and food additives etc. [7]. It was only in 1958 when 

another discovery was made that would give the distinctive name to this group of 

enzymes. A carbon monoxide (CO) binding pigment in liver microsomes was found 

to have a UV-Visible absorption maxima at 450 nm, which was in actuality the P450 

enzyme [8], [9]. Human CYP enzymes are involved in the initial phase of metabolism 

of 75 % of drugs and many other compounds. The human genome contains 57 genes 

for P450 enzymes which are arranged into 18 families and 42 subfamilies [10] [11]. All 

CYP’s contain a characteristic heme centre, which is a coordinated iron-porphyrin 

complex that is in close proximity to the active site of the enzyme. The substituents 

of the porphyrin ring determine the functionality of the enzyme [12].  
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2.1.1 Nomenclature 

This group of enzymes are named according to a cytochrome P450 enzyme naming 

system established by the CYP nomenclature committee [13]. The name consists of 

the letters CYP, which represents the heme containing protein superfamily. A 

numeral will then denote the family, for example CYP1, CYP2 etc. A letter then follows 

which represents the sub-family (i.e. CYP1A). Finally, another numeral will represent 

the individual iso-enzyme or gene such as CYP1A1 [14]. The enzyme and mRNA are 

represented by normal font (CYP1A1), whereas the DNA and gene are written in italics 

(CYP1A1). Members of a CYP family are grouped according to their primary amino acid 

sequence with a 40 % similarity. The amino acid sequence in a subfamily are generally 

more than 55 % identical [15]. Clans have been developed as a higher order of 

grouping for CYP’s due to the increased number of sequenced genomes [16]. Clan 

membership parameters however, have not been clearly identified [17], but they are 

derived from a single gene ancestor [18].  

 

2.1.2 Human CYP’s 

CYP’s are present in all tissues in mammals with the highest concentration in the liver 

and small intestine. Studies carried out in 1994 [19] and 2014 [20] revealed that 87 % 

of the human liver cytochrome P450 content was made up of CYP1A2, CYP2A6, 

CYP2B6, CYP2C, CYP2D6, CYP2E1, CYP3A and CYP4F.  A pie chart representing the 

CYP450 content of the human liver is shown in Figure 2-1. The majority of CYP liver 

content i.e. 28.8 % is made up of the CYP3A sub-family whereas the highest 

percentage of single isozyme content is CYP1A2 at 12.7 %.  
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Figure 2-1: Human liver cytochrome P450 content 

 

The membrane bound CYP’s in humans are responsible for a variety of functions in 

the body depending on where they are situated. They are unique biocatalysts which 

undertake a variety of stereo- and regio-specific reactions in both the first and second 

phase of metabolism [21]. CYP’s in the liver are responsible for bile acid synthesis [22] 

as well as metabolism of carcinogens, pollutants and drugs. Mitochondrial CYP’s of 

steroidogenic tissues such as the ovary, adrenal cortex, testis, placenta or breasts, 

are involved in degradation and synthesis of endogenous steroid hormones [23]. 

Other functions of CYP’s include metabolism of vitamins, cholesterol biosynthesis 

and oxidation of unsaturated fatty acids. CYP’s present in the brain have been found 

to maintain brain cholesterol homeostasis and eliminate retinoids [24]. A table 

representing the 57 identified CYP enzymes in the human body and their major 

substrate groups are as shown in Table 2-1. It is clear that majority of these proteins 

act on xenobiotics and sterols as substrates. Xenobiotics are compounds that are not 

found in the body such as drugs, pollutants and others.  

 

 

CYP1A2; 12,7%

CYP2A6; 4%

CYP2B6; 0,2%

CYP2C; 18,2%

CYP2D6; 1,5%

CYP2E1; 6,6%
CYP3A; 28,8%

CYP4F; 15%

Unknown; 13%
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Table 2-1: 57 Human enzymes according to their major substrate class [25], [26] 

Substrate 
Class CYP enzyme 

Vitamins 2R1, 24A1, 26A1, 26B1, 26C1, 27B1 

Eicosanoids 4F2, 4F3, 4F8, 5A1, 8A1 

Fatty Acids 2J2, 4A11, 4B1, 4F12 

Xenobiotics 1A1, 1A2, 2A6, 2A13, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 2F1, 3A4, 3A5, 3A7 

Sterols 1B1, 7A1, 7B1, 8B1, 11A1, 11B1, 11B2, 17A1, 19A1, 21A2, 27A1, 39A1, 46A1, 51A1 

Unknown 2A7, 2S1, 2U1, 2W1, 3A43, 4A22, 4F11, 4F22, 4V2, 4X1, 4Z1, 20A1, 27C1 

 

2.1.3 Mechanism of Action and Classification 

CYP’s exist in bacteria and fungus and are enormously diverse within these microbes. 

They have also been identified in plants, animals, protists, archaea, bacteria and even 

viruses [27]. Enzymes usually require co-factors like NADH or NADPH to provide 

electrons for the reactions they catalyse. The mechanism of action of CYP enzymes 

in the different organisms are defined by their redox partners or electron support 

system and are classified accordingly. There are two main classes i.e. I and II, as well 

as other subclasses. Class I consists of the bacterial system with a soluble reductase 

system comprising of FAD (flavin adenine dinucleotide) and FeS (iron sulphide) 

ferredoxin. Class II is a membrane bound system with an associated NADPH-CPR 

(cytochrome P450 reductase), consisting of FAD and FMN (flavin mononucleotide) 

[28]. A unique configuration to note is the self-sufficient CYP redox system which has 

a fusion protein structure with a heme domain and CPR domain consisting of 

FMN/FAD. This configuration is present in the CYP102A1 (CYPBM3) enzyme, which 

makes this enzyme a very attractive option for application in industry. A scheme 

representing the molecular organisation of the classes of CYP and their redox 

partners are is shown in Scheme 2-2. [29] [30].  
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Scheme 2-2: CYP450 system in (A) typical class I bacterial CYP system (B) a typical class II 
eukaryotic membrane bound CYP reductase system (CPR) consisting of FMN/FAD (C) fused 

self-sufficient CYP system with CPR  

FMN = Flavin mononucleotide, FAD = Flavin adenine dinucleotide, FeS = iron-sulfide cluster 

 

2.1.4 CYP reactions and substrates 

CYP’s enzymes and genes are present in most eukaryotes i.e. humans and plants, but 

are not necessarily present in prokaryotes. Some bacteria such as Mycobacterium 

smegmatis, contain 39 genes that encode for CYP however, they are not even present 

in species such as Escherichia coli.[30]. To date there have been over 50 000 CYP’s 

identified [31]. CYP’s in humans are monooxygenases which act on the substrates by 

introducing one atom of oxygen into the molecule [32]. Amongst the vast range of 

reactions of other CYP’s are aromatic hydroxylation, oxidation deamination, 

decarboxylation, dehydrogenation, dehydration, denitration, dehalogenation, arene 

and alkene epoxidation, ring formation, expansion and contraction [28], [33]. CYP’s 

exist in plants as means of promoting growth, development and protecting plants 
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against stresses [34].  These enzymes also play a huge role in the adaptation of fungi 

to specific environments. A summary of the various types of CYP enzymes and their 

characteristics are shown in Table 2-2. 

Table 2-2: General characteristics of cytochrome P450 enzymes [35], [36], [27] 

Human Cytochrome P450  

Enzyme Substrate reaction Substrate Tissue 
localisation 

CYP1A1 Ethoxyresorufin O-deethylation Pre-carcinogens, PAH’s Extrahepatic 

CYP2D6 
Dextromethorphan O-deethylation, 

bufuralol 1’-hydroxylation, debrisoquine 
4-hydrohylation 

Drugs Liver 

CYP2E1 Chlorzoxazone 6-hydroxylation Solvents, drugs, pre-
carcinogens Liver 

CYP3A4 
Testosterone 6β-hydroxylation, 

midazolam 1’-hydroxylation, 
erythromycin N-demethylase 

Drugs, pre-carcinogens, 
dietary components 

Liver, 
intestine 

Plant Cytochrome P450 

Enzyme Source Metabolite Related function 

CYP75 Vitis vinifera Flavonoid Biosynthesis Of Anthocyanins 

CYP85A1 Oryza sativa Steroid Biosynthesis Of Castasteron 

CYP706M1 Cupressus 
nootkatensis Terpenoids Biosynthesis of a natural sesquiterpene 

ketone 

Bacterial Cytochrome P450 

Bacteria Enzyme Function 

Pseudomas putida CYP101A1 Catabolism of camphor 

Bacillus megaterium CYP102A1 Fatty acid catabolism 

Jeotgalicoccussp. ATCC 8456 CYP152A3 Decarboxylation of fatty acid 

Sorangium cellulosum CYP167A1 Epothilone biosynthesis/antitumour 

Fungal Cytochrome P450 

Microbe Enzyme Function 

Saccharomyces cerevisiae CYP51 Sterol biosynthesis (14-demethylation) 

Candida tropicalis CYP52A1 Alkane and fatty acid catabolism 

Rhizopus oryzae CYP509C1 Steroid 11α-hydroxylase 

Fusarium oxysporum CYP55A1 Denitrification 
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Human CYP’s are mostly involved in metabolism while plant CYP’s are focused on 

biosynthesis of natural products. Bacterial and fungal CYP’s are also involved in 

biosynthesis as well as catabolism and others. This wide range of substrates functions 

and reactivity’s gives rise to many possible industrial applications of these enzymes. 

These applications include biosynthesis of natural products, biocatalysis, 

bioconversion/biotransformation, bioremediation and biosensors. With protein 

engineering becoming a more researched technique, there is a huge potential for 

tailoring these enzymes to produce high value products and metabolites [37]. The 

applications of these enzymes will therefore be discussed in this review. 

 

2.2 Biosynthesis of natural products 

One of the first functions of CYP enzymes for potential use in industry to be 

discussed, will be towards the biosynthesis of natural products. Chemical synthesis 

of desired products usually makes use of transition metal catalysts, dangerous 

solvents and sometimes high temperatures and pressures [38]. On the other hand, 

extraction of natural products from plants is limited to the amount of plant available, 

therefore to overcome this limitation, researchers have developed numerous 

methods of biosynthesising these products. It is possible to take advantage of the 

role of enzymes as well as engineering in the biosynthesis of natural products. There 

are multiple steps in the pathway towards the biosynthesis of groups of compounds 

in plants and the role of CYP’s will be discussed here.  

 

2.2.1 Terpenoids/terpenes 

Terpenoids are an extremely diverse group of natural products which find 

applications in cosmetics, food and pharmaceutical industries. Terpenoids are made 

out of repeating isoprene units i.e. C5H8 and are named according to how many units 

they contain: monoterpenoids (10C), sesquiterpenoids (15C), diterpenoids (20C) etc. 

[39]. The biosynthesis of terpenoids is usually a four-stage process, with the last stage 
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being post modifications in which CYP’s are heavily involved. Multiple issues effect 

the efficient biosynthesis of these compounds, which include the use of 

uncharacterised CYP’s, slow reactions and the necessity of an additional protein 

partner. All of these reasons make the application in industry difficult, but recently 

some strategies to counteract these have been found. In order to identify CYP’s 

which are capable of carrying out desired reactions, CYP discovery has previously 

focused on gene deletion/silencing and in vitro enzyme assays. Recently, one of the 

main solutions would be to engineer CYP’s either via directed evolution [40] or 

rational design [41], amongst many others. CYP discovery and engineering in recent 

years have thus propelled the possibility of industrial applications for terpenoid 

biosynthesis [42]. 

CYP enzymes that are mostly involved in the biosynthesis of terpenoids belong to the 

following plant clans: CYP85, CYP71 and CYP72. Clans are a group of families within 

plant CYP’s that are closely related and are named according to their lowest 

numbered family member. They might be single family or multiple family clans [43]. 

The CYP71 clan is mostly involved in secondary metabolism. One example is the 

biosynthesis of artemisinin by CYP71AV1 via the oxidation of intermediates amorpha-

4,11-diene, artemisinic alcohol and artemisinic aldehyde to artemisinic acid. 

Artemisinin is used to treat malaria and has a lower toxicity and faster action than 

current anti-malarial drugs [44].  

Phytoalexins, specifically zealexin, is a sequiterpenoid antibiotic produced by maize 

which provides protection against fungal infections. CYP71Z18 has been identified as 

being involved in the initial step in the biosynthetic pathway by catalysing the 

oxidation of C15 in (S)-β-macro-carpene to form zealexin A1. The specific reaction of 

CYP450 in the pathway is shown in Figure 2-2. The group used  metabolic engineering 

system to co-express a modified CYP71Z18 with cytochrome P450 reductace (CPR) in 

an E. coli that also produced (S)-β-macro-carpene. The oxidation reactions revealed 

three products, which were found to be the alcohol, aldehyde and finally the 

carboxylic acid form of zealexin A1. This engineered reaction was found to be 

successful in producing zealexin A1 [45].  
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Figure 2-2: Proposed reaction of CYP71Z18 with (S)-β-macro-carpene at C15 to form 
zealexin A1  

 

2.2.2 Flavonoids 

Flavonoids are compounds found in plants which are known for their  anti-

inflammatory and antioxidant abilities. They generally consist of two C6 aromatic ings 

joined by a C3 carbon bridge which is usually a heterocyclic ring [46]. p-

Hydroxycinnamic acid has successfully been produced from glucose in yeast. This was 

achieved by using phenylaniline and tyrosine ammonia lyases. The cinnamate-4-

hydroxylase (C4H-P450) and CYP450 reductase genes were also expressed from 

Helianthus tuberosus [47]. C4H-P450 is responsible for the conversion of trans-

cinnamic acid to p-couramic acid (p-hydroxycinnamic acid) via a hydroxylation 

reaction [48].  

CYP75B1, also known as flavonoid 3’-hydroxylase (F3’H) is an enzyme identified in 

Arabidopsis thaliana [49]. It acts on either dihydrokaempferol or kaempferol and 

converts them to dihydroquercetin and quercetin, respectively. This is done via a 

hydroxylation reaction occurring at the 3’-position of the B-ring in the respective 

flavonoid [50]. The reaction of CYP75B1 on dihydroquercetin can be shown in Figure 

2-3.  
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Figure 2-3: CYP75B1 action at C3’ on dihydroquercetin to form quercetin 

 

2.2.3 Carotenoids 

Carotenoids are a group of pigments found in red, orange and yellow coloured fruit 

and vegetables. The chemical structure of these molecules determine biological 

functions as well as their color [51]. Carotenoids also protect against oxidative stress, 

play crucial roles in photoprotection and reduce risks of inflammatory diseases in 

humans. Recently the role of CYP’s in biosynthesis of these molecules have been 

demostrated in Euglena gracilis, a unicellular flagellate. CYP97H1 has been identified 

as a β-carotene monohydroxylase responsible for the hydroxylation of β-carotene to 

β-cryptoxanthin [52].  

 

2.2.4 Steroids 

Steroid pharmaceuticals are in high demand and the biosynthesis of these products 

have been investigated thoroughly. These chemicals are found in plants, fungi and 

animals and have a variety of functions including maintaining cell membranes, 

regulate blood pressure and act as sex hormones. Biosynthesis of steroid hormones 

in humans involve the action of six CYP enzymes. This metabolic pathway uses 

cholesterol as a starting material. CYP11B1 and CYP21A2 are involved in hydroxylation 

reactions exclusively while the others have various functions within the cycle. The 

other enzymes in the cycle include CYP17A1, CYP11A1, CYP19A1 and CYP21A2 [53].  
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The most notable products of this pathway include progesterone, testosterone and 

estradiol amongst others. Understanding the mechanisms of action each of these 

enzymes undergo, will aid in therapeutic interventions against disorders caused by 

deregulation of steroids in the future [54].  

 

2.2.5 Erythromycin 

Another example of biosynthesis via CYP’s is the production of erythromycin. 

Erythromycin is an antibiotic, which is produced by Saccharopolyspora erythraea, an 

actinomycete bacterium. CYP107A1, also known as CYPeryF, is involved in the 

hydroxylation reactions carried out on 6-deoxyerthronolide B (6-DEB). This enzyme 

reacts specifically at positions 6 and 12 on a macrolide ring as shown in Figure 2-4. CYP 

uses two electron transport proteins; to cleave the O-O bond in molecular oxygen 

and to insert one oxygen atom at the 6S position of 6-DEB to form erythromycin [55].  

 
Figure 2-4: 6-deoxyerythronolide B, a substrate of CYP107A1 which produces erythromycin 

 

2.2.6 Prunasin 

Eucalyptus cladocalyx is a tree which contains a very interesting CYP functionality. This 

plant is cyanogenic in the sense that it releases toxic hydrogen cyanide, as a defence 

mechanism via the release of prunasin, a cyanogenic glucoside [56]. Prunasin is 

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



Chapter 2: Literature Review 

34 
 

biosynthesised via a multi-step process involving three CYP enzymes amongst others. 

Cyanogenic glucosides are derived from amino acids therefore prunasin is derived 

from phenylaniline. CYP79A125 converts phenylaniline to its corresponding aldoxime. 

CYP706C55 is responsible for the dehydration of phenylacetaldozime to 

phenylacetonitrile. CYP71B03 then hydroxylates the compound to form 

mandelonitrile. The final step in the biosynthesis is carried out by UDP-

glucosyltransferase to form prunasin [57]. A representation of this biosynthetic 

pathway is as shown in Figure 2-5.  

 

Figure 2-5: Biosynthetic pathway for the production of prunasin by E. cladocalyx 

 

2.2.7 Indigo dyes 

Indigo dyes are used in very large quantities throughout the world. The usual 

synthetic route for these dyes include the use of petrochemical resources and 

hazardous chemicals [58]. The biosynthesis of indigo dye and its derivatives have 

been carried out with the use of CYP102G4, which is obtained from Streptomyces 

avermitilis. For the experiment, the CYP was expressed in E. coli and used in a one pot 

synthesis method. L-tryptophan was used as a starting material which was modified 
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by tryptophan-7-halogenase and tryptophanase to form 7-chloroindole. CYP102G4 

then regio-selectively hydroxylates the indole at the C3 position, activating the 

carbon at C2, causing dimerization to form indigo dye [59]. Various other functional 

groups were investigated which changed the properties of the indigo dye 

significantly to create dyes with different colours such as those shown in Figure 2-6.  

 
Figure 2-6: Colour shifts of various indigoids depending on their functional groups [59] 

 

This ability to tailorise these dyes and produce them via biosynthesis is highly 

favourable in industry. Biosynthesis of indigo dyes have been found to be successful 

with CYP102A as well as other environmentally friendly routes [60]. 

 

2.2.8 Anti-cancer agents 

Epothilones A and B are natural products which have been identified as highly 

promising anti-cancer agents. These products are isolated from Sorangium cellulosum 

and attack tumours by stabilising microtubules. Epothilones C and D have a double 

bond in the macrocyclic lactone ring which is converted to an epoxide group by a CYP 

enzyme called EpoK (CYP167A1) to produce epothilone A and B respectively [61] [62]. 

The activity of the epothilone can be represented by Figure 2-7.  
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Figure 2-7: Epoxidation of epothilone D by EpoK CYP450 enzyme to form epothilone B 

 

CYP enzymes are involved in various reactions in the synthesis of natural products. 

The selectivity and reactivity of these proteins will thus improve their use in 

producing valuable pharmaceuticals for agriculture, medicine and industry. The 

possibility of engineering CYP’s derived from microbes to work on alternative 

substrates and add new functions lead to endless possibilities in drug discovery as 

well [63] [64].  
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2.3 Biocatalysis and Bioconversion 

Biocatalysis or bioconversion refers to the use of living systems or their parts to 

speed up or induce chemical reactions. Natural catalysts such as enzymes, perform a 

tremendous number of chemical transformations which have the added benefit of 

being highly selective and specific under relatively mild conditions of pressure and 

temperature, and are thus ideal for this application. Regio- and enantio-selective 

hydroxylation is an ability of CYP’s which make it quite attractive for the use of 

bioconversion. These reactions are capable of producing drugs, vitamins, fragrances, 

pesticides and flavours [65]. CYP’s are able to selectively insert oxygen into a 

relatively inactive bond between carbon and hydrogen which gives it the ability to 

shorten long synthetic strategies [66]. In contrast to biosynthesis, bioconversion or 

biocatalysis is also involved in the metabolism of products, drugs and other harmful 

substances.  

 

2.3.1 Whole cell biocatalyst 

CYP’s generally require a redox partner in order to initiate a reaction and this is thus 

one of its limitations. The solution to this is to express the enzymes within a microbe 

in order to mimic the reaction in nature. A whole cell biocatalyst has been developed 

based on CYP108N7. The enzyme was expressed in E. coli together with glucose 

dehydrogenase which supplied the reduced cofactor NADPH and redox partners. The 

biocatalyst was used to carry out reactions such as epoxidation, sulfoxidation, 

hydroxylation, demethylation and dehalogenation. These reactions were carried out 

on substrates such as styrene, 1-bromo-4-ethylbenzene and 4’-bromoacetophenone. 

This enzyme has been found to have an improved ability towards sulfoxidation 

reactions with an excellent enantioselectivity [67].  
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2.3.2 Pharmaceutical agents and drugs 

CYP’s are involved in drug development by aiding in determining the metabolites and 

their relative adverse drug reactions. This was proven in a study recently involving 

ibuprofen. This drug is a very common anti-inflammatory and the enzymes involved 

in its metabolism in the body are  CYP2C8 and CYP2C9. This process was mimicked by 

expressing CYP505X (from Aspergillus fumigatus) as well as a variant with five 

mutations in the  yeast Pichia pastoris. This enzyme was successful in carrying out 

hydroxylation reactions to form 1- and 2-hydroxyibuprofen [68]. What is unique about 

this enzyme is that CYP505X is a self sufficient class VIII enzyme in that the redox 

partner is  fused with the CYP domain, minimising the need for a separate and 

additional redox system [69].  

A microbial CYP505X was also used for a whole cell mediated biotransformation of 

capsaicin. Capsaicin is a compound found in various peppers and has irritative and 

analgesic properties. It has also been found to have an impact on thermoregulation 

and adipose tissue metabolism. Capsaicin also has hypotensive, anticancer and 

antioxidative effects [70]. CYP505X and ten variants were expressed in E. coli and 

used as lyophilized whole cell biocatalyst. Two major metabolites were identified as 

a result of the respective hydroxylation and epoxidation of capsaicin. The 

hydroxylated product was found to be a metabolite of human CYP3A4 and CYP2C8 

whereas the other major metabolite was assumed to be a product of the action of 

the microbial CYP. This reaction could be suitable for upscaling due to its suitable 

substrate concentration and reaction time [71].  

Recently, a set of mutant CYP102A1 enzymes from Bacillus megatarium was applied 

for the bioconversion of polydatin to (E)-astringin. Polydatin and (E)-astringin are 

natural glycosides which are found in plants, wines and foods. They are both 

hydroxylated versions of resveratrol which has numerous beneficial pharmacological 

activities against inflammatory disease, cancer, obesity etc. [72], [73]. The 

bioconversion was carried out via a regioselective C-3’ hydroxylation using CYP102A1 

and found to be highly efficient. The enzyme and polydatin was dissolved in 

potassium phosphate buffer with an aliquot of NADPH generating system to initiate 
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the reactions. The synthesis of this highly valued product was beneficial because it 

was a mild reaction method for a complex and sensitive natural product [74].  

Another chemical of great pharmaceutical value is colchicine. This chemical in its 

native form can be used as an anti-cancer drug, but is severely toxic . Derivatives of 

colchicine have thus been developed such as 3-demethylated colchicine (3-DMC) 

which has enhanced therapeutic characteristics. The conversion of the toxic 

colchicine to 3-DMC has a low yield of 45-50 % and thus bioconversion has been 

investigated. CYP102A1 (CYP BM3) from Bacillus megaterium was expressed in 

recombinant E. coli whole cells and used to convert colchicine to 3-DMC in both free 

and immobilized cells. The enzyme regioselectively demethylated colchicine and C3 

in ring A. This experiment was successful in the environmentally friendly, mild 

synthesis of 3-DMC with a high selectivity and yield while offering biocatalyst 

reusability as well [75].   

 

2.3.3 Steroids 

CYP106A2 is an enzyme that is found in Bacillus megaterium, a soil bacterium. It has 

been identified as one of the first steroid hydroxylases in bacteria which converts 

progesterone to 15β-hydroxyprogesterone. The stereo-selectivity of this enzyme has 

successfully been adjusted using protein design strategies in order to adapt its 

application in industry. The hydroxylating action of CYP102A2 has been investigated 

since 1975 and its use has mostly been applied selectively to steroids with 

hydroxylation occurring specifically at the  position 15β [41]. In-vitro CYP106A2 

systems are not feasible for scaling up in industrial applications, so to circumvent this, 

a whole-cell biocatalyst is the best option. A group designed an E. coli based system 

using the bacterial CYP106A2 along with bovine mitochondrial electron transfer 

system consisting of AdR (adrenodoxin reductase) and Adx (ferredoxin 

adrenodoxin). The whole cell biocatalyst was successful in the conversion of 11-

deoxycorticosterone (DOC) to 15β-DOC. The average rate of the conversion was 1 

mM/d in culture volume of 300 ml [76]. 
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Another enzyme that acts on 11-deoxycorticosterone is CYP260B1 from Sorangium 

cellulosum. Recently the major product of this enzyme was identified to be the 9α-

hydroxy-11-deoxycorticosterone. A CYP260B1-T224A mutant was developed in order 

to minimise side reactions which increased selectivity to about 75 % compared to 60 

% in the wild type. An E. coli whole cell biocatalyst was used with the mutant variant 

along with redox partners and showed great potential for upscaling [1]. The reactions 

on DOC by the CYP106A2 and CY260B1 enzymes are represented in Figure 2-8. The 

fact that these two enzymes are able to selectively act on these inactive carbons, 

make them a huge benefit in organic synthesis.  

 

Figure 2-8: Hydroxylase action of CYP260B1 and CYP106A2 on DOC 

 

CYP’s are versatile enzymes in that they catalyse various types of reactions. Another 

less common way in which these enzymes have recently been proved to act is C-C 

cleavage of steroids. A limited number of CYPs catalyse this reaction, especially in 

bacteria. A CYP154C8 enzyme was expressed in E.coli with spinach ferredoxin 

reductase (Fdr) and ferredoxin (Fdx) surrogate redox partners. CYP154C8 catalyzed 
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C-C cleavage in steroids with hydroxyl and hydroxyacetyl functionalities at C17. It was 

found that a variation in redox partner affects the type and selectivity of product 

formed. Other redox partners investigated include Pdx and Pdr from Pseudomonas 

putida which did not produce C-C cleaved products. Substrates investigated for this 

reaction include cortisone, prednisone and hydrocortisone. The products of C-C 

cleavage via CYP are 17-ketosteroids but the exact mechanism is not yet known [77].  

 

2.3.4 Abiotic reactions 

The versatility of these CYP enzymes is further demonstrated by CYP102A1 (CYP BM3) 

from Bacillus megaterium which has recently been engineered to perform abiotic 

(non-natural) reactions [78]. These include (A) oxidative deamination of alkyl azides 

[79],  (B) olefin cyclopropanation [80], (C) intramolecular C–H amination reactions 

[81] (D) carbene N–H insertion [82]. These reactions by CYP BM3 on various 

substrates are represented by Figure 2-9. These reactions were carried out under 

anaerobic conditions and using either NADPH or dithionate as reducing agents. CYP 

BM3 and its engineered variants have been widely used for wide range of reactions 

and are still being optimised toward this goal. The fact that this single enzyme is able 

to work on such a range of substrates also makes it suitable for industrial application 

as a biocatalyst.  
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Figure 2-9: Abiotic reactions catalysed by engineered CYP BM3 (A) oxidative deamination 
of alkyl azides (B) olefin cyclopropanation via carbene transfer (C) cyclization of 

carbonazidate substrates via intramolecular C-H amination (D) C-N bond formation via 
carbene N-H insertion [78] 

 

CYP enzymes have also recently been targeted in research as a method of catalysing 

non-natural reactions on carbene and nitrene species in the place of synthetic organic 

chemistry. A genetically engineered variant of CYP BM3 has been used to carry out a 

C-H amination reaction on a variety of starting materials. The mutated enzyme was 

expressed in whole E. coli cells and reactions carried out in anaerobic conditions. 

These starting materials included alkanes such as 4-ethylanisole, 4-ethyltoluene and 

ethylbenzene [83]. This asymmetric biocatalyst was proven to have the highest 

turnover number of any known chiral synthetic catalysts. The fact that CYP’s have 

been successfully modified to act at C-H groups that are inaccessible to chemical 

catalysts, make it even more valuable [84].  
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2.3.5 Large scale industrial applications 

One of the largest industrial applications of P450’s is for the production of pravastatin 

via a bioconversion process. Pravastatin is a drug used to lower cholesterol and 

thereby treat coronary heart disease. This method of production was developed by 

Sankyo (Daiichi-Sankyo) Co, Ltd (Tokyo, Japan). Streptomyces carbophilus is used in 

the fermentation step which converts ML-236B to pravastatin [85]. It was later found 

that enzymes in the CYP105 family was responsible for the regio-specific 

hydroxylation of the 6β-position [86]. This hydroxylation reaction is shown in Figure 

2-10 below. 

 

Figure 2-10: Bioconversion of ML-236B to provastitin using enzymes in the CYP105 family 

 

Bioconversion processes occur in bioreactors in various modes such as batch, 

continuous or semi-continuous and have various configurations depending on 

application. In each case a degree of moisture is required in order to maintain 

microbial activity. Other parameters such as time, media composition and pH are also 

optimised in each case. These biorefineries in industry are currently in use to produce 

various commercial products and under constant optimisation in research [87]. 

Biocatalysts such as enzymes have a few limitations, which include incorrect stereo- 

and/or regioselectivity, narrow substrate acceptance, weak robustness under 

operation conditions and sometimes substrate/product inhibition. However, the 

development of synthetic biology, metabolic engineering and directed evolution has 

circumvented these limitations [88].  
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2.4 Bioremediation 

More effective ways of getting rid of harmful substances are always being 

investigated in order to preserve the environment.  Bioremediation is defined as the 

use of a microorganism in order to degrade environmental pollutants and clean up a 

polluted site [89]. The use of bioremediation is attractive because microorganisms 

provide a quick, eco-friendly and safe alternative. It allows for the removal of 

dangerous toxins, pharmaceuticals and other unwanted chemicals from the 

environment. A number of enzymes have been found to assist with bioremediation 

by transforming the contaminants into a less harmful product [90]. Fungi have been 

found to be involved in bioremediation via laccase, lignin peroxidase (LiP), 

manganese peroxidases (MnP) and also CYP’s. The CYP’s were most likely to be 

involved in the degradation of lignin and various aromatic and xenobiotic compounds 

[91]. Bioremediation can either be carried out in situ i.e. at the polluted site, or ex situ 

which is at an area away from the polluted site such as a laboratory setting. In situ 

remediation is favoured since it requires much less labour, time, and treatment of 

samples.  

Bioremediation through microorganisms usually take place in polluted water or soil. 

One example of in situ bioremediation is the use of a microbial electrochemical 

system (MES) for bioremediation of soil. A typical MES system consists of two 

electrodes which are positioned in the aerobic and anaerobic zones. The mechanisms 

that take place in the system are summarised in Scheme 2-3. The mechanisms are (1) 

anodic oxidation, (2) reduction in anode, (3) electrokinetic, (4) sorption, (5) reduction 

in cathode and (6) cathodic alkalisation [92]. A microbial electrochemical system is in 

place for these remediation purposes with microbes catalysing each of the 

abovementioned reactions. The role of CYP enzymes in bioremediation, which can be 

applied in some of these mechanisms will be discussed here. 
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Scheme 2-3: Bioremediation mechanisms of an MES system [92] 

 

2.4.1 Herbicides 

An earlier example of bioremediation research with application in polyaphron 

included a plant cytochrome, CYP71B1. This enzyme was used in conjunction with a 

fused NADPH CYP450 reductase system for the metabolism of chlortoluran (a 

herbicide pollutant) and erythromycin. The process was carried out ex-situ and the 

issue of immobilising the enzyme onto the CLA (colloidal liquid aphrons) oil phase 

was addressed in this study. A polyaphron was developed using an oil in water macro-

emulsion which contained a proportion of internal organic phase. The immobilised 

enzyme and redox partner was found to be effective in carrying out the 

bioremediation of chlortoluran, which was decomposed to produce N-

monodemethylated chlortoluron. The researchers found that the immobilised 

enzyme yielded a much larger turnover than free enzyme in this study [93]. A scheme 

representing this study is as shown below in Scheme 2-4.  
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Scheme 2-4: Immobilised CYP71B1|reductase fusion catalytic cycle for chlortoluron N-
monodemethylation [93] 

 

2.4.2 Harmful substances 

An ex situ degradation of triphenyl phosphate (TPHP) was investigated in order to 

determine the role of CYP enzymes. TPHP is largely used as a flame retardant in 

polyurethane foam and its accumulation in the environment is concerning due to its 

potential neurotoxic ability  [94]. Bioremediation was carried out using a mineral salt 

culture containing Brevibacillus brevis (a bacterium) with 92.1 % efficiency obtained at 

30 oC and pH 7. This microorganism’s ability to degrade TPHP was however largely 

reduced in the presence of CYP inhibitor piperonyl butoxide (PB). This suggests that 

CYP’s are largely responsible for degrading this contaminant via Brevibacillus brevis. 

This theory was then confirmed by the fact that the PB inhibitor significantly 

decreased CYP gene expression levels when present in the system   [95].  

A military explosive called hexahydro-1,3,5-trinitro-1,3,5-triazine or (RDX) has been 

found to be a source of nitrogen for soil microorganisms for many years in anaerobic 

[96] and aerobic conditions [97]. CYP177a1 called XplA and its partnering reductase 

XplB has been identified as the fused enzyme system responsible for the metabolism 

of this explosive. This enzyme was identified from the microbial Rhodococcus 

rhodochrous strain 11Y [98]. Various studies have been completed which have proven 
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the role of CYP in the bioremediation of RDX. One example would be to express the 

XplA in transgenic plants in order to make use of their root system to bioremediate 

soil. The results show that XplA expressing plants had gained biomass after being 

exposed to RDX for 8 weeks, whereas the wild type plants grew slower as a result of 

increased RDX exposure. This proves that the RDX acted as a nitrogen source for the 

transgenic plants [99].  

 

2.4.3 Insecticides 

Endosulfan, an insecticide has been identified as a persistent toxic pollutant (PTP) 

and is thus an environmental issue [100]. CYP2B6, a human cytochrome, was found 

to have stereo specific metabolic activity towards this molecule. A group made use 

of computational chemistry to investigate the similarity between CYP2B6 and CYP 

BM3, an enzyme encoded by Bacillus megaterium. An ex situ experiment was carried 

out with an inoculation culture of B. megaterium strain KKc7 and endosulfan. Results 

show that CYP BM3 was over-expressed fivefold in the presence of endosulfan and 

metabolised the molecule to endosulfan sulfate [101]. This shows huge promise as a 

method of bioremediation of the insecticide via CYP.  

Neonicotinoid insecticides, such as acetamiprid (ACET) are used extensively in 

croplands since they are less harmful that older insecticides. A white rot fungus 

Phanerochaete chrysosporium (PcCYP) has been used for the bioremediation of ACET 

via CYP action in a cultured media for 20 day incubation period. The enzyme identified 

in this process was CYP5147A3, which was confirmed by an inhibition study using 1-

aminobenzotriazole (ABT). P. chrysosporium successfully degraded ACET to IM 0 and 

ACET-c via N-dealkylation process. These metabolites were found to be much less 

toxic than ACET which was favourable [102].  

The use of microorganisms in bioremediation strategies have been widely successful 

and can be attributed to the action of enzymes including CYP’s. The role of CYP’s in 

the remediation of compounds are not limited to those mentioned here but also to 
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dioxins [103], polyacrylamides [104], organic contaminants such as benzo(a)pyrene  

[105] and many other chemicals [106].  

 

2.5 Biosensors 

Cytochrome P450’s have been proven to be involved in a wide variety of reactions 

and found numerous applications because of this flexibility. However one of the 

drawbacks in its application is the necessity of a redox partner and electron source 

such as CPR and NADPH respectively. One application, which negates this need is 

electrochemistry. Immobilisation of biological recognition elements onto the surface 

of an electrode provides a constant source of electrons for reactions to take place.  

The basic components of a biosensor are as shown in Scheme 2-5.  

 
Scheme 2-5: Biosensor components 

 

Biosensors consist of a biological recognition element which can be DNA, proteins, 

antibodies or enzymes etc. This element is usually used along with a smart material 

such as conducting polymers, nanoparticles or graphene based materials in order to 

enhance sensitivity. Another component is the transducer which generates the 

signal, and it can be in the form of an optical, calorimetric, thermal or electrochemical 
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transducer. The final component is the signal processing unit [107]. Enzymes have 

become popular as biological recognition elements due to their high reactivity, 

selectivity, sensitivity and fast response time makes it one of the most widely used 

biosensors. Enzymes by themselves are also biological catalysts in the sense that 

after the reaction is complete, the molecules can be re-used. The enzymes are usually 

incorporated with a smart material and various immobilisation strategies for the 

enzyme are employed. These strategies include adsorption onto bare electrodes, 

layer by layer adsorption, adsorption onto thin films, encapsulation into polymers and 

gels, covalent attachment onto self-assembled monolayers (SAM) amongst others 

[108]. The use of nanotechnology in biosensors has improved the limit of detection 

of biosensors due to various factors. The favourable characteristics of nanomaterials 

include high surface area to volume ratio, excellent electrical conductivity and ease 

of surface functionalisation [109]. The development and constant research into the 

area of biosensors are vital for the human population with the increased use of 

medications and drugs. For the purpose of this review we will focus on the recent use 

of CYP’s in electrochemical nano-biosensors.  

 

2.5.1 Carcinogens 

Benzo[a]pyrene (BaP) is a polycyclic aromatic hydrocarbon which has the ability to 

cause cancer upon long term exposure. An electrochemical biosensor was developed 

towards the detection of BaP using a CYP 1A1 enzyme in conjunction with nitrogen-

doped graphene. This graphene was further enhanced with 1-pyrene butyric acid 

(PBA) and used for enzyme immobilisation on a glassy carbon electrode. Human 

monooxygenase CYP’s act on their metabolites via an overall reduction reaction 

taking place in the presence of oxygen which can be monitored electrochemically. 

The completed biosensor electrocatalytically metabolised BaP to form 

benzo[a]pyrene-7,8-diol within the 0.4 to 20 µM concentration range using cyclic 

voltammetry and as detection method as shown in Figure 2-11. This biosensor will aid 

in the development of drug discovery and perhaps also the prediction of toxicity 

[110].   
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Figure 2-11: Electrochemical response of CYP1A1/PB-NG/ GCE (A) (a) CV of PB-NG/GCE and 
(b) CYP1A1/PB- NG/GCE in 0.1 M, pH 7.4 PBS under N2, (c) air saturated and (d) addition of 10 

μM BaP at 100 mV s−1 (B) Current ay −0.48 V (vs. SCE) vs the concentrations of BaP (from 
0.4 to 20.0 μM). Inset: CV curves of CYP1A1/PB-NG modified rotating disk electrode 

obtained by subtracting the back- ground before any addition of BaP [110] 

 

Screen printed carbon electrode (SPCE’s) have the ability to be modified with smart 

materials such as nanoparticles for application in biosensors  as proven by Hongli et 

al. This was  achieved via electrodeposition of gold nanoparticles onto the surface of 

an activated SPCE. The electrode was further modified by a polyelectrolyte film of 

poly(diallyldimethylammonium chloride) (PDDA) and poly(sodium-p-

styrenesulfonate) (PSS) via electrostatic assembly. CYP2E1 was then electrostatically 

attached to this charged surface and use for the detection of 4-(methylnitrosamino)-

1-(3-pyridyl)-1-butanone (NNK). NNK is a group 1 carcinogen and its detection was 

successful via reductive metabolism through CYP2E1 in a 0 to 386 µM range [111].  

 

2.5.2 Analgesics 

A “home-made” SPCE was developed with a CYP2D6 enzyme covalently attached to 

the electrode surface for the detection of codeine. This pharmeceutical drug is 

typically used for treatment of mild pain and is metabolised into morphine via the CYP 
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enzyme in the liver. CYP2D6 was attached to the electrode surface using covalent 

bonding between N-hydroxysuccinimide (NHS) and N-(3-dimethylamino-propyl)-N’-

ethylcarbodiimide hydrochloride (EDC). The researchers then made use of 

chronoamperometry in order to detect codeine in buffer as well as in spiked urine. 

The biosensor was successful in reducing codeine in both matrices in the 4.9 to 45.4 

µM concentration range [112].  

Recently the monooxygenase activity of CYP’s was utilised by incorporating human 

liver microsomes (HLM) into a biosensor. In this case positively charged amine 

functionalised magnetic nanoparticles were used for electrostatic attachment of the 

HLM on an edge plane pyrolytic graphite electrode (EPG). The detection was then 

carried out using cyclic voltammetry and chronoamperometry to induce the 

hydroxylation of diclofenac, a CYP-specific non-steroidal anti-inflammatory drug 

(NSAID). The reaction showed Michaelis-Menten kinetics from 20 to 360 µM. 

Nerimetla et al thus created a successful electrocatalytic liver microsomal biofilm for 

enhanced metabolite production of diclofenac [113].  

 

2.5.3 Illicit drugs 

Biosensors can also be used in order to determine purity of samples such as the illicit 

drug, cocaine. A screen printed electrode was fabricated using a carbon based ink 

mixed with CYP2B4 for the working electrode surface. Chronoamperometric 

measurements were then carried out in the presense of cocaine which was 

successfully detected in the 0.2 to 1.2 mM range. Cyclic voltammograms showing the 

overall reduction peak monitored when using CYP enzymes is as shown in Figure 2-12. 

This sensor was capable of determining the purity of a street sample of cocaine which 

was found to be roughly [84.43 +- 7.82]% w/w [114].  
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Figure 2-12: Cyclic voltammogram of CYP2B4 based SPCE and the detection of 1.67 mM 
cocaine in supporting electrolyte pH 7 

 

An alternate method of enzyme immobilisation saw the CYP2B4 covalently linked 

onto a SPCE using EDC-NHS. The biosensor was thoroughly optimised and then used 

to determine very low concentrations of this drug in the 19 to 166 nM range. 

Chronoamperomery was the method of detection in this case and successfully used 

to determine the purity of cocaine street samples, which was found to be 29% +-3 

(w/w). This purity was compared to the value obtained from HPLC which was found 

to be 28% +-2 (w/w). The biosensors developed towards cocaine was thus successful 

and competitive with a standard laboratory procedure such as HPLC [115].  

 

2.5.4 Anti-retrovirals 

CYP’s are also known to metabolise anti-retroviral drugs such as delavirdine, which is 

used for treatment of HIV. A biosensor consisting of CYP3A4 was entrapped in a 

nano-composite i.e. dendrimeric copper generation-2 poly(propylene imine)-co-

polypyrrole star copolymer. The star copolymer provided a biocompatible 

environment for the enzyme as well as providing a highly conductive platform for the 

biosensors best performance. The biosensor was applied for the detection of 
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delavirdine using cyclic voltammetry. The detection was found to be successful in the 

0.1 to 0.6 nM concentration range with a limit of detection of 0.025 nM. The 

development of the biosensor towards an antiretroviral is used for the determination 

of metabolic profile for HIV patients [116]. 

 

2.5.5 Anti-cancer drugs 

Abiraterone is a prostate cancer drug which is used as a form of hormone therapy 

which causes suppression and shrinkage of testosterone sensitive tumor cells in the 

body. Since this drug is being used more frequently to treat prostate cancer, its 

monitoring  is becoming more important for proper dosing. A CYP3A4 enzyme has 

been used in conjunction with multi-walled carbon nanotubes (MWCNT) on a screen 

printed electrode (SPE) for detection of abiraterone. Cyclic voltammetry was 

employed as detection method and was successful in detecting abiraterone using an 

inhibition method. The detection resulted in an exponential decay of the CYP3A4 

peak between 0 and 1 µM and plateued until 3µM [117]. 

 

2.5.6 Anti-depressants 

A nano-polymeric biosensor has recently been developed towards the detection of 

paroxetine, which is a commonly used antidepressant. A poly(8-anilino-1-naphthalene 

sulphonic acid) or PANSA was used as a solid phase electron mediator for the 

biosensor. Paroxetine acted as an inhibitor on the CYP2D6 enzyme since it is a 

selective serotonin reuptake inhibitor (SSRI). It was detected in the concentration 

range of 0.005 to 1 µM using chronoamperometry and differential pulse voltammetry 

(DPV) as detection method. Electrochemical Michaelis-Menten kinetics were 

observed and a limit of detection of 0.002 µM was obtained for the nano-biosensor 

[118].  
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2.5.7 Antibiotics 

Ajayi et al has also developed phenotype biosensors for the detection of anti-TB 

drugs. A biosensor consisting of PANSA/silver nanoparticles was coupled to CYP2E1 

for the detection of isoniazid (INH), an anti-TB drug. The nanocomposite was found 

to be highly electroactive and biocompatible for hosting the CYP2E1 enzyme. 

Differential pulse voltammetry was used for detection of INH in a dynamic linear 

range of 2 to 22 µM [119]. Pyrazinamide, which is also an anti-TB drug has also been 

determined using a similar method. In this instance the CYP2E1 was modified with 

disuccinimidyl octanedioate in order to increase specificity and selectivity. Using the 

same electrocatalytic platform, the linear range of detection 2 to 16 µM with a limit 

of detection of 0.044 µM  [120].  
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2.6 Conclusion 

Cytochrome P450 enzymes are a versatile group of enzymes found in most living 

organisms including mammals, plants, bacteria and other microorganisms. All CYP 

enzymes consist of an iron-heme centre and they catalyse a variety of reactions. CYP’s 

typically require redox partners in order to provide electrons via NADPH and are 

classed according to these redox systems. These enzymes are typically 

monooxygenases in humans via a hydroxylation reaction. They have been found to 

be involved in other reactions in other organisms such as C-C cleavage, epoxidation, 

sulfoxidation and demethylation amongst many others. The functions of CYP’s range 

from metabolism of drugs and hormone regulation to synthesis of natural products. 

They are regio- and stereo-selective and are thus a prime candidate for genetic 

engineering and synthetic biology in order to use them in industry. CYP’s are able to 

stereo-specifically react at otherwise inactive carbons which is a huge advantage in 

synthesis of compounds, which would otherwise involve multiple steps and solvents 

to achieve. The use of enzymes in biosynthesis allows for a more environmentally 

friendly approach to the production of high value compounds with economic 

viability. CYP’s are involved in the biosynthesis of steroids, indigo dyes and even anti-

cancer agents. They can thus be used not only to understand mechanisms in the body 

but also produce industrial products. Whole cell microbial CYP’s have been 

genetically engineered in order to be used in biocatalysis. CYPBM3 has been the focus 

of many of these types of studies due to the fact that it exists as a fused heme and 

redox partner system, and thus does not require an additional system to provide 

electrons [77]. This enzyme has been engineered to biocatalyse abiotic reactions such 

as olefin cyclopropanation, carbene N-H insertion and intramolecular C-H amination 

reactions amongst others [78]. The role of CYP’s in bioremediation is also an 

important one to note. The possibility of using plants or microbes to bioremediate 

soil and water is highly favourable. It allows for a natural method of cleaning up the 

environment and getting rid of toxic and harmful substances present in nature. CYP’s 

have been successfully expressed in plants for this purpose and have been found to 

successfully remove a toxic pollutant from soil [99]. The application of CYP enzymes 
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in electrochemical biosensors allows for research into the metabolism and synthesis 

of various products without the need of an additional electron source since the 

electrochemical work station provides electrons constantly in order for reactions to 

take place. CYP’s as biological recognition elements in biosensors allow for us to 

study the reactions which mimic bodily reactions and help to identify the effect of 

metabolites. CYPs also help to improve the sensitivity and selectivity of sensors with 

the assistance of smart nanomaterials. These nanomaterials serve to enhance surface 

area on which to immobilise the enzyme and act as electrocatalyst to determine ultra-

low concentrations of analyte and improve biosensor performance. This niche area 

of research will thus be the focus of this thesis. Overall, this group of enzymes are 

versatile, have a broad range of substrates, are stereo- and regio-specific and 

synthetic biology has proven that they can be used for abiotic reactions as well. Their 

applications in biosynthesis, biocatalysis, bioremediation and biosensors are thus 

invaluable.  
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Chapter 3 

3 Characterisation of first generation PPI 

dendrimer and copper functionalised 

metallodendrimer 

 

Abstract 

Dendrimers have been identified as one of the “smart materials” used in various 

applications in recent years. They have many favourable characteristics for their 

application in electrochemistry, specifically as electrocatalysts, such as their nano-

size, high level of branching and high conductivity. This chapter will investigate the 

morphology, size, shape, internal structure as well as electrochemical behaviour of a 

polypropyleneimine first generation dendrimer and its copper functionalised 

counterpart. Techniques used for characterisation of the dendritic structures include 

FTIR, UV-Vis, HR-TEM, HR-SEM, AFM and SAXS. The inclusion of the metal centre was 

found to drastically change the morphology as well as electrochemical behaviour of 

the metallodendrimer. The PPI was found to be amorphous and roughly spherical 

whereas the CuPPI resulted in a rougher, polycrystalline ordered arrangement. The 

dendrimer was thus a good candidate as an electrocatalyst for sensing purposes. The 

PPI dendrimer showed a high capacitive current with relatively small faradaic current 

with regards to the oxidation and reduction processes occurring within the molecule. 

These were due to the cascade reaction taking place at the four hydroxyl groups on 

the salicylaldimine substituents. The inclusion of the copper centre into the dendritic 

structure resulted in an anodic and cathodic peak appearing at 220 mV and 180 mV 

respectively. These reversible redox peaks were stable upon an increase in scan rate 

and proved that the dendrimer was surface confined. The surface concentration of 
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PPI on Au was calculated to be 5.095x10-8 mol.cm-2 while this value increased to 

9.014x10-7 mol.cm-2 for Au|CuPPI.  The behaviour of the metallodendrimer was 

investigated in the presence and absence of oxygen. The metallodendrimer 

maintained a good diffusion coefficient, decreasing from 4.124x10-5 cm2s-1 to 3.29x10-

5 cm2s-1 in anaerobic and aerobic conditions respectively.  

 
Scheme 3-1: Graphical abstract for Chapter 3 

 

 

3.1 Introduction 

The word dendrimer comes from the Greek word “dendro” which translates to tree. 

This word is used to describe a group of synthetic macromolecules, which have a 

roughly spherical and highly branched structure [1]. Another term used for 

dendrimers are cascade molecules. In 1978, Vöglte et al [2] synthesised the first 

structurally perfect cascade molecule via a repetitive synthetic route. These 

molecules can also be described as dendritic polymers, since they contain a number 

of monomer units which are chemically linked together [3]. Dendrimers have a basic 

structure, which consists of a core that can be either a single atom or a group of 

atoms. From this central area, dendrons or repeating units extend. Within these 

dendrons, wherever there is another level of branching, a different generation is 

formed [4] [5]. These areas representing the basic structure of a dendrimer is as 

shown below in Figure 3-1. 
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Figure 3-1: Basic structure of a dendrimer  

 

Dendrimers have the ability to be functionalized in the core as well as on the 

periphery [6] [7] [8]. Therefore dendrimers that are built around a metal core for 

instance can be described as metal complexes of ligands which have dendritic 

substituents [9] [10]. These macromolecules can be synthesised via two methods, 

namely divergent and convergent synthesis. When the dendrimer is synthesised from 

the core to the periphery, it is called divergent synthesis [11]. On the other hand, when 

the dendritic branches are synthesised first and then linked to the core atom or 

molecule, this is known as convergent synthesis [12]. The ease of modification of the 

core, dendrons and functional groups within these molecules has resulted in 

countless varieties of dendrimers synthesised to date. The most common dendrimers 

synthesised are poly(amidoamine) or PAMAM [13] and poly(propyleneimine) or PPI 

[14]. The structure of dendrimers can range from generation 1 (G1) up until generation 

11 (G11) for PAMAM [15], since dendrimers at a higher generation than this are 

energetically unstable [16]. The higher the generation the less space there is within 

the internal structure of the molecule, and therefore the denser the dendrimer 

becomes. Lower generation dendrimers have the advantage of having a more open, 

symmetrical structure which allows for fast electron transfer and thus have been 

found to be favourable in catalysis [17]. The incorporation of metals into the structure 

of a dendrimer is commonplace as it affects the catalytic properties of the molecule. 
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The metals can be incorporated into the core, as arm connectors, termini or as 

branching centres to form metallodendrimers [18]. Factors such as shape and size are 

also affected by the presence of metals [19].  These versatile molecules have proven 

to have various interesting and unique features and thus have found applications in 

gene delivery [20], drug delivery [17] [22], magnetic resonance imaging contrast 

agents [23] [24] as well as sensor applications [25] [26]. Other uses of dendrimers and 

metallodendrimers include catalysis [27] [28] , models for self-assembled monolayers 

[29] and even as chemi-resistors [30] [31]. Dendrimers can aid in the selectivity of 

sensors by taking advantage of the structure of molecules, allowing only certain 

molecules to reach their targets [32]. Specific uses of metallodendrimers as 

electrocatalytic platforms for electrochemical sensors have proven to be viable [33]. 

Previous studies of first generation copper, cobalt and nickel poly(propyleneimine) 

metallodendrimers have been carried out as well [34]. Previously, this type of 

molecule has been applied to DNA biosensing, however an enzymatic biosensor has 

not yet been proven to be successful for this type of molecule. 

 

3.2 Experimental Section 

3.2.1 Materials and Methods 

Ultra-pure water purified by a Milli-QTM system (Millipore) was used in all aqueous 

solutions and throughout the experiments. Sodium dihydrogen phosphate 

(NaH2PO4), disodium hydrogen phosphate (Na2HPO4), sodium chloride (NaCl), 

sulfuric acid (H2SO4), hydrogen peroxide (H2O2), ethanol and acetone were 

purchased from Sigma Aldrich, South Africa, and used as received. All electrochemical 

experiments were carried out using a 0,1 M Phosphate Buffer (PB) solution with pH 

of 7.4 as electrolyte. Analytical grade argon (Afrox, South Africa) was used for 

purging the system in anaerobic experiments. Alumina polishing pads and powder 

(0.05, 0.3 and 1.0 micron) were obtained from Buehler, Illinois, USA. 
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3.2.2 Synthesis of first generation dendritic ligand and copper functionalised 

metallodendrimer  

The dendritic ligand and consequent metallodendrimer was synthesised using a 

divergent method similar to that used by Mugo et al [35]. A first generation 

dendrimer with a poly(propyleneimine) core was synthesised with salicylaldimine 

functional groups on the periphery via the following reaction steps. A 3,5-di-tert-

butylsalicyldiminato group was reacted with a commercial sample of G1-DAB-(NH2)4 

using a salicylaldimine to dendrimer ratio of 4:1. A scheme representing the synthesis 

of the first generation dendritic ligand is as shown in Scheme 3-2 below.  

  
Scheme 3-2: Synthesis of first generation poly(propyleneimine) dendritic ligand 

The crude product was obtained as a yellow oil which resulted in a yellow powder 

after extensive purification steps, i.e. extraction of dichloromethane solutions with 

water. The dendritic ligand was very soluble in organic solvents such as acetone, 
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ethanol, diethyl ether, tetrahydrofuran and dichloromethane and was stable in air. 

The dendritic ligand will now be referred to as PPI. 

The generation 1 (G1) copper metallodendrimer was obtained by reacting the 

dendritic ligand with copper acetate monohydrate using stoichiometric amounts as 

shown in Scheme 3-3.  

 
Scheme 3-3: Synthesis of copper (II) metallodendrimer 
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The resulting copper (II) metallodendrimer precipitated from the solution as a green 

powder with a yield of 63 – 75 %. The powder was then dissolved in a 1:1 ratio of 

acetone and ethanol and sonicated for 24 hours for the liquid analysis and 

characterisation.  

 

3.2.3 Structural and morphological characterisation of dendrimers 

Characterisation of the PPI dendrimer and CuPPI metallodendrimer was carried out 

using the methods described below.  

 

3.2.3.1 Fourier transform infrared spectroscopy 

Fourier transform infrared (FTIR) spectrum of the dendrimer and its copper 

functionalized metallodendrimer were obtained using PerklinElmer Spectrum 100-FT-

IR Spectrometer in order to confirm the structure of PPI as well as the inclusion of 

the copper centre into the dendritic structure. The PPI dendrimer and CuPPI 

metallodendrimer were characterised by mixing around 1 mg of sample with 

potassium bromide to form a KBr pellet. The FTIR scan was run from 400 cm-1 to 4000 

cm-1.  

3.2.3.2 Ultraviolet-Visible Spectroscopy 

Ultraviolet-Visible (UV-Vis) spectroscopy was carried out on a Nicolett evolution 100 

(Thermo Electron Corporation). The dendrimers were characterised in solution within 

a wavelength range of 190 to 500 nm. 

3.2.3.3 Microscopy 

Atomic force microscopy (AFM) imaging was carried in order to determine the 

surface morphology of the dendrimers. The experiments were carried out on a Veeco 

NanoMan V model.  
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High resolution transmission electron microscopic (HR-TEM) analysis of dendrimer 

morphology was obtained using a Tecnai G2 F2O X-Twin MAT microscope. A dilute 

sample of either PPI or CuPPI was drop coated onto a carbon coated nickel grid which 

was allowed to dry completely before use.  

High resolution scanning electron microscopy (HR-SEM) was carried using a Zeiss 

Auriga HR- SEM. The dendrimers were analysed in their powdered form and placed 

onto a carbon sticker. The samples were then coated in a conductive carbon film for 

analysis via HR-SEM.  

3.2.3.4 Small angle X-Ray scattering 

Small angle X-Ray scattering (SAXS) characterisation was carried out on a SAXSpace 

purchased from Anton Paar GmbH in order to determine the size and shape of the 

nano-sized dendrimers. A 35 µl sample of the dendrimers were analysed in solution 

for high resolution SAXS. The results from the SAXS analysis was then processed with 

SAXtreat, SAXquant and fourier transformed using generalised indirect fourier 

transform (GIFT) software.  

 

3.2.4 Preparation of electrodes 

The working electrode was gold with a diameter of 1.6 mm. The reference electrode 

was Ag/AgCl (3 M NaCl) and platinum wire served as the counter electrode. All 

electrodes were obtained from Bioanalytical Systems (BASi) in West Lafayette USA. 

The working electrode was cleaned before each experiment by polishing to a mirror 

like surface on polishing pads with alumina powder slurry of 1, 0.3 and 0.05 micron 

respectively. This process was the followed by sonication of the electrode in ethanol 

and water for 5 and 10 min respectively. A 5 mM solution of dendrimer (PPI or CuPPI) 

was prepared using 1:1 (v/v) acetone-ethanol. A volume of 8 µL of the dendrimer 

solution was then drop-coated onto the surface of the clean gold electrode and left 

to dry for 45 min to allow for physical adsorption to take place. The surface of the 

electrode was then rinsed lightly with ethanol to remove any unbound dendrimer and 
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dried under a stream of nitrogen gas. The resulting electrode will be called Au|PPI or 

Au|CuPPI. 

 

3.2.5 Electrochemical Protocol 

The electrochemical experiments were carried out in a three-electrode system 

consisting of working, counter and reference electrodes in a 10 ml glass cell. All cyclic 

voltammetry (CV) and square wave voltammetry (SWV) experiments were carried 

out on Palmsense potentiostat (Palm Instruments BV, Netherlands). Electrochemical 

cleaning of the electrode was also carried out by cycling in a 1 M solution of sulfuric 

acid. Ten cycles were done between the potentials of -200 mV and 1500 mV or until a 

reproducible voltammogram was obtained. The electrodes were characterized in 0.1 

M phosphate buffer pH 7.4 within a window potential of -600 mV to 600 mV using CV 

and SWV. The CV had an equilibration time of 5 s, E step of 10 mV and scan rate of 100 

mV/s. SWV was carried out at with an E step of 20 mV, an amplitude of 50 mV and 

frequency of 10 Hz.  

 

3.3 Results and discussion 

3.3.1 Structural and morphological characterisation of dendrimers 

The PPI and CuPPI dendrimers were investigated using various spectroscopic and 

microscopic methods in order to determine their structural properties. These 

investigations were also completed in order to confirm the incorporation of copper 

into the molecule and to determine their electro-catalytic properties.  The resulting 

structures of the dendritic ligand and copper (II) metallodendrimer is shown in Figure 

3-2 and Figure 3-3 below.  
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Figure 3-2: Chemical structure of poly(propyleneimine) dendritic ligand 

 

  
Figure 3-3: Chemical structure of copper (II) metallodendrimer 

 

3.3.1.1 Fourier transform infrared spectroscopy 

The stretching vibrations arising from the FTIR spectrum are as shown in Table 3-1 

and the spectrum obtained in Figure 3-4. 
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Table 3-1: FTIR peaks of dendritic ligand and copper (II) metallodendrimer 
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Figure 3-4: (A) FTIR spectrum of PPI and CuPPI (B) Schematic representation of the 
functional groups responsible for the respective FTIR peaks in cm-1, normal font are peaks 

assigned to PPI and bold font is attributed to CuPPI 

Functional Group Wavelength/ν for PPI (cm-1) Wavelength/ν for CuPPI (cm-1) 

Aliphatic C-H 2852 2950 

C=N 1630 1625 

Cu-N - 1531 

C=C 1458 1442 

C-N 1254 1257 

Ar-H 877 814 

Cu-O - 527, 474 
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A strong peak appears around 2900 cm-1 which is attributed to the aliphatic C-H bonds 

within the poly(propyleneimine) central structure [19]. This peak is present in the 

spectra of both PPI and CuPPI. Another strong peak appears in the CuPPI spectrum 

at 1630 cm-1 and in the PPI spectrum at 1625 cm-1.  This peak is caused by the ν(C=N) 

stretching band between the polymer branches and the salicylaldimine groups on the 

periphery of the dendritic structures. The shift of this peak to a higher frequency 

suggests the coordination between the nitrogen and the copper centre [36] [37]. A 

new peak appears at 1531 cm-1 which confirms the new coordination between copper 

and nitrogen ν(Cu-N), since this peak is not present in the spectrum of the dendritic 

precursor [36]. The PPI spectrum shows a v(C–N) stretching band at 1257 cm−1 which 

shifts to 1254 cm−1 in the CuPPI spectrum and  a decrease in peak intensity [33]. The 

peak attributed to aromatic hydrogens i.e. ν(Ar-H) decreases from 877 cm-1 to 814 cm-

1 when changing from PPI to CuPPI. This shift could be due to delocalisation of 

electrons upon introduction of the metal centre. Finally, the last notable peak 

appears at 527 cm-1 and 474 cm-1 in the CuPPI spectrum only. This peak is due to the 

bond which forms between the copper and oxygen molecules i.e. v(Cu–O) in the 

metallodendrimer [38].  

 

3.3.1.2 Ultraviolet-Visible Spectroscopy  

UV-Vis spectroscopy was carried out and the results of the scans of PPI and CuPPI in 

a 1:1 ethanol/acetone solution are as shown in Figure 3-5. There are three distinct 

absorption peaks in the spectrum of the PPI dendrimer at 248, 287 and 305 nm. The 

first two with an absorption maxima λmax = 248 nm and 287 nm is attributed to the 

intra-ligand π → π* transition in the benzene ring of the salicylaldimine substituents 

[39]. The third peak at λmax = 305 nm is caused by the n → π* transition of the C=N 

chromophore [35].  

There are similar peaks in the UV-Vis spectra of CuPPI with absorption maxima λmax = 

236, 280 and 315 nm. The first two peaks are attributed to the π → π* transitions 

which are seen to be shifted to a shorter wavelength i.e. a blue shift in the 

metallodendrimer caused by the inclusion of the copper metal centre into the 

dendritic structure. The peak at 315 nm is due to n → π* transition of the C=N 
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chromophore. The additional peak at 380 nm in the copper metallodendrimer is 

caused by the metal to ligand charge transfer (MLCT) transitions [37] [40].  
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Figure 3-5: UV-Vis spectra of PPI and CuPPI in ethanol:acetone solution 

 

3.3.1.3 Atomic Force Microscopy 

We then went on to study the morphology (surface characteristics) of the dendrimer 

and metallodendrimer using various microscopic techniques. When studying the 

compounds using atomic force microscopy (AFM) the resulting images are as shown 

below. From the 3-dimensional image scan of the PPI dendrimer in Figure 3-6, we can 

see that there is an amorphous morphology with a smooth and bumpy surface. The 

compound has a horizontal feature in the micrometre range and vertical features in 

the nanometre range. This is consistent with what is expected of a first generation 

poly(propyleneimine) based dendrimer because of its globular structure [41] [42]. 

The 2-dimensional image scan of PPI in Figure 3-6 shows that the height of the PPI 

dendrimer is increased to 1 μm at its highest point. 
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Figure 3-6: (A) 3-D and (B) 2-D AFM image of PPI dendrimer 

 

In comparison to the PPI, the incorporation of the copper centre into the dendrimer 

caused a significant change to the morphology of the compound. The resulting 3-

dimensional image of the CuPPI metallodendrimer is shown in Figure 3-7 (A). This 

image shows that the surface of the metallodendrimer is very rough and jagged. The 

size of the features is similar to that of the PPI dendrimer, however the difference is 

mostly in the roughness of the material. The jagged image is indicative of a possible 

crystallisation that is common in copper complexes [43]. Recent studies by Zare et al 

also confirm that the presence of a copper metal center in a ligand complex results 

in material that is more ordered and have a jagged structure similar to the results 

found here [44]. In order to confirm the structural changes of the metallodendrimer 
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we had to further investigate the morphology using a higher resolution imaging 

technique such as electron microscopy.  

 
Figure 3-7: (A) 3-D and (B) 2-D image scan of CuPPI metallodendrimer 

 

3.3.1.4 High Resolution Transmission Electron Microscopy 

The characterization of the dendritic compounds via high resolution transmission 

electron microscopy i.e. HR-TEM are discussed next. The images obtained when 

investigating the dendrimer showed a globular and amorphous structure as shown in 

Figure 3-8. There are no distinct features visible from the high resolution image. One 

can also see that there are high levels of aggregation between particles with features 

in the 20 nm range. The HRTEM images reveal layers of particles that are less than 20 

nm in diameter, stacked on top of one another. The electron diffraction pattern of 
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PPI shows diffuse rings which corresponds to an amorphous structure [43]. The 

globular shape of the PPI corresponds with what is expected of the dendrimer 

structure which is roughly spherical. 

 
Figure 3-8: (A) HR-TEM and (B) electron diffraction pattern of PPI dendrimer 

 

To study the effect of the copper centre on the morphology of the dendrimer, HR-

TEM was carried out on the CuPPI metallodendrimer as well. The most distinct 

differences between the morphology of these two compounds, is the appearance of 

lattice fringes in CuPPI as shown in Figure 3-9. The appearance of lattice fringes, as 

indicated by the arrows in Figure 3-9 is an indication of the crystallinity of a material. 

The lattice fringe spacing is roughly d = 0.21 nm which corresponds to the inter-planar 

spacing of the Cu(111) plane of the CuPPI poly-crystalline structure [45]. The copper 

centre has been proven to drastically change the morphology and crystallinity of the 

dendrimer. Metal centred dendrimers have previously been proven to form 

crystalline structures [46]. The electron diffraction pattern also confirms that the 

metallodendrimer is crystalline, however, the multiple layers of the compound makes 

it difficult to form a distinct pattern using this technique. The appearance of these 

crystal “spots” however do confirm crystalline areas, whereas the dendrimer did not 

reveal any form of crystallinity from its electron diffraction pattern 
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Figure 3-9: (A) HR-TEM and (B) electron diffraction pattern of CuPPI metallodendrimer 

 

Using the HR-TEM microscope, an energy dispersive X-Ray spectroscopic or EDX 

analysis was also completed on both the PPI dendrimer and the CuPPI 

metallodendrimer. This technique gives us insight into the elemental composition of 

each of these compounds. The EDX results showing the relative atomic percentage 

of elements in each of the dendrimers are as shown in Table 3-2 below. In order to 

quantify the amount of copper in the metallodendrimer sample, carbon was removed 

from the analysis as it interfered with the accuracy of the results for the other 

elements. The EDX results confirm the incorporation of the copper into the structure 

of the dendrimer. HR-TEM analyses the internal structure of the compound and thus 

is a satisfactory complimentary tool to FTIR and others.  

 

Table 3-2: EDX results of PPI and CuPPI 

Elemental composition PPI (atomic percentage) CuPPI (atomic percentage) 

C 94.76 - 

N 2.92 6.52 

O 2.10 39.03 

Cu - 54.43 
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3.3.1.5 High Resolution Scanning Electron Microscopy 

High resolution scanning electron microscopic (HR-SEM) images were also taken of 

the PPI dendrimer and CuPPI metallodendrimer. These images are as shown in Figure 

3-10 and Figure 3-11 for PPI and CuPPI respectively. The images were taken at various 

magnifications in order to see both the macro and micro structures of the respective 

dendrimers morphology. The HR-SEM results of PPI confirm the amorphous structure 

of the dendrimer particles, i.e. the PPI has no distinct features. In Figure 3-10 (A) we 

can see the bulk of the material which seems to be amorphous with some areas 

clumped together to form large particles. In this image the scale is at 1 µm and 

therefore these particles are very large and can be seen with the naked eye. When 

zooming in to a magnification of 50 KX one can see down to the nanoscale using the 

HR-SEM and this image is shown in Figure 3-10 (B) with a scale of 100 nm. In this image 

one can again see the globular structure of the dendrimer, which are a part of a 

greater particle. This is a method of confirming the results obtained by the HR-TEM, 

showing the roughly spherical structure of the dendrimer. We can therefore confirm 

that this first generation dendrimer has a globular morphology that is mostly 

amorphous on the micrometre scale [47]. 
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Figure 3-10: HR-SEM of PPI dendrimer at (A) 5 KX and (B) 50 KX 

 

The comparative study was then completed by doing an HR-SEM scan of the CuPPI 

metallodendrimer. The images of CuPPI are as shown in Figure 3-11 (A) at a 

magnification of 20 KX and Figure 3-11 (B) at a magnification of 100 KX. From the HR-

SEM results, one can clearly see the ordered nature of the copper metallodendrimer. 

There are clearly defined sheet like structures which are layered in top of one another 

at a scale of 1 μm. When zooming in to a scale of 200 nm, these sheet like structures 

are even more visible. 
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Figure 3-11: HR-SEM of CuPPI at (A) 20 KX and (B) 100 KX 

 

These images confirm the ordered nature of a crystalline material, as well as the 

assumption in the HR-TEM that there are multiple layers of CuPPI on top of one 

another [42] [48]. A copper coordinated compound has previously been synthesised 

by Alturiqi et al and characterised using HRSEM, yielding similar sheet like structures 

shown above [49]. This type of copper based metallodendrimer has not been widely 

studied using microscopic methods. 

The ordered nature of the copper metallodendrimer and its ability to form self-

assembled layers makes it a good candidate for electrochemical sensing. It is also 
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clear that the thickness of these sheets are definitely in the nanometer range. 

Another complementary technique is required to determine the exact size of these 

dendrimers. 

 

3.3.1.6 Small Angle X-Ray Scattering 

Small angle X-ray scattering (SAXS) is often used to characterise hyper-branched 

polymers such as dendrimers. The scattering angle intensity also gives information 

on the arrangement of the polymeric segments and thus density of the various areas 

within the molecule [50]. SAXS analysis is characterised by the scattering vector, q, 

as shown in Equation 3-1. 

𝒒𝒒 =  𝟒𝟒𝟒𝟒
𝝀𝝀 
𝐬𝐬𝐬𝐬𝐬𝐬 𝟐𝟐𝟐𝟐

𝟐𝟐
  Equation 3-1 

 

Where θ is the scattering angle and 𝜆𝜆 is the wavelength of the probing radiation, 

which in this case is Cu-Kα radiation of 0.15406 nm. A fit of the scattering data gives 

us information on the average size of the dendrimer particles i.e. radius of gyration 

Rg [51]. The form factor P(q) can be approximated by a Gaussian curve at small angles. 

According to Guinier, the curvature of the quassian is due to the overall size of the 

particle. If the structure of the particle can be assumed then the size parameter i.e. 

Rg, can be determined using Equation 3-2, where a0 is the extrapolated zero-angle 

intensity [51].  

𝑷𝑷(𝒒𝒒) ≈  𝒂𝒂𝒐𝒐.𝒆𝒆−(
𝑹𝑹𝒈𝒈𝟐𝟐𝒒𝒒𝟐𝟐

𝟑𝟑 ) Equation 3-2 

 

The scattering curve of the dendrimer and metallodendrimer were fourier 

transformed to produce a pair distance distribution function (PDDF) graph as 

represented by Figure 3-12. These graphs give an indication of the diameter of the 

particles as well as the shape [52]. The PDDF’s show an average particle size of 100 

nm or larger due to the shoulders at the right hand side of the curve. The PDDF’s 
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show that there is a substantial amount of aggregation as well. The irregular shaping 

also indicates that the particle is poly-dispersed and has many different sized 

particles. There is also a distinct initial peak in both graphs at around 10 nm which 

indicates that there might be a large portion of the sample at this size range [53].  
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Figure 3-12: Pair distance distribution functions of (A) PPI and (B) CuPPI 
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Size distribution curves can be obtained via fourier transformation of scattering 

curves [54]. Size distribution by number (SDnum) curves are shown in Figure 3-13. Since 

SAXS takes into account the entire sample statistics, this graphs shows a relative 

analysis according to the number of particles in the entire sample [55]. From the 

microscopic analysis we are sure that there is a big amount of aggregation present in 

both dendrimers. The PPI shows that most of the smaller samples are around 10 nm 

with some of the particles being 55 and 75 nm in size. Upon analysis of the 0 – 10 nm 

range in the PPI SDnum curve we found that the specific sample size represented by 

this peak is at 1 nm. This is in accordance with literature as first generation PPI 

dendrimers without substituents on the branches have been found to be around 0.5 

nm [56]. The CuPPI however shows that almost the entire number of individual 

particles in the sample is around 1 nm in size.  

Size distribution by volume (SDvol) on the other hand is a representation of the total 

sample volume occupied by particles of a particular size [53]. One can thus deduce 

that larger particles would take up a larger volume but not necessarily be the most 

abundant sized particle in the sample. In Figure 3-14, the SDvol graph of PPI shows that 

the volume of 10 nm particles and 55 nm particles are almost equal and particles of 

the size 75 nm take up about 25 % of the volume as the 10 nm particles. This is quite 

useful to note as the 75 nm particles were not visible in the SDnum graph. We can thus 

deduce that the majority of particles in the sample are in the 10 nm range for both 

the PPI and CuPPI, with agglomerates forming in both the dendrimer and 

metallodendrimer. 
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Figure 3-13: Size distribution by number representations of (A) PPI in the 0 to 1 nm range 

(B) PPI in the 0 to 10 nm range and (C) CuPPI in the 0 to 10 nm range 

 

40 50 60 70 80
0,00
0,02
0,04
0,06
0,08
0,10

75 nm

Diameter, r (nm)

55 nm

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



Chapter 3: Characterisation of G1 dendrimer and Cu-functionalised metallodendrimer 
 

92 
 

0 20 40 60 80 100

0

2

4

6

8

10

12

14

16(A)

75 nm

55 nm  PPI

D vo
l(r

)

Diameter, r (nm)

10 nm

 

0 20 40 60 80 100

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5
(B)

 CuPPI

D vo
l(r

)

Diameter, r (nm)

10 nm

65 nm

 

0 1 2 3 4 5 6 7 8 9 10 11
0

5

10

15

20

(C)

 CuPPI

D vo
l(r

)

Diameter, r (nm)

1 nm

9 nm

 
Figure 3-14: Size distribution by volume representations of (A) PPI in the 0 to 100 nm range  

(B) CuPPI in the 0 to 100 nm range and (C) CuPPI in the 0 to 10 nm range 
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3.3.2 Electrochemical characterisation of dendritic ligand and metallodendrimer 

The application of the metallodendrimer for our purposes would be as an electro-

catalytic platform for an electrochemical sensor. Therefore, the dendrimer and 

metallodendrimer were characterised using electrochemical techniques such as 

cyclic voltammetry and square wave voltammetry on gold electrodes. The Au|PPI and 

Au|CuPPI electrodes were characterised individually in order to confirm that the 

metallodendrimer is an ideal candidate as an electro-catalytic platform as well as the 

effect of the metal centre on the electrochemical behaviour of the dendrimer.  

 

3.3.2.1 Electrochemical characterization of Au|PPI 

The cyclic voltammogram (CV) of the first generation poly(propyleneimine) 

dendrimer i.e. Au|PPI under argon atmosphere is as shown in Figure 3-15 (A). The 

cyclic voltammogram of PPI shows some electro-activity in that it has a very different 

voltammogram compared to the bare gold electrode onto which it was physically 

adsorbed. The CV of PPI is very broad which indicates that there is a high charging 

(ich) or capacitive current and very low faradaic current being produced by the 

compound. Faradaic current is known as the current generated from oxidation or 

reduction of a species at the electrode surface whereas the capacitive current does 

not involve chemical reactions. It is due to the accumulation or removal of electric 

charges on the electrode or electrolyte surface near the electrode [57]. It is clear that 

the capacitive current of PPI is very high in the cathodic sweep of PPI. Therefore one 

can deduce that the oxidised form of the dendrimer has a high resistance. There are 

no distinct peaks visible which are attributed to PPI, but there are “shoulders” visible 

in the anodic scan with anodic peak potential, Epa at 200 mV and 400 mV. Similar peaks 

were reported by Mokwebo et al [58] and Arotiba et al [59] when investigating a PPI 

with no functional groups on the periphery. There is also a shoulder in the cathodic 

scan with a cathodic peak potential, Epc of 320 mV. A more sensitive technique such 

as square wave voltammetry makes it possible to clearly visualise these peaks as is 

shown in Figure 3-15 (B).  

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



Chapter 3: Characterisation of G1 dendrimer and Cu-functionalised metallodendrimer 
 

94 
 

The square wave voltammogram shows peaks that are still not very pronounced but 

more visible than those observed in CV. There are peaks in the anodic scan at Epa of 

370 mV, 200 mV and a small shoulder at -130 mV. There were also four peaks visible 

from the anodic scan of the SWV with an Epc of 480 mV, 335 mV and two smaller peaks 

at -60 mV and -190 mV. The peaks present in the anodic scan of the CV and SWV are 

attributed to the oxidation of the four hydroxyl groups in the PPI structure. This 

reaction occurs in a complex cascade and results in multiple peaks in the 

voltammograms. The peaks in the cathodic scan are due to their subsequent 

reduction back to its original state as shown in Figure 3-15 [34].  

To determine the number of electrons transferred in the PPI dendritic system one 

can refer to Nernst Equation 3-3 [60]. 

∆𝑬𝑬 = � 𝑬𝑬𝒑𝒑𝒑𝒑 −  𝑬𝑬𝒑𝒑𝒑𝒑 � = 𝟐𝟐.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 𝑹𝑹𝑹𝑹
𝒏𝒏𝒏𝒏

    Equation 3-3  

 

In this equation ∆E is the peak separation, Epa and Epc are the anodic and cathodic peak 

potentials respectively, R is the gas constant 8,314 J K-1 mol-1, n is the number of 

electrons transferred, T is temperature in kelvin and F is Faradays constant 96485 C 

mol-1. The number of electrons calculated was determined to be approximately 1. This 

equation gives us an idea of the number of electrons transferred in the 

electrochemical processes occurring at the electrode surface. Therefore, for a 

reversible redox reaction at 25 °C (298 K) with n electrons ΔE should be 0.0592/n V or 

about 60 mV for one electron. In the case of PPI, the ∆E is equal to 80 mV. However, 

the reaction is quasi-reversible because 0.0592/n V is more than 60 mV.  

The CV was then carried out at various scan rates in order to determine the surface 

concentration of the dendritic ligand. The Brown Anson equation was used to 

determine the surface concentration where the surface area of the electrode is A = 

0.0201 cm2 and n is one as in Equation 3-4. The surface concentration of PPI on the 

gold working electrode was calculated to be Г𝑶𝑶 = 5.095x10-8 mol.cm-2.  

 

𝑰𝑰𝒑𝒑 =  𝒏𝒏
𝟐𝟐 𝑭𝑭𝟐𝟐

𝟒𝟒𝟒𝟒𝟒𝟒
 𝝂𝝂𝑨𝑨Г𝑶𝑶     Equation 3-4 
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Figure 3-15: (A) Cyclic Voltammogram of Au|PPI (B) CV of Au|PPI run at various scan rates 

from 10 mV/s to 100 mV/s (C) linear plot of current vs scan rate 
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The PPI dendrimer was then characterized at various frequencies using SWV in order 

to determine the diffusion processes occurring at the electrode surface. The resulting 

voltammograms are as shown in Figure 3-16. It can be seen that at higher frequencies 

the shoulder peaks present at negative potentials in the anodic and cathodic scan 

become more prominent. This can be due to fast electron processes or transfers 

within the dendrimer system. There is a good linear relationship between peak 

current and frequency in the SWV with a correlation coefficient of 0.90 and 0.89 for 

the anodic and cathodic peak currents respectively according to Equation 3-5. 

 

∆𝒊𝒊𝒑𝒑 = 𝟎𝟎.𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝑫𝑫𝒐𝒐
𝟏𝟏
𝟐𝟐�

𝝅𝝅
𝟏𝟏
𝟐𝟐�
𝒇𝒇𝟏𝟏 𝟐𝟐�      Equation 3-5 

 

In this equation, Δip is the differential current obtained via SWV, n is the number of 

electrons transferred which we assume is 1, F is Faradays constant 96485 C mol-1, A = 

0.0201 cm2, 𝐶𝐶𝑜𝑜∗ = 0.1 M and 𝑓𝑓1 2�  is the square root of frequency. According to this 

equation the diffusion coefficient of the Au|PPI system was determined to be 

4.143x10-4 cm2 s-1. 
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Figure 3-16: (A) Anodic and cathodic scan SWV of Au|PPI at 10 Hz (B) anodic and (C) 

cathodic scans of Au|PPI at various frequencies (i) 2 (ii) 5 (iii) 8 (iv) 10 (v) 15 (vi) 20 (vii) 25 
and (viii) 30 Hz (D) linear plot of current vs square root of frequency for (a) anodic SWV 

and (b) cathodic SWV of Au|PPI 
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3.3.2.2 Electrochemical characterization of Au|CuPPI 

The electrochemical activity of the copper metallodendrimer was investigated using 

CV and is as shown below in Figure 3-17. It is clear from the CV that the 

metallodendrimer is much more electro-active than the dendritic ligand PPI. The 

peaks caused by faradaic processes at the electrode surface are more pronounced. 

The oxidation peak was found at Epa = 220 mV and the reduction peak at Epc = 180 mV. 

These oxidation and reduction processes were found to be reversible since the peak 

separation ΔE is less than 60 mV i.e. it is actually 40 mV which is indicative of a fast 

one electron transfer process according to Equation 3.3. These major reversible 

peaks are attributed to the oxidation of the copper centre Cu(I) at a negative starting 

potential to its normal state of Cu(II) during the anodic scan. This oxidation process 

results in the loss of one electron. The reduction process within the 

metallodendrimer would then be the addition of one electron to bring the Cu(II) back 

to its reduced state of Cu(I) at negative potential. The background peaks here 

attributed to the PPI dendrimer are still visible in the CV, therefore we can be certain 

that these new peaks are due to oxidation and reduction of the copper centre. These 

peaks have now shifted, the anodic peak at 370 mV is now at 400 mV and the cathodic 

peak at 335 mV has shifter to 360 mV. A second cathodic peak previously at -40 mV is 

now shifted to -100 mV. Once again the charging current for the cathodic sweep is 

quite large, again indicating that the oxidized form of the dendrimer has a high 

resistance and thus requires a greater flow of electrons in order to reduce the 

compound. 
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Figure 3-17: Cyclic Voltammogram of CuPPI on gold electrode at 100 mV/s 

 

The Au|CuPPI electrode was also run at various scan rates in CV in order to determine 

the surface concentration of dendrimer and also to give us more information on the 

diffusion processes occurring at the electrode surface. The voltammogram and the 

linear plots is as shown in in Figure 3-18. The Au|CuPPI electrode shows good linear 

relationship with correlation coefficient of 0.96 between current and scan rate and 

0.92 between current and square root of scan rate. The anodic peak will be analysed 

in order to determine the diffusion coefficient and surface concentration of the 

Au|CuPPI electrode system. This peak was chosen because it stays at a constant 

potential regardless of the scan rate. We refer to the plot of current vs scan rate in 

Figure 3-18 (B). From the calculation we found that the surface concentration of 

metallodendrimer was Г𝑶𝑶 = 9.014x10-7 mol.cm-2. This is a much larger value than what 

was obtained when using the PPI dendritic ligand which only yielded a surface 

concentration of Г𝑶𝑶 = 5.095x10-8 mol.cm-2. This shows that a generous amount of 

dendrimer was immobilized on the surface and that physical adsorption of dendrimer 

was successful. The physical adsorption of the metallodendrimer was thus stronger 

than that of the dendritic ligand.  
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Figure 3-18: (A) CV of Au|CuPPI run at various scan rates from 10 mV/s to 100 mV/s (B) 

Linear plot of current vs scan rate and (C) current vs square root of scan rate for (a) Epa 

and (b) Epc of Au|CuPPI 
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The diffusion coefficient, D, was also calculated using the Randles Sevcik Equation 3-

6. In this case the current vs square root of scan rate plot was used as in Figure 3-18 

(C). In this case C0 = 0.1 M, n is 1 and the surface area (A) of the electrode is the same. 

In this case the plot of current vs square root of scan rate as shown in Figure 3-18 (C). 

𝑰𝑰𝒑𝒑 = 𝟐𝟐.𝟔𝟔𝟔𝟔𝐱𝐱𝟏𝟏𝟏𝟏𝟓𝟓 𝒏𝒏𝟑𝟑 𝟐𝟐� 𝑨𝑨𝑫𝑫𝟏𝟏
𝟐𝟐� 𝝂𝝂𝟏𝟏 𝟐𝟐� 𝑪𝑪𝑶𝑶   Equation 3-6 [24] 

 

The diffusion coefficient of this CuPPI metallodendrimer system was calculated to be 

D = 4.124x10-5 cm2.s-1. This shows a tenfold increase in diffusion coefficient when 

comparing the PPI dendrimer (4.143x10-4 cm2 s-1) and CuPPI metallodendrimer. This 

means that the metallodendrimer has a more favourable and faster diffusion process 

than the dendrimer. 

A square wave voltammetry experiment of the CuPPI metallodendrimer on gold 

electrode was also carried out in order to verify the results obtained in the CV 

experiment, since it is a more senstive technique. The SWV experiment as shown in 

Figure 3-19 (A) produced a major anodic peak with Epa = 216 mV with another smaller 

peak with Epa = 380 mV and a shoulder with Epa =  -40 mV. The cathodic scan of the 

SWV produced a major peak with Epc = 200 mV and a smaller peak at Epc = -80 mV with 

a shoulder present at Epc = -180 mV. Again in this case it is clear that a complex cascade 

oxidation of the oxygen groups are taking place in the metallodendrimer with the 

major peaks being attributed to the oxidation of Cu(I) to Cu(II) and its subsequent 

reduction [42]. The Au|CuPPI metallodendrimer electrode was also run at various 

frequencies as shown in Figure 3-19 (B) and (C).  It was found that the peaks in the 

negative potential region i.e. peaks at -40 mV and -80 mV in the anodic and cathodic 

scans respectively, were amplified and became more visible at higher frequencies as 

before with the PPI dendrimer.  
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 Figure 3-19: (A) Anodic and cathodic scan SWV of Au|CuPPI at 10 Hz 

 (B) anodic and (B) cathodic scans of Au|CuPPI at various scan rates of (i) 2 (ii) 5 (iii) 8 (iv) 
10 (v) 15 (vi) 20 (vii) 25 and (viii) 30 Hz (D) Linear plot of current vs square root of 

frequency for (a) anodic SWV and (b) cathodic SWV of Au|CuPPI 

 

These results show that the CuPPI platform has a good linear relationship between 

peak current and the frequency at which the scan is carried out according to Equation 

3-2. In this case a correlation coefficient of 0.90 and 0.87 were obtained for the anodic 

and cathodic peaks respectively as illustrated in Figure 3-19 (D).   

 

3.3.2.3 The effect of oxygen on the Au|CuPPI system 

In order for a material to be used in electrochemical sensors it is vital to understand 

how the material is affected by the presence of oxygen. Sensors will not only be used 

in an inert atmosphere but most sensors will be used in atmospheric conditions. The 

copper metallodendrimer was therefore electrochemically characterised in the 

presence of oxygen. The resulting CV of Au|CuPPI in the presence of oxygen is shown 

in Figure 3-20.  When observing the bare Au (gold) electrode one can see a cathodic 

peak present at Epc = -400 mV. We can therefore be sure that this peak is caused by 

the reduction of oxygen at the gold electrode surface. Once the copper 

metallodendrimer was adsorbed onto the gold electrode, this cathodic peak 
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increased considerably. It is clear that the oxygen interacts with the 

metallodendrimer on the surface of the electrode.  
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Figure 3-20: Cyclic Voltammogram of CuPPI on gold electrode at 100 mV/s in the presence 

of oxygen   

 

It can also be noted that the Faradaic peak current of the metallodendrimer 

decreases noticeably in the presence of oxygen into the system. A comparison of 

reactions occurring within the system under argon atmosphere as well as in the 

presence of oxygen results in Figure 3-21.  
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Figure 3-21: Cyclic voltammogram of CuPPI on gold electrode in the presence of oxygen 

and argon from -100 mV to 600 mV 
 

From this graph, one can see that that presence of oxygen increases the capacitive 

current of the dendrimer system, since the CV has become slightly broader. It also 

increases the faradaic current of the anodic peak at 400 mV, which we can assume is 

the interaction or adsorption of oxygen onto the dendritic framework. The presence 

of oxygen also causes a shift in peaks attributed to the Cu(I) ↔ Cu(II) transition to 

lower potentials and currents of Epa = 182 mV and Epc = 130 mV respectively. The 

oxygen does have some effect on the metallodendrimer electro-activity and the 

extent of its effect can be determined by the change in diffusion coefficient.  The 

Au|CuPPI was then run at varying scan rates in the presence of oxygen in order to 

determine the diffusion coefficient. The CV showing the various scan rates are as 

shown in Figure 3-22 (A). The linear plot of current vs square root of scan rate is as 

shown in Figure 3-22 (B). 
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Figure 3-22: (A) Cyclic voltammogram of Au|CuPPI at various scan rates of (i) 10 mV/s to (x) 

100 mV/s (B) current vs square root of scan rate for (a) Epa and (b) Epc of Au|CuPPI in the 
presence of oxygen 

 

The diffusion coefficient D, was calculated using the Randles Sevcik Equation 3-6 and 

the plot of current vs square root of scan rate in Figure 3-22 (B). The value of the 

diffusion coefficient decreased slightly to D = 3.29x10-5 cm2 s-1. Since the diffusion 

coefficient is slightly lower in the presence of oxygen we can confirm that the oxygen 

has some kind of interfering effect on electronic processes happening in solution and 

on the surface of the electrode, but this effect is negligible. 
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Square wave voltammetry was also carried out on Au|CuPPI in aerobic conditions. 

The voltammogram resulting from the anodic and cathodic scans of SWV are shown 

below in Figure 3-23.  
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Figure 3-23: Anodic and cathodic scan SWV of Au|CuPPI in the presence of oxygen at 10 Hz  

 

In this SWV we can see the appearance of two new peaks, Epa = -200 mV and Epc = -186 

mV in the presence of oxygen. The peaks attributed to the copper metallodendrimer 

are still present i.e. Epa = 170 mV and Epc = 182 mV.  The anodic peak at 388 mV is thus 

attributed to the interaction of oxygen present in the system with the 

metallodendrimer and the peak at Epc = -186 mV is attributed to the reduction of 

oxygen at the electrode surface. The peaks at Epa = 170 mV and Epc =182 mV are 

therefore confirmed to be characteristic of the oxidation and subsequent reduction 

of the CuPPI dendrimer. When increasing the frequency within square wave it was 

found that the peaks originating from the reduction of oxygen increase in intensity 

as shown in Figure 3-24 (A) and (B). This might be indicative of fast electron processes 

at the electron surface. Again the peak current has good correlation with frequency 

in this case 0.93 and 0.93 for anodic and cathodic peaks respectively according to 

Equation 3-2. 
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Figure 3-24: (A) Anodic and (B) cathodic scans of Au|CuPPI in the presence of oxygen at 

various scan rates (i) 2 (ii) 5 (iii) 8 (iv) 10 (v) 15 (vi) 20 (vii) 25 and (viii) 30 Hz (C) Linear plot 
of current vs square root of frequency for (a) anodic SWV and (b) cathodic SWV of 

Au|CuPPI in presence of oxygen 
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A summary of the electrochemical data of the dendrimers are as shown in Table 3-3 

below. It shows that the dendritic structure of both of the molecules have a large 

charging or capacitive current. This means that the PPI branches can store some part 

of the current flowing through the structure which is why the CV of both molecules 

are much broader than the gold electrode they are deposited on. The charging 

current of the PPI dendrimer is larger than the CuPPI metallodendrimer which 

indicates that this structure is largely capacitive. The faradaic current (FC) of the 

CuPPI is much larger due to the oxidation and reduction of the copper centre within 

this molecule. The FC is slightly reduced in the presence of oxygen, due to 

interference of oxygen in solution.  

 

Table 3-3: Summary of electrochemical characteristics of PPI and CuPPI 

Electrode 
system Diffusion coefficient Capacitive 

current Faradaic current ΔE 

Au|PPI in Ar 4.143x10-4 cm2 s-1 0.795 0.408 80 mV 

Au|CuPPI in Ar 4.124x10-5 cm2 s-1 0.668 1.01 40 mV 

Au|CuPPI in O2 3.29 x 10-5 cm2 s-1 0.739 0.807 55 mV 
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3.4 Conclusion 

A dendrimer and copper functionalised dendrimer was synthesised and characterised 

using various spectroscopic, microscopic and electrochemical techniques. The 

techniques used to study the structure and morphology of the dendrimers were 

fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), high 

resolution transmission electron microscopy (HR-TEM) as well as high resolution 

scanning electron microscopy (HR-SEM). It was found that the inclusion of a metal 

centre into a first generation poly(propyleneimine) based dendrimer greatly changed 

the structure and morphology of the compound. The resultant metallodendrimer 

was more rough, jagged and also crystalline and ordered. These characteristic make 

the metallodendrimer a suitable candidate for use in electrochemical sensing as an 

electrocatalytic platform. First generation copper metallodendrimers have also 

found application in catalysis as proven by Mugo et al. [35]. Both dendrimers were 

also characterised using voltammetric techniques and both were found to be 

electroactive, with the copper metallodendrimer proving to be a more viable 

candidate for electrocatalytic purposes. This is due to the fast, reversible redox 

couple present in the molecule between the Cu(I) and Cu(II) electron transition. 

Another factor which makes this compound electrocatalytically viable is this higher 

retention of compound on the electrode surface shown by the increase in surface 

concentration of CuPPI compared to PPI, even though the electrodes were prepared 

in the same manner. To prove that the metallodendrimer would be a suitable 

candidate for biosensing application, an aerobic and anaerobic study was then 

carried out. We found that the presence of oxygen affects the characteristics of the 

CuPPI metallodendrimer. In this case it only slightly diminishes the current flow in the 

system since it is clear that the peaks attributed to the CuPPI action decrease in 

current intensity in both the anodic and cathodic sweeps of the CV. In our 

experiments the diffusion coefficient also slightly decreases from 4.124x10-5 cm2 s-1 in 

the absence of oxygen to 3.29 x 10-5 cm2 s-1 when oxygen was present. The copper 

metallodendrimer has proven to have favourable characteristics for application as an 

electrocatalytic platform for electrochemical biosensors according to these results.  
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Chapter 4 

4 Chemical Sensor for anti-TB drugs 
 

Abstract 

 

Electrochemical sensors have become one of the major trends in recent years. They 

have many favourable characteristics as an analytical tool since they provide higher 

sensitivity, selectivity and high response time. Sensors usually include a smart 

material to further enhance these favourable characteristics, which in this case is a 

first generation copper metallodendrimer. This simple chemical sensor developed in 

this study was applied towards the detection of four first line anti-TB drugs i.e. 

isoniazid, ethambutol, rifampicin and pyrazinamide. The quantification of these drugs 

is important in determining the metabolic profile of a patient. This allows for the 

adjustment of patient medication according to phenotype thus avoiding the onset of 

adverse drug reactions. A scheme representing the application of the sensor towards 

detection of isoniazid is shown in the graphical abstract in Scheme 4-1.  

 

Scheme 4-1: Graphical abstract for chapter 4 
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This electrochemical sensor was compared to a well-established technique such as 

UV-Vis with respect to limit of detection and quantification. The UV-Vis technique was 

compared to the electrochemical sensor using standard samples of the anti-TB drugs 

in pH 7 phosphate buffer. Ethambutol however does not absorb light in the UV-vis 

range and could thus not be detected using UV-Vis without pre-treatment. The 

electrochemical sensor showed a more favourable limit of detection of 0.788 nM 

compared to 30.1 nM using UV-vis detection of isoniazid in phosphate buffer, with 

similar results found for pyrazinamide and rifampicin. The LOD ranged from 0.022 nM 

to 1.16 nM for the dendritic sensor in 0.1 M PB for the four anti-TB drugs. The dendritic 

electrochemical sensor was then applied to “real samples” by spiking diluted 

synthetic urine and human plasma with the anti-TB drugs. The detection of standard 

referencing material in the complex matrix was carried out and used to form a 

calibration curve. The real tablet forms were then detected from two complex 

matrices. The LOD of the dendritic sensor ranged from 0.153 µM to 45.52 µM in 20 % 

synthetic urine and 3.33 µM in 10 % human plasma. Recovery studies of the four drugs 

in real samples yielded results ranging from 89.27 to 108.89 % in either of the two 

matrices. The electrochemical sensor proves to be highly successful in determining 

accurate and ultra-low concentrations of all four anti-TB drugs in standard samples. 

However the matrix effects of the “real samples” increases the limit of detection 

substantially. The sensor was successful in obtaining excellent results for recovery 

and provides a viable option for the detection of anti-TB drugs in real samples such 

as urine and plasma.  

 

4.1 Introduction 

Analytical determination of chemicals are usually carried out using laboratory based 

equipment which are bulky, complex systems which require trained personnel to 

operate them. They also involve pre-treatment steps and use large volumes of 

solvents and other consumables. A method in which these steps could be 

circumvented would be to make use of electrochemical sensors.  
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4.1.1 Electrochemical Sensors 

These analytical systems have the advantage of being portable and cheap which 

overcomes the obstacles associated with traditional equipment with the same 

capabilities [1]. Electrochemical sensors have been used for various applications, such 

as the detection of gases [2], biological fluids [3], polyaromatic hydrocarbons [4] and 

even metals [5]. Sensors in these cases consist of a transducer and receptor or 

chemical recognition system. Chemical reactions, such as oxidation or reduction, 

occur at the receptor or chemical recognition system. The transducer converts that 

chemical signal to an electronic readout, which can be interrogated to determine 

what happens within the electrochemical cell. The reaction typically occurs in a three 

electrode cell consisting of working, counter and reference electrodes. This systems 

allows for miniaturisation since electrode surfaces are well into the micrometre 

range, while incorporating smart materials that are in the nanometre range [6].  

There is a movement towards lower cost, even lower sample volume and better 

reproducibility with the development of screen printed electrodes as well [7]. In this 

work an electrochemical sensor was developed for the determination of first line anti 

tuberculosis drugs.  

   

4.1.2 Anti-TB drugs 

Tuberculosis is usually treated during a six-month course consisting of a closely 

monitored and generalised regime of anti-tuberculosis medication. Although TB 

treatment is effective when used properly, the disease is still a global epidemic. 

Therefore, the treatment of tuberculosis needs to be more efficient as well as 

effective in treating the disease. The first line of defence against TB consists of 

isoniazid, ethambutol, rifampicin and pyrazinamide [8].  
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4.1.2.1 Isoniazid 

Isonicotinic acid hydrazide (isoniazid) (INH) is a front line drug used to treat 

tuberculosis (TB) in patients who have not received treatment for TB previously and 

is one of the most effective drugs used to treat the disease. The chemical structure 

of isoniazid is as shown in Figure 4-1. 

  
Figure 4-1: Chemical structure of Isoniazid  

 

Isoniazid (INH) fights the growth of the mycobacterium tubercle [9] by inhibiting cell 

wall lipid synthesis i.e. mycolic acid synthesis as well as nucleic acid synthesis [10]. The 

oxidation of INH in the presence of NADH (nicotinamide adenine dinucleotide) and 

InhA (a long chain enoyl-acyl carrier protein) leads to covalent INH-NADH adducts 

that are powerful inhibitors of InhA, which is responsible for the synthesis of bacterial 

cell wall lipids [11]. The drugs used for TB treatment, including isoniazid have adverse 

side effects or drugs reactions (ADR’s). The ADR’s caused by isoniazid include 

hepatotoxicity, dizziness, abdominal pain and many others [12].  

 

4.1.2.2 Ethambutol 

Ethambutol (ETH) was discovered in 1961 by screening from a group of random 

synthetic compounds and was found to protect mice from a Mycobacterium 

Tuberculosis infection.  ETH is a simple molecule with a diamine base that is 

synthesised via reaction of 1,2-dihaloethane with chirally pure (S)-2-amino 1-butanal. 

The chemical structure of ETH is as shown below in Figure 4-2 [13].  
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Figure 4-2: Chemical structure of ethambutol 

 

ETH was found to have similar activity to isoniazid and was superior to streptomycin 

in its anti-bacterial activity. It was also found to be active towards MTB strains which 

were resistant to isoniazid and streptomycin in 1961 [14].  To this day ethambutol is 

considered one of the first line defences against TB. Ethambutol fights the MTB 

tubercle by inhibiting arabinosyl transferases  responsible for arabinogalactan (AG) 

biosynthesis, a key component in cell wall synthesis [15]. The core of the cell wall is 

made up of a covalently linked complex of mycolic acids, the heteropolysaccharide 

arabinogalactan and peptidoglycan. Therefore disruption of the synthesis of any of 

these core components, especially AG would destroy the assembly of the cell wall 

[16]. The chirality of this molecule plays a huge role in its activity, the (S, S) isomer 

was found to be approximately 500 times more potent than the (R, R) isomer, which 

in fact causes blindness [17]. A few ETH analogues have also been developed with 

variation in the side chain groups, but none have yet been proven to enhance the 

activity of the molecule against TB [18]. Ethambutol is effective, but like most drugs 

they do have side effects or adverse drug reaction (ADR’s) which include peripheral 

neuropathy (damage to peripheral nerves causing numbness, weakness and pain) 

[19], arthralgia (joint pain) [20] and hyperuricaemia (abnormally high level of uric acid 

in the blood) [21]. Ethambutol has also been linked to significant vision loss caused by 

toxic optic neuropathy [22].  

 

4.1.2.3 Pyrazinamide 

Pyrazine-2-carboxamide (pyrazinamide/PYR) has a poorly understood mechanism of 

action but has been shown to be active in the disruption of the bacterial membrane 
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[23]. Pyrazinoic acid (POA), which is the active moiety of PYR has been shown to 

inhibit various functions at an acidic pH in the MTB tubercle. The accumulation of POA 

lowers the intracellular pH to a suboptimal level that may inactivate many pathways 

including fatty acid synthase and membrane transport function [24]. The chemical 

structure of pyrazinamide is shown below in Figure 4-3. 

 
Figure 4-3: Chemical structure of Pyrazinamide 

 

PYR has been named as one of the most fundamental elements in the treatment of 

tuberculosis due to its sterilizing ability. It is therefore responsible for the reduction 

in TB treatment time from 9 months to 6 months [25]. There are however adverse 

drug reactions (ADR’s) associated with taking pyrazinamide. These include 

hepatotoxicity (liver) [26], exanthema (maculopapular rash) [27][28] and 

sideroblastic anemia [26].  Pyrazinamide has been proven to show more severe side 

effects than isoniazid and rifampicin [29].  

 

4.1.2.4 Rifampicin 

A fourth drug which also constitutes as part of the first line group is rifampicin (RIF) 

and is commercially known as rifampin or rifadin. This drug was discovered in 1965 

and has been used since then to treat TB as well as other bacterial infections. Its mode 

of action is related to the inhibition of the β subunit of the bacterial RNA polymerase, 

thereby inhibiting gene transcription [30]. The chemical structure of rifampicin is as 

shown in Figure 4-4. This drug belongs to a class of macrocyclic antibiotics consisting 

of a naphthohydroquinone ring spanned by a aliphatic bridge which is highly 

substituted [31].  
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Figure 4-4: Chemical structure of rifampicin 

 

The ADR’s associated with rifampicin include dermatological issues, hypersensitivity, 

gastrointestinal disturbances and hepatitis. The most common side effect is a flu-like 

syndrome associated with RIF [32]. The huge number of ADR’s associated with TB 

treatment is one of the main reasons TB patients fail to complete their six month 

treatment and in most there is an added burden of a  low quality of life. Increased 

drug-drug interactions are also another complication to take into account. The 

monitoring of the levels of anti-TB drugs in patients would thus greatly help in 

combating TB and also hinder the development of drug resistant TB.  

Analysis of drugs is not only valuable during production but also finds use in clinical 

trials, drug abuse and even therapeutic drug monitoring which is what our application 

entails. If one were to develop an electrochemical sensor for the detection of anti-TB 

drugs the advantages would include mobility, sensitivity, accuracy as well as 

minimising the sample size and time of analysis.  

Electrochemical sensing or detection of TB drugs have been carried out previously 

with the incorporation of special materials. These materials enhance the sensitivity 

and selectivity of electrochemical sensors. Examples include graphene, carbon 

nanotubes [33], conducting polymers [34] as well as nano-materials such as 

nanoparticles [35]. Dendrimers such as the ones discussed in chapter 3 have also 

been used as platforms for electrochemical sensors. These synthetic branched 

structures consist of repeatedly branched components and are a type of conducting 

polymer [36]. The spherical, open and symmetric characteristic allows for fast 
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transfer of electrons which give the molecule its electro-catalytic abilities [4]. 

Dendrimers have been widely used as drug carriers in the past [37],[38] but their 

application to sensing has been limited in literature. This chapter discusses an 

electrochemical sensor, which was developed in order to determine ultra-low 

amounts of anti-TB drugs using the copper functionalised metallodendrimer in buffer 

as well as real samples of synthetic urine and human plasma. The electrochemical 

method was also compared to a spectroscopic method of detection via ultraviolet-

visible spectroscopy detection.  

 

4.2 Experimental 

4.2.1 Materials  

Sodium dihydrogen phosphate (NaH2PO4), disodium hydrogen phosphate 

(Na2HPO4), sodium chloride (NaCl), ethanol and acetone were purchased from Sigma 

Aldrich, South Africa and used as received. All electrochemical experiments were 

carried out using a 0.1 M phosphate buffer (PB) solution with pH of 7.4 as the 

electrolyte. Isoniazid, ethambutol, pyrazinamide and rifampicin were purchased from 

Sigma Aldrich and prepared by dissolving in 0.1 M PB pH 7.4. Ultra-pure water purified 

by a Milli-QTM system (Millipore) was used in all aqueous solutions and throughout 

the experiments. Synthetic urine was purchased from Sigma Aldrich containing 

calcium chloride, magnesium chloride, potassium chloride, sodium chloride, sodium 

phosphate, sodium sulfate, urea, and creatinine with sodium azide as a preservative. 

Human plasma was also purchased from Sigma Aldrich. The metallodendrimer used 

as the electrocatalytic platform was prepared as described in chapter 3.  

4.2.2 Instrumentation 

For the electrochemical analysis a three electrode setup was used consisting of a 

platinum wire as counter electrode, Ag/AgCl (saturated KCl) reference electrode and 

gold or glassy carbon as working electrodes (all purchased from BASi). A PalmSense 

potentiostat (Palm Instruments BV, Netherlands) was used for all electrochemical 
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measurements. UV-Vis was carried out on a Nicolett evolution 100 (Thermo Electron 

Corporation).  

 

4.2.3 Preparation of electrodes  

The gold (Au) and glassy carbon (GCE) working electrodes have a working surface 

area of 1.6 and 3.0 mm respectively. The working electrodes were cleaned before 

each experiment by polishing to a mirror like surface on polishing pads with alumina 

powder slurry of 1, 0.3 and 0.05 micron respectively. This process was the followed 

by sonication of the electrode in ethanol and water for 5 and 10 min respectively. 

Electrochemical cleaning of the electrode was also carried out by cycling in a 1 M 

solution of sulfuric acid. Ten cycles were carried out between the potentials of -200 

mV and 1500 mV or until a reproducible voltammogram was obtained. Bare GCE and 

Au electrodes were used to characterise the electrochemical signatures of the anti-

TB drugs. For modified electrodes, a 5 mM solution of CuPPI metallodendrimer was 

prepared using 1:1 (v/v) acetone-ethanol. A volume of 5 µL of the dendrimer solution 

was then drop-coated onto the surface of the clean gold electrode and left to dry for 

45 min to allow for physical adsorption to take place. The surface of the electrode 

was then rinsed lightly with ethanol to remove any unbound dendrimer and then 

dried under a stream of nitrogen gas. The resulting electrode was then called 

Au|CuPPI, which was activated by cycling from -2 V to 2 V before use. The modified 

electrode, Au|CuPPI was then used to detect various concentrations of all four anti-

TB drugs in either phosphate buffer, synthetic urine (20% v/v) or plasma (10% v/v). 

 

4.2.4 Electrochemical protocol 

All measurements were carried out with 0.1 M phosphate buffer pH 7.4 as electrolyte. 

The cyclic voltammetry sweeps on glassy carbon electrode and gold electrodes were 

carried out at various potential windows, depending on the analyte. The CV had an 

equilibration time of 5 s and E step of 10 mV. DPV was carried out with a E step of 20 
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mV, an E pulse of 50 mV and t pulse of 0.02 s at a scan rate of 100 mV/s. DPV was the 

preferred method for detection of analytes since it has an enhanced discrimination 

of Faradaic currents [39]. This allows for a clearer distinction between analytes 

whose electrochemical signatures have an Epa or Epc that are close to one another.  

 

4.2.5 UV-Vis spectroscopic protocol 

As a comparative study, the electrochemical detection of the anti-TB drugs were 

referenced to a spectroscopic method of detection via ultraviolet-visible 

spectroscopy (UV-Vis). The drugs were diluted in 0.1M phosphate buffer pH 7.4. 

Concentrations of 20, 40, 60, 80 and 100 µM were detected/measured using UV-Vis 

detection between 190 and 700 nm. 

 

4.3 Results and Discussion 

4.3.1 Electrochemical signatures of anti-TB drugs on bare electrodes 

In order to assign the electrochemical signatures to the various anti-TB drugs, a set 

concentration of each one will be detected on bare glassy carbon and gold 

electrodes. The glassy carbon electrode (GCE) was initially used in order to clearly 

distinguish the peaks attributed to the anti-TB drugs instead of the peaks attributed 

to the electrode itself. Glassy carbon electrodes are inherently electrochemically 

inactive, meaning they do not produce peaks of its own in buffer [40]. Metallic 

working electrodes such as gold and platinum, usually have peaks that are inherent 

to the electrode surface itself caused by oxidation or reduction of the metal element 

[41]. Cyclic voltammetry and differential pulse voltammetry was employed under 

argon atmosphere to avoid interferences caused by oxygen molecules oxidising and 

reducing at the electrode surface. 
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4.3.1.1 Isoniazid 

A final concentration of 200 µM isoniazid was added to a 5 ml electrochemical cell of 

0.1 M PB. The results of the isoniazid detected on bare electrodes are as indicated in 

Figure 4-5. The detection on glassy carbon electrode revealed a major oxidation peak 

at 470 mV in the CV showed in Figure 4-5 (A). There are no visible reduction peaks 

present in this CV although the reduction does occur at a much greater negative 

potential around -1100 mV on a GCE. The reduction peak for INH was not considered 

for this analysis since it occurs at the same potential as the reduction of the gold 

electrode itself and would not be an analytically viable peak. The DPV detection of 

isoniazid at the glassy carbon surface shows and oxidation peak at 440 mV in Figure 

4-5 (B).    
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Figure 4-5: (A) CV and (B) anodic DPV of 200 µM INH on bare GCE and (C) CV and (D) anodic 

DPV of 200 µM INH on bare gold electrode from -600 mV to 600 mV of  

 

The CV and DPV was carried out in a potential window -600 mV to 600 mV for 

detection of isoniazid on gold electrode as well. Oxidation of isoniazid at gold 

electrode surface is as shown in Figure 4-5 (C) and (D). The CV reveals a major 

oxidation peak at 230 mV while the DPV confirms this oxidation peak at 200 mV in the 

anodic scan. The interaction of isoniazid at the electrode surface of gold and glassy 

carbon are visibly different as indicated by the difference in oxidation potentials. The 

reaction occurs at a higher oxidation potential on glassy carbon compared to gold. 

This is due to the difference in the surface of the respective electrodes. Since the scan 

was started at -600 mV, the glassy carbon or gold electrode surface begins at a 
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reduced state which is then oxidised as the scan continues to a positive potential. 

This potential scan results in the formation of oxide groups on the glassy carbon 

electrode surface which make it harder for the isoniazid to be oxidised at the 

electrode surface due to electrostatic interactions [42]. This is the reason for the 

potential of oxidation at glassy carbon electrode to be higher than that at the gold 

electrode. The oxidation of isoniazid has been previously studied and the mechanism 

of oxidation is as shown in Scheme 4-2 [43]. The molecule undergoes two reversible 

one electron transfers to produce an intermediate. The rate determining step was 

found to be the release of an H+ ion from this intermediate.  

 

 
Scheme 4-2: Oxidation mechanism of isoniazid [43] 

 

4.3.1.2 Ethambutol 

In order to assign the electrochemical signatures to the ETH molecule, a set 

concentration of ETH was detected using bare electrodes i.e. GCE and Au. The same 

technique was used as described above for INH. The results are as shown below with 

their corresponding potential ranges indicated in Figure 4-6.  
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Figure 4-6: (A) CV from -1500 mV to 1500 mV and (B) anodic DPV from 400 mV to 1500 mV 
of 200 µM ethambutol on bare GCE electrode. (C) CV and (D) anodic DPV 0 mV to 1500 mV 

from of 200 µM ETH on bare Au 

 

An oxidation peak was visible on a bare GCE at roughly 1200 mV in Figure 4-6 (A) 

during CV analysis. This oxidation peak attributed to ethambutol is consistent with 

those found in literature [44]. However, no clear reduction peaks are visible for ETH 

on the CV at any potential ranges studied using this medium. This proves that 

oxidation of ethambutol is irreversible or the subsequent reduction of ethambutol is 

difficult and requires much more energy than the potentiostat can apply. The anodic 

DPV scan from 400 mV to 1500 mV reveals and confirms the oxidation of ETH at the 

glassy carbon surface at 1150 mV in Figure 4-6 (B). The DPV analysis also did not 

indicate the presence of a reduction peak for ETH. For the purpose of this study we 

therefore chose to monitor the oxidation peak at 1200 mV for the detection of ETH.  

The activity of ETH at a bare gold electrode surface was also monitored and the 

results shown in Figure 4-6 (C) and (D). The CV on Au was carried out from 0 mV to 

1500 mV. The oxidation peak of the gold electrode was amplified at around 1000 mV 

due to the oxidation of ETH. The anodic DPV on Au was carried out from 0 to 1500 mV 

as well. Here the oxidation of ETH is seen as a shoulder at 1000 mV next to the 

oxidation peak inherent of the gold electrode at around 850 mV in Figure 4-6 (D). 

Another shoulder is present at 1350 mV as well. This is evident of two oxidation 
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processes occurring. These two oxidation peaks are attributed to the oxidation of the 

- OH and secondary amine groups (- NH) within ethambutol as shown in literature 

[45].  

 

4.3.1.3 Pyrazinamide  

The voltammograms representing the oxidation and reduction of 200 µM 

pyrazinamide on the glassy carbon electrode is as shown in Figure 4-7. From the CV, 

Figure 4-7 (A), one can clearly see that there are two peaks present, one oxidation 

and one reduction peak. The oxidation takes place in the anodic scan at a potential 

of Epa = -720 mV whereas the reduction of PYR takes place in the cathodic scan at Epc 

= - 820 mV. The current on the cathodic peak is much larger than the current produced 

by the anodic peak due to further reaction of the reductive product [46]. The DPV, 

Figure 4-7 (B), also revealed similar results with an oxidation peak at Epa = -770 mV for 

the anodic scan and a reduction peak at Epc = -750 mV for the cathodic scan. According 

to the Nernst Equation 3.3, the reaction of PYR at the glassy carbon electrode surface 

is not reversible in that it the peak separation is more than 60 mV, ∆E is actually = 100 

mV. We can thus deduce that the reaction is quasi reversible. The reaction of 

pyrazinamide was also carried out at the bare gold electrode surface in order to 

determine the interaction of PYR with the gold working electrode. The resultant CV 

and DPV scans are as shown in Figure 4-7 (C) and (D). Electrochemical 

characterisation of pyrazinamide on a bare gold electrode revealed an anodic peak at 

-747 mV in the CV. The cathodic peak attributed to the reduction at gold electrode 

was shifted from -1330 mV to -1170 mV in the presence of pyrazinamide. Similar results 

were observed in the DPV in Figure 4-7 (D) with a shift in the gold reduction peak from 

-1280 mV to -1100 mV in the cathodic scan. An additional cathodic peak was noted in 

the cathodic scan at -662 mV. The anodic scan revealed two oxidation peaks upon the 

detection of 200 µM pyrazinamide, at -1000 mV and -780 mV. 

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



Chapter 4: Chemical sensor for anti-TB drugs 

133 
 

-1200 -900 -600 -300 0 300 600

-10

-5

0

(A)

 

 

Cu
rre

nt
 (µ

A)

Potential (mV)

 GCE
 200 µM PYR

-1500 -1000 -500 0

-20

-10

0

10

(B)

 

 

Cu
rre

nt
 (µ

A )

Potential (mV)

 GCE
 200 µM PYR

-1600 -1400 -1200 -1000 -800 -600

-100

-80

-60

-40

-20

0
(C)

 

 

Cu
rre

nt
 (µ

A)

Potential (mV)

 Au
 200 µM PYR

 

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



Chapter 4: Chemical sensor for anti-TB drugs 

134 
 

-1400 -1200 -1000 -800 -600 -400 -200
-50

-40

-30

-20

-10

0

10

(D)

 

 

Cu
rre

nt
 (µ

A)

Potential (mV)

 Au
 200 µM PYR

 
Figure 4-7: (A) CV from -1300 mV to 600 mV and (B) DPV from -1500 mV to 0 mV of 200 µM 

PYR on bare GCE (C) CV from -1500 mV to -500 mV of and (D) anodic and cathodic DPV from 
-1500 mV to -200 mV of 200 µM PYR on bare Au  

 

 

The oxidation and subsequent reduction of pyrazinamide can therefore be 

represented by Scheme 4-3. The pyrazinamide molecule has been reported to 

transfer 2 electrons and 3 protons through its oxidation and subsequent reduction 

which is a reversible occurrence [46] [47].  

 

 
Scheme 4-3: Oxidation and reduction mechanism of pyrazinamide  

 
 
 

4.3.1.4 Rifampicin  

The electrochemical signatures of rifampicin were also determined on bare 

electrodes as with the other anti-TB drugs. RIF on a bare GCE revealed two oxidation 

peaks in the anodic scan of both CV and DPC. These two peaks are visible at 370 mV 
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and 1180 mV using CV and they shift to 320 mV and 1160 mV respectively when 

characterising using DPV as shown in Figure 4-8. In DPV, there are no distinctive 

cathodic peaks when analysing RIF on GCE or Au electrodes. This means that the two 

step process outline by these two anodic peaks are irreversible and are not 

electrochemically reduced again.  
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Figure 4-8: (A) CV and (B) anodic DPV from -1500 mV to 1500 mV of 200 µM RIF on bare GCE 

(C) CV and (D) anodic DPV from 0 mV to 1500 mV of 200 µM RIF on bare Au 
 

RIF shows similar behaviour on a gold electrode, with distinctive oxidation peaks in 

the anodic scan of CV at 240, 810, 1050 and 1290 mV on a bare gold electrode. These 

peaks are visible in Figure 4-8 (A). The DPV shows similar potential values of 220, 760, 

1040 and 126 mV. Rifampicin is a complex molecule and thus various oxidation 

reactions can take place within its structure. The first peak at 240 mV is attributed to 

the oxidation of the 6,9-dihydroxynaphthalene moiety to its corresponding 

naphthoquinone. This value is very close to that observed for the 
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hydroquinone/quinone redox system [31].  A representation of the mechanism of 

rifampicin oxidation to its quinone state is shown in Figure 4-9. The rest of the peaks 

between 810 and 1290 is thus caused by the multi-step oxidation of piperazinylimino 

moiety of the RIF molecule [48]. 

 
Figure 4-9: Mechanism of rifampicin oxidation via loss of electrons to form rifampicin 

quinone  

  

A summary of the peaks produced by all four first line anti-TB drugs is shown in Table 

4-1 on both GCE and Au electrodes using CV and DPV voltammetric techniques.  

 

Table 4-1: Electrochemical signatures of anti-TB drugs on bare electrodes 

Electrode Method 
INH ETH PYR RIF 

Epa (mV) Epa (mV) Epa (mV) Epc (mV) Epa (mV) 

Au 
CV 230  1000  -747 Au shift from -1330 

to -1170 
240, 810, 1050 

and 1290 

DPV 200  1000 and 
1350 

-1000 
and -780 

Au shift from -1280 
to -1100 and -662 

220, 760, 1040 
and 1260 

GCE 
CV 490  1200 -720 -820 370 and 1180 

DPV 440  1150 -770 -750 320 and 1160 

 

4.3.2 Electro-catalytic behaviour of Au|CuPPI 

The first generation copper metallodendrimer was then used as an electro-catalytic 

platform for the detection of all first line anti-TB drugs. The electrochemistry of the 

metallodendrimer was extensively studied in chapter 3. The electro-catalytic ability 

of the Au|CuPPI sensor electrode was determined by comparing the action of 
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isoniazid on a bare gold electrode vs. Au|CuPPI. This comparison is shown in Figure 

4-10. It is clear from the voltammogram that the presence of the CuPPI on the gold 

electrode largely enhances the oxidation peak current and reaction of isoniazid 

compared to the bare electrodes tested before. Because of this large increase in peak 

current caused by the electrocatalytic behaviour of CuPPI, it was possible to detect a 

much lower concentration of analyte. A 500 nM concentration of isoniazid only 

produce an Ipa of 0.94 µA at around 400 mV on the bare gold, whereas INH on the 

dendrimer modified electrode yields an Ipa of 8.62 µA at 200 mV. The dendrimer thus 

acts as a highly effective electrocatalyst for the detection of INH with a current 

increase of nearly 10 fold. The electrocatalytic behaviour of the dendrimer could be 

attributed to its large surface area, its catalytic metal centre or active sites and 

enhanced electrical conductivity which all aid in the oxidation of INH.   
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Figure 4-10: Catalytic effect of copper metallodendrimer in the oxidation of 500 nM 
isoniazid at bare and modified gold electrode surfaces in pH 7 phosphate buffer 

 

The electrons transferred during the oxidation and reduction of the copper centre 

within CuPPI are used as catalysts in the oxidation of the analyte at modified 

electrode surface. A scheme representing this catalysis is shown in Scheme 4-4. The 

catalytic reaction occurring here is known as an EC’ (electrochemical catalytic) type 
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mechanism [49]. The mechanism consists of a reversible reaction carried out by the 

electrocatalytic material which enhances the irreversible conversion of reactants to 

products.  

 
Scheme 4-4: Representation of EC’ mechanism occurring at metallodendrimer modified 

electrode surface 

 

4.3.3 Au|CuPPI sensor for detection of anti-TB drugs 

The Au|CuPPI modified electrode was then used to detect ultra-low concentrations 

of the anti-TB drugs in phosphate buffer pH 7.4 as electrolyte.  

 

4.3.3.1 Isoniazid 

Isoniazid was detected using cyclic voltammetry in phosphate buffer pH 7.4 as 

electrolyte in the presence of oxygen as shown in Figure 4-11 (A). The analysis was 
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carried out in the presence of oxygen in order for the system to mimic real situations 

in which the device could possibly be used. The anodic peak attributed to the 

oxidation of the metallodendrimer is present at 200 mV as shown in the DPV in Figure 

4-11. During the experiments it was found that a drastically lower concentration of 

the analytes could be determined and the lower linear ranges were investigated. 

Upon the addition of 20 nM INH, the oxidation peak then appears at 140 mV, which is 

attributed to the drug being electrocatalysed by the dendrimer at the electrode 

surface. Upon additions of more INH the Epa shifts to a higher potential of up to 200 

mV upon addition of 200 nM INH. The resulting calibration curve is shown in Figure 

4-11 (B). The detection of isoniazid was found to be linear in the range of 20 to 200 

nM with a correlation coefficient of 0.96 and a sensitivity of 0.021 µA/nM. The limit of 

detection (LOD) and limit of quantification (LOQ) was calculated using the following 

equations:  

 

LOD = 3.3σ/s   Equation 4-1 

 

LOQ = 10σ/s   Equation 4-2 

 

where σ is standard deviation of blank samples and s is the slope of the regression 

equation. The values of these limits are LOD = 0.788 nM and LOQ = 2.37 nM for the 

detection of INH. Similar results have been found in literature when detecting INH 

with a B/N co-doped mesoporous carbon film electrode which yielded a 1.5 nM limit 

of detection [50]. The fact that a simple and easy to produce molecule such as the G1-

metallodendrimer could produce better results is highly favourable for this sensor. 
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Figure 4-11: (A) DPV detection of 20, 40, 60, 80, 100, 120, 160 and 200 nM isoniazid at 
Au|CuPPI electrode surface in PB pH 7.4 at (B) linear calibration plot of current vs 

concentration of INH in PB pH 7.4 

 

4.3.3.2 Ethambutol 

The Au|CuPPI was then used for the detection of ethambutol in solution via DPV. A 

wide potential range was studied and the voltammogram representing additions of 

ETH to the electrochemical cell is as shown in Figure 4-12 (A). The action of 

ethambutol on the surface of Au|CuPPI (modified electrode) was similar to that on 

the bare gold electrode, with an oxidation peak appearing around 1000 mV, however 

the peak was enhanced due to the electrocatalytic behaviour of the CuPPI 
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metallodendrimer. The linear calibration plot of the ETH additions/detection is shown 

below in Figure 4-12 (B). The ETH produced a single anodic peak at around 900 mV at 

lower concentrations. However, this peak split up to 825 mV and 1000 mV after 60 

nM ETH was added to the electrochemical cell. There is a good linear relationship 

between peak current and concentration with a linear regression of 0.97 from 20 to 

200 nM. The sensitivity of the sensor towards ETH was found to be 0.042 µA/nM. The 

LOD and LOQ were calculated to be 0.394 nM and 1.18 nM respectively.  
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Figure 4-12: DPV detection of 20, 40, 60, 80, 100, 120, 160 and 200 nM ETH at Au|CuPPI 

electrode surface in PB pH 7.4 (B) Linear calibration plot of current vs concentration of 
ETH in PB pH 7.4 
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Ethambutol has previously been detected using HPLC coupled with UV or fluorescent 

detection, which includes many steps of sample preparation via derivatization due to 

the lack of an intrinsic chromophore or fluorophore [51]. This highlights the benefits 

of electrochemical detection or analysis of ethambutol, which decreases sample 

preparation, time of analysis as well as cost. Ethambutol has not been extensively 

detected using electrochemical techniques. Previously ETH has been studied on a 

glassy carbon electrode using multi walled carbon nanotubes (MWCNT’s) as an 

electro-catalytic platform. However this method revealed a poor linear concentration 

range of 8-250 µM and a detection limit of 0.76 µM [52]. This Au|CuPPI chemical 

sensor thus has a superior performance in terms of a significantly lower limit of 

detection and dynamic linear range in terms of ETH detection.  

 

4.3.3.3 Pyrazinamide 

The electrochemical action of PYR on the Au|CuPPI electrode was then monitored in 

the 20 to 200 nM concentration range. Although both an anodic and cathodic peak is 

present for this molecule, the anodic peak was monitored in order to minimise the 

interference of the gold reduction peak in the cathodic scan. DPV analysis is shown in 

Figure 4-13 with an Epa of -1040 mV for PYR oxidation. One can note a linear response 

of current vs concentration up until 100 nM. Successive additions after 100 nM 

resulted in a plateau in the graph. This is due to saturation of the electrode surface 

with PYR. The sensor had a sensitivity of 0.75 µA/nM towards PYR. The LOD and LOQ 

for pyrazinamide in the linear region (200 to 100 nM) was calculated to be 0.022 nM 

and 0.066 nM respectively.  

Pyrazinamide has previously been detected using a poly-l-methionine and 

electrochemically reduced graphene oxide electrode which achieved a dynamic linear 

range of 0.4 µM to 1129 µM and limit of detection of 0.16 µM [53]. Similar results were 

achieved recently when a rod-like Co based MOF (metal organic framework) was 

used on an electrode surface for the detection of PYR. This complex system obtained 
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a low linear range of 0.3 µM to 46.5 µM with a limit of detection of 0.21 µM [54]. Both 

of these sensors yielded good results which are in the micromolar range, however 

the sensor in this work is capable of obtaining results in the nanomolar range.  
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Figure 4-13: (A) DPV detection of 20, 40, 60, 80, 100, 120, 160 and 200 nM PYR at Au|CuPPI 
electrode surface in PB pH 7.4 (B) Linear calibration plot of current vs concentration of 

PYR in PB pH 7.4 
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4.3.3.4 Rifampicin 

The dendritic sensor was also applied to the detection of rifampicin, with successive 

additions of the drug shown in the DPV in Figure 4-14 (A). As shown in a previous 

section, RIF gives rise to multiple oxidation peaks in the range of 0 to 1200 mV. For 

analytical purposes the peak at 445 mV was studied in order to distinguish it from the 

other anti-TB drugs. This oxidation peak gave a good linearity between current and 

concentration with a linear regression of 0.937 between 20 to 200 nM. The sensor 

shows a good LOD and LOQ of 1.15 nM and 3.45 nM respectively. The sensitivity of 

the sensor towards RIF was found to be 0.0144 µA/nM as shown in the calibration 

curve in Figure 4-14 (B). Rifampicin has previously been detected using a nickel 

nanoparticle and nickel hexacyanoferrate modified GCE. This sensor obtained a linear 

analytical curve from 5 µM to 500 µM with a limit of detection of 2.6 µM. Treatment 

of TB with RIF tablets containing 150 to 300 mg or RIF usually result in roughly 36 to 

73 µM being leftover in urine un-metabolised [55]. A complex nanoparticle in the form 

of a PVP capped CoFe2O4 magnetic core and CdSe shell was developed recently with 

a particularly wide linear range. The electrocatalytic activity of this nanoparticle was 

successful in the range of 0.1 fM to 0.1 µM and a limit of detection of 0.045 fM using 

square wave anodic stripping voltammetry [56]. Although these sensors obtained 

results which are in the correct concentration range for various phenotypes, the 

simplicity, stability and low cost of the dendritic sensor is still more favourable 
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Figure 4-14: (A) DPV detection of 20, 40, 60, 80, 100, 120, 160 and 200 nM RIF at Au|CuPPI in 

PB pH 7.4 (B) Linear calibration plot of current vs concentration of RIF in PB pH 7.4 
 
 
 

4.3.4 UV-Vis detection of anti-TB drugs 

As a point of validation or reference, the detection of anti-TB drugs were completed 

using a simple UV-Vis method in order to compare this simple sensor with an 

established laboratory technique.  In order to determine the wavelength of 

maximum absorption i.e. λmax of the various drugs, the UV-Vis scan was carried out 
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from 190 nm to 700 nm. The resulting absorbance spectra for each anti TB drugs is 

shown in Figure 4-15, as well as a mixture of all four drugs. There are two absorption 

bands present for INH, one at 205 nm and an absorption maxima, λmax at 263 nm. 

Pyrazinamide has similar absorption bands at 209 nm and λmax at 268 nm. The UV-

spectra of these two molecules are very similar because of the similarity in the 

chemical structures since both PYR and INH are substituted benzene rings. 

Rifampicin gives rise to multiple absorption bands at 256 nm, 333 nm and 474 nm with 

λmax at 237 nm due to multiple chromophores. The complexity of the molecule and 

the existence of a bicyclic benzene gives rise to multiple peaks in the UV-Vis spectrum. 

Ethambutol however does not absorb light in the UV-vis range and thus gives no 

peaks in UV spectra. The “cocktail” containing all four of the anti-TB drugs was also 

measured via UV-Vis in order to determine if one could determine the quantity of the 

individual drugs in a mixture. The absorption bands included all those described for 

the individual drugs, however the absorbance bands between 200 and 300 were 

largely increased due to the overlapping of absorption maxima of PYR, INH and RIF. 

It would thus be difficult to distinguish between these four compounds using UV-Vis 

as an analytical technique as the absorption bands all occur in the same region, or not 

at all in the case of ETH. The UV-Vis absorption bands of each of the drugs as well as 

the combination is shown in Table 4-2. 

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



Chapter 4: Chemical sensor for anti-TB drugs 

148 
 

200 300 400 500

0,0

0,5

1,0

1,5

2,0

2,5

3,0

 

 

Ab
so

rb
an

ce

Wavelength (nm)

 100µM Mixture
 100µM ETH
 100µM INH
 100µM PYR
 100µM RIF

 
Figure 4-15: UV-Vis of anti-TB drugs on their own, and in a mixture containing all four: ETH, 

INH, PYR and RIF in 0.1 M PB pH 7.4 

 

Table 4-2: UV-Vis absorption bands of anti-TB drugs 

Anti-TB drug λ (nm) λmax (nm) Reference 

Isoniazid 205 263 [57] 

Ethambutol - - [58] 

Pyrazinamide 209 268 [59] 

Rifampicin 256, 333 and 474 237 [60] 

Mixture 209, 237, 333, 474 262 This work 

 

The spectrophotometric detection of individual drugs was successful and showed 

linearity between λmax absorbance vs concentration. The UV spectrum representing 

the detection of increasing concentrations of rifampicin is shown in Figure 4-16. The 

same method of detection was carried out for INH and PYR as well, with a steady 

increase in absorbance upon an increase in concentration. The resulting calibration 

curves of all three drugs are as shown in Figure 4-16. The LOD and LOQ for UV-Vis 

detection was calculated using Equation 4.1 and 4.2 respectively. UV-Vis showed a 

good linearity between absorbance and concentration with all three analytes, and 

LOD’s ranging from 24.3 to 54.7 nM as detailed in Table 4-2.  
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Figure 4-16: UV-Vis detection of RIF in 0.1 M PB pH 7.4 at concentrations of 20, 40, 60, 80 

and 100 µM (B): Calibration curves for UV-Vis detection of INH, PYR and RIF in 0.1 M PB pH 
7.4 

0 

 

UV-Vis can be used as a tool for the detection of three out of the four drugs used to 

treat TB without any major sample preparation. The fact that some molecules do not 

absorb light in the UV-vis range is one of the downsides of this analytical technique. 

Ethambutol is one of these molecules and cannot be detected using UV-Vis without 

pre-treatment, such as complexing it with dyes [61] in order to make the resulting 
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complex UV-vis active. UV-Vis also requires a laboratory setting in order for 

experiments to be carried out. The other issue which exists when using this technique 

is the effect of complex matrices. A recent study showed that a specificity of only 60 

% was possible when detecting rifampicin in serum when the concentration was less 

than 8 mg/l [62]. Electrochemistry on the other hand requires no pre-treatment step 

and all four of the drugs can be detected using this technique as described above, 

with clear distinction between each of them. Electrochemistry also has the ability to 

be portable and requires very small sample volume. A comparison of analytical values 

such as sensitivity, limit of detection and limit of quantification is shown below in 

Table 4-3 between our Au|CuPPI chemical sensor and a well-established laboratory 

technique such as UV-Vis.     

 

Table 4-3: Summary of analytical efficiency of electrochemistry vs UV-Vis 

Anti-TB drug Electrochemical Detection UV-Vis Detection 

 Sensitivity 
(µA/nM) 

LOD 
(nM) 

LOQ 
(nM) 

Sensitivity 
(abs/µM) 

LOD 
(nM) 

LOQ 
(nM) 

Isoniazid 0.021 0.788 2.37 0.00946 30.1 91.2 

Ethambutol 0.042 0.394 1.18 - - - 

Pyrazinamide 0.75 0.0220 0.0660 0.0052 54.7 165 

Rifampicin 0.0142 1.16 3.49 0.0117 24.3 73.7 

 

4.4 Real Samples 

The Au|CuPPI chemical sensor was then applied in the detection of the four anti-TB 

drugs in more complex matrices such as synthetic urine and plasma. Various 

concentrations of each drug were detected in 20 % synthetic urine and 10 % plasma. 

These would mimic real samples whose only preparation step would be to dilute the 

samples in pH 7 phosphate buffer in a 1:5 and 1:10 ratio for synthetic urine and plasma 

respectively. These dilutions allowed for the matrix to become conductive by adding 

the PB while still maintaining the integrity of the “real sample”. The dendrimer 

modified electrode i.e. Au|CuPPI behaves differently in the more complex media 
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compared to the pure buffer as shown in Figure 4-17. From the CV’s shown here it is 

clear that matrix effects are an issue which affects the CuPPI. Noticeable changes in 

the CV of the synthetic urine is the shift in the cathodic peak (Epa) which is now at 40 

mV instead of 160 mV in pure buffer. In 10% plasma the anodic and cathodic peaks 

from CuPPI are masked by other molecules in the plasma with an anodic peak 

occurring at 350 mV. Factors contributing to these matrix effects include interfering 

substances (uric acid, salicylic acid, ascorbic acid etc.), fouling of the electrode 

(caused by plasma proteins), non-specific binding as well as pH [63] [64]. The 

molecules present in these matrices thus interact on the dendrimer surface. Each of 

the anti-TB drugs were then detected using this dendrimer in urine and plasma. 
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Figure 4-17: Au|CuPPI behaviour in pH 7 0.1 PB, 20 % synthetic urine and 10 % plasma diluted 

with 0.1 M PB 
 

4.4.1 Isoniazid 

The detection of isoniazid was first carried out in 20 % synthetic urine and successful 

in the concentration range of 10 t0 100 µM. Lower concentrations than 10 µM 

resulted in erratic responses which were not analytically viable. The dynamic linear 

range was much higher in the case of synthetic urine and plasma since these matrices 

had a significant effect on the sensitivity of the Au|CuPPI sensor. The CV’s of the 

addition of INH to Au|CuPPI in synthetic urine is shown in Figure 4-18 (A). The anodic 
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peak attributed to CuPPI appears around 170 mV in synthetic urine. Upon addition of 

10 µM INH, a peak appears at 270 mV which shifts upon an increase in concentration 

up to 350 mV when 100 µM INH is added. The calibration curve of showing the linear 

response between concentration and peak height is shown in Figure 4-18 (B).  

-100 0 100 200 300 400 500 600 700
-0,6

-0,4

-0,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4
100 µM INH

 

 
Cu

rre
nt

 (µ
A)

Potential (mV)

 Au|CuPPI in synthetic urine 

10 µM INH

(A)

0 20 40 60 80
-0,1

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7
(B)

 

 

Pe
ak

 H
ei

gh
t (

µA
)

Concentration of INH (µM)

y = 0,00787x - 0,0013
R2 = 0,99729

 
Figure 4-18: (A) CV detection of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µM INH at Au|CuPPI  

(B) linear calibration plot of Ipa vs concentration of INH in 20 % synthetic urine 

 

The effect of the synthetic urine on the linear range of detection is quite vast 

compared to pure phosphate buffer. The amount of drug detectable in PB is in the 

nanomolar range, but shifts to the micromolar range in synthetic urine. One can also 
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note that the error increases with an increase in concentration for INH. The limit of 

detection for the Au|CuPPI chemical sensor was found to be 3.23 µM and limit of 

quantification is 10.78 µM.  The same experiment was carried out in 10 % plasma when 

detecting INH on Au|CuPPI. The INH interacted at the dendrimer surface slightly 

differently in this case by oxidising at 280 mV which remains constant upon an 

increase in concentration of INH as can be seen in Figure 4-19 (A). The linear 

calibration plot can be seen in Figure 4-19 (B). The LOD for the sensor in plasma was 

found to be 3.3 µM and LOQ of 10.99 µM. 
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Figure 4-19: (A) CV detection of 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 µM INH at Au|CuPPI  

(B) linear calibration plot of Ipa vs concentration of INH in 10 % human plasma 
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4.4.2 Ethambutol 

Some components in synthetic urine reacts at the Au|CuPPI surface at roughly 1000 

mV, which is the same potential at which ethambutol oxidises at the electrode 

surface. This resulted in the ethambutol interacting with the synthetic urine 

components which both oxidise at the same potential, resulting in a linear range at a 

lower concentration of 1 µM and 4 µM with a LOD of 0.811 uM and LOQ of 2.704 µM. 

After 4 µM ETH is added to the system the calibration curve plateaus, which could be 

a result of electrode fouling or saturation as shown in Figure 4-21 (A).  
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Figure 4-20: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7 ,8 ,9 and 10 µM ETH and (B) linear 

calibration plot of Ipa vs concentration of ETH in 20 % synthetic urine 
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The complexity of the matrix and its components are a huge factor in this saturation. 

The detection of ETH was then carried out in the 10 % human plasma matrix and the 

resulting calibration curve is shown in Figure 4-21 (B). The oxidation of ETH at the 

electrode surface resulted in a peak appearing at 900 mV which was monitored for 

analytical purposes. A linear range was obtained from 100 µM to 1000 µM with a LOD 

of 48.52 µM and LOQ of 161.76 µM. The matrix effects in plasma does not allow for 

lower concentrations of ETH to be determined.  
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Figure 4-21: (A) DPV detection of 100, 200, 300, 400, 500, 600, 700 ,800 ,900 and 1000 µM 

ETH at Au|CuPPI and (B) linear calibration plot of Ipa vs concentration of ETH in 10 % human 
plasma 
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4.4.3 Pyrazinamide 

The detection of pyrazinamide was carried out in the two complex media with both 

resulting in calibration curves in the range of 10 to 100 µM PYR as shown in Figure 

4-22. The oxidation peak at -800 mV was monitored upon an increase in concentration 

of PYR in both media. The peak current increases in direct proportion to an increase 

in concentration. The sensitivity of the sensor was found to be higher in synthetic 

urine than plasma with values of 0.02165 µA/µM and 0.00971 µA/µM respectively. The 

sensor was thus able to obtain a LOD of 4.19 µM and LOQ of 13.98 µM in synthetic 

urine and a LOD of 3.55 µM and LOQ of 11.84 µM in plasma. 
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Figure 4-22: DPV detection of 10, 20, 30, 40, 50, 60, 70 ,80 ,90 and 100 µM PYR in (A) 20 % 

synthetic urine and (B) 10 % plasma and (C) calibration plot of Ipa vs concentration of PYR 

 

4.4.4 Rifampicin 

Rifampicin was found to have similar issues as ETH when carrying out the detections 

in both synthetic urine and plasma. The peaks attributed to RIF were masked by the 

effect of the matrices. In synthetic urine, the RIF interacted with the components of 

the synthetic urine in such a fashion that it caused the peak at 1000 mV to increase 

upon additions of 0.5 µM RIF as shown in Figure 4-23 (A). This current response 

increased linearly up until 2.5 uM after which the electrode was saturated and the 

calibration curve plateaued in Figure 4-23 (B). The LOD in synthetic urine was found 

to be 0.153 µM with an LOQ of 0.511 µM.  

The matrix effects in plasma were again limiting the detection of RIF. The usual peaks 

attributed to this complex molecule was not visible except for one around 1100 mV. 

RIF was successfully detected by adding increments of 100 µM to the 10 % plasma 

matrix with a LOD of 21.35 µM and LOQ of 71.19 µM achieved. The sensitivity of the 

sensor was much greater in synthetic urine than plasma as previously stated. The 

detection of RIF calibration curves in 10 % plasma are as shown in Figure 4-24 (A) and 

(B). Electrochemical sensing has previously been completed in real samples, however 

most cases analyse the tablet form which is diluted in water and then detected in 
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buffer [65]. Not many instances have been found in which the calibrations are carried 

out in the complex media as well as the recovery, which is what is covered in the next 

section.  
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Figure 4-23: (A) CV detection of concentrations of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 µM 

RIF at Au|CuPPI and (B) linear calibration plot of Ipa vs concentration of RIF in 20 % 
synthetic urine 
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Figure 4-24: (A) CV detection of concentrations of 50, 150, 250, 350, 450, 550 and 650 µM 

RIF at Au|CuPPI and (B) linear calibration plot of Ipa vs concentration of RIF in 10 % human 
plasma 

 

4.4.5 Recovery Studies of Au|CuPPI electrode 

Each of the anti-TB drugs were also studied using a recovery experiment. In this case 

each of the tablet forms of the drug were dissolved in either 20 % synthetic urine or 

10 % plasma, and detected using the Au|CuPPI modified electrode. The concentrations 
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of the tablets were then determined using the calibration curves above with the 

results of these shown in Table 4-4.  

 

Table 4-4: Analytical efficiencies of the Au|CuPPI sensor towards of anti-TB drugs in 20 % 
synthetic urine and 10 % plasma 

  LOD 
(µM) 

LOQ 
(µM) 

Sensitivity 
(µA/µM) 

Spiked 
(µM) 

Detected 
(µM) Recovery (%) 

INH 

Synthetic 
urine 3.23 10.78 0.00787 

20 18.5 92.5 

40 43 107.5 

60 63 105 

Plasma 3.3 10.99 0.1173 

20 22.6 113 

40 39.78 99.45 

0 60.97 101.61 

ETH 

Synthetic 
urine 0.811 2.704 6.434 

2 2.16 108 

4 3.91 94.75 

6 - Out of linear 
range 

Plasma 48.52 161.76 0.00765 

200 178.54 89.27 

400 435.56 108.89 

600 622.02 103.67 

PYR 

Synthetic 
urine 4.19 13.98 0.02165 

20 20.236 101.18 

40 41.93 104.83 

60 57.44 95.74 

Plasma 3.55 11.84 0.00971 

20 21.73 108.66 

40 38.96 97.39 

60 55.57 92.62 

RIF 

Synthetic 
urine 0.153 0.511 5.892 

1 1.08 107.85 

2 2.05 102.46 

4 - Out of linear 
range 

Plasma 21.35 71.19 0.0079 

150 160 106.724 

350 360.88 103.11 

550 571.78 103.96 

 

The recovery of each of these drugs was successful in both of the matrices shown. 

The lowest value of recovery is 89.27 %, which is for the detection of 200 µM ETH in 

plasma, while the highest value is 113 % for 20 µM INH in plasma. These values have 
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the highest error due to the many components present in plasma which interfere 

with detection through fouling of the electrode surface. The results for the sensor in 

the complex matrices are excellent with an average error of less than 9%. The 

Au|CuPPI has been proven to be an easy-to-assemble, stable and selective sensor 

which is able to detect all four anti-TB drugs in both synthetic urine and plasma with 

LOD in the 0.153 µM to 45.82 µM concentration range.  
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4.5 Conclusions 

After diagnosis, tuberculosis is treated using a combination of four anti-TB drugs over 

the course of six months. These drugs are named isoniazid, ethambutol, rifampicin 

and pyrazinamide. These four drugs each have their own mechanism of fighting the 

Mycobacterium Tubercle, which is responsible for this deadly disease. There are 

currently many laboratory techniques that are used to detect these drugs for 

analytical purposes. These techniques are however very expensive, require sample 

preparation, time and a skilled technician to run the instruments. Here a simple, 

metallodendrimer based electrochemical sensor consisting of the copper based 

metallodendrimer (Au|CuPPI) was developed for anti-TB drug detection. This sensor 

was then applied to the detection of the anti-TB drugs and compared to a well-

established technique such as UV-Vis. The limit of detection of the electrochemical 

sensor ranged from 0.022 nM to 1.16 nM and the UV-Vis technique had an LOD 

between 24.3 nM and 54.7 nM for all four of the anti-TB drugs. Not only is the limit of 

detection better for the electrochemical sensor better, but the fact that the 

molecules do not have to be UV-vis active or undergo pre-treatments give this sensor 

the advantage here. Electrochemical analysis of samples also allows for a portable 

and easy to use mode of detection, allowing for point of care analysis and rapid 

response time. This sensor can thus be successfully applied as a form of therapeutic 

drug monitoring during TB-treatment in order to minimise the adverse drug reactions 

brought on by the treatment of the disease [66]. The dendritic electrochemical 

sensor was then applied towards the detection of anti-TB drugs in synthetic urine and 

plasma. The sensor was successful and obtained very good results in terms of linear 

range, regression and limits of detection. The LOD in these media ranged from 0.153 

µM to 45.82 µM in concentration and the recovery values from 89.27 % to 113 %. The 

dynamic linear range of each of the drugs in the real samples were at a higher 

concentration range compared to when the detection is carried out in buffer. This is 

due to the interferences of the compounds present in the synthetic urine as well as 

fouling of the electrode surface with plasma proteins. However, the results obtained 

are well within the therapeutic range for detection as discussed in the next chapter. 

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



Chapter 4: Chemical sensor for anti-TB drugs 

163 
 

The simple Au|CuPPI chemical sensor has thus proven to be a viable candidate for real 

life application in selectively determining the concentration of towards four anti-TB 

drugs leftover in both plasma and urine.  
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Chapter 5 

5 CYP3A4 biosensor system for anti-TB drugs 

 

Abstract 

Cytochrome P450’s are responsible for the metabolism of a large variety of 

substances, including carcinogens, drugs and many others. CYP3A4, a part of this 

group of enzymes, is responsible for metabolising 50 % of all known drugs. Enzymes 

are perfect for use as recognition elements in biosensors since they have the 

advantage of being highly specific and sensitive. This enzyme was combined with first 

generation metallodendrimers, CuPPI for the detection of four first line anti-TB drugs.  

The method of action is summarised in the graphical abstract in Scheme 5-1 below: 

 
Scheme 5-1: Graphical abstract for Chapter 5 
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This simple biosensor was successful in detecting all four anti-TB drugs i.e. isoniazid, 

ethambutol, pyrazinamide and rifampicin with limits of detection ranging from 

0.02244 to 0.1072 nM. The sensor system was compared to a well-established 

technique such as UV-Vis which was found not to be a viable option. The observed 

UV-Vis limitations in this study include a very long reaction time of 24 hours as well as 

the added inability to clearly distinguish between the spectra of the enzyme and 

substrate. Electrochemistry has the added benefits of providing electrons for these 

reactions without the necessity of an additional redox partner such as CYP reductase 

and NADPH. The developed biosensor was then applied towards “real samples” in 

the form of spiked synthetic urine and plasma. Calibration curves were carried out in 

the complex matrices which were diluted with 0.1 M PB. These yielded good LOD in 

the range of ultra-low micromolar concentration i.e. 0.165 µM to 0.884 µM across all 

drugs. The enzyme kinetics were studied in each case and the reaction showed a 

typical Michaelis-Menten behaviour with excellent values for Michaelis constant 

proving the strong interaction between enzyme and substrate in complex media. 

Recovery studies were also successful when detecting the real tablets in both plasma 

and urine with results ranging from 91.5 % to 108.5 %.  

 

5.1 Introduction 

5.1.1 Cytochrome P450 enzymes  

Cytochrome P450 (CYP) enzymes are considered as one of the major groups of 

enzymes responsible for drug metabolism [2]. CYP’s are classified as heme-enzymes 

since they contain a heme prosthetic group. The heme group consists of a central 

iron cation (Fe2+ or Fe3+) bound to the conjugate base of a porphyrin with various 

ligands attached to the iron centre at the axial positions [3]. The simplified structure 

of the heme centre of CYP enzymes is shown in Figure 5-1 .  
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Figure 5-1: Simplified structure of a heme centre i.e. iron protoporphyrin IX [4] 

 

The crystal structure of CYP3A4 was discovered in 2004 by two separate groups with 

very similar results. CYP3A4 has a general tertiary structure previously reported for 

P450 enzymes with variations in the B-C and F-G helices compared to other members 

of the family 3 group. There is a discrepancy between the structures reported by the 

two groups in the Arg212 side chain. The structure determined by Yano et al [5] shows 

the residue pointing towards the heme iron whereas Williams et al [6] has the side 

chain rotated by roughly 120o away from the proton pathway. This difference could 

be indicative of the flexibility of the enzyme to accommodate the various substrates 

which the enzyme metabolizes. The active site is adjacent to the heme moiety and 

has a relatively large volume according to Yano et al. This structure of CYP3A4 is as 

shown in Figure 5-2. 
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Figure 5-2: Crystal structure of Cytochrome P450 3A4 [7] 

 

5.1.2 CYP3A4 drug metabolism 

Heme-enzymes are capable of both oxidative as well as reductive chemistry with the 

most common forms being oxygenases and peroxidases [8]. CYP3A4 is a 

monooxygenase enzyme that incorporates one hydroxyl group into substrates 

during metabolism as well as producing one water molecule by reducing one 

dioxygen atom [9]. CYP3A4 follows the general mechanism of drug metabolism 

described in this section. A summary of the catalytic cycle and metabolism of 

substrates carried out by CYP enzymes is shown in Scheme 5-2 below: 
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Scheme 5-2: CYP450 enzyme mechanism of action  

 

The substrate will bind in the same region as the heme group, which is called the 

active site (step 1). This binding causes the active site to change its conformation and 

reduces the heme iron centre from low spin to high spin i.e. Fe(III) to Fe(II) in step 2. 

This process is assisted by monooxygenation where molecular oxygen binds to the 

high spin complex as shown in step 3. Water is then expelled from the active site, 

resulting in a Fe(V) complex. Subsequent hydroxylation of the substrate takes place 

with the product being released from the active site and a water molecule returning 

to its original position close to the heme centre. The enzyme is therefore transformed 

back to its original state. The electrons transferred originate from other catalytic 

cycles and redox partners in the body, such as cytochrome P450 reductase (CPR) and 

cytochrome b5 [10] [11].   

CYP3A4 alone has been reported to be responsible for the metabolism of 50 % of all 

drugs prescribed [12] and is thus one of the most important members of the CYP class 

of enzymes. CYP metabolises 1900 drugs, 1033 substrates, 696 inhibitors and 241 

inducers [13], a list of 7 of the most common drugs in each category is shown in Table 

5-1 below: 
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Table 5-1: A list of 7 substrates, inhibitors and inducers of the CYP3A4 enzyme  [14], [15] 

Substrates Strong Inhibitors Inducers 

Tamoxifen Ritonavir Rifabutin 

Tramadol Erythromycin Rifampicin 

Codeine Nelfinavir Nevirapine 

Warfarin Sequinavir St John’s Wort 

Caffeine Telithromycin Enzalutamide 

Indinavir Indinavir Phenytoin 

Fentanyl Clarithromycin Efavirenz 

 

As can be seen from the table above, CYP3A4 metabolises drugs in various 

categories, from pain medication like tramadol to caffeine. Inhibitors like ritonavir on 

the other hand decrease the activity of CYP3A4 which results in an increase in the 

levels of substrates in plasma. It is thus very important to avoid consuming any of 

these inhibitors in conjunction with a substrate to avoid this toxicity as well as 

ineffective treatment. In contrast, inducers like rifampicin increase the activity of 

CYP3A4, sometimes resulting in up to 90 % clearance of CYP3A4 substrates present in 

plasma. The degree to which each of these drugs induce or inhibit CYP3A4 varies and 

is not dependant on the classification of drugs at all [16], [17].  

 

5.1.3 CYP enzyme kinetics 

Enzymes are considered natural catalysts, which act on substrates to form products 

via a specific mechanism. This mechanism describes the kinetics of the substrate (S) 

binding to the enzyme (E) to form a complex denoted as ES, as described by G. Briggs 

and J. Haldane as described by Equation 5-1.  

 

  Equation 5-1 
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The reaction rate constants k1 is applicable to the formation of the ES complex, k-1 is 

applicable to the dissociation of the complex and kcat is applicable to the release of 

the product. The Michaelis constant, Km, is defined as the ratio of complexation to 

dissociation of a particular reaction. A low value indicates a strong binding whereas 

a higher value indicates weak binding. Km is denoted by Equation 5-2 [18] 

𝑲𝑲𝒎𝒎 =  𝒌𝒌−𝟏𝟏+ 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄
𝒌𝒌𝟏𝟏

     Equation 5-2 

 

The key formula which represents the relationship between the activity of the 

enzyme (v) and the concentration of substrate [S] is shown Equation 5-3. In this 

equation vmax is the maximal activity and Km is the Michaelis constant relative to the 

steps described in Equation 5-1 [19].  

𝒗𝒗 =  𝒗𝒗𝒎𝒎𝒎𝒎𝒎𝒎[𝑺𝑺]
𝑲𝑲𝒎𝒎+[𝑺𝑺]

     Equation 5-3 

 

The value of the Michaelis constant can thus be interpreted as the substrate 

concentration at which the rate of this reaction is half of the maximum enzyme 

activity. A figure representing the typical Michaelis-Menten dependence of reaction 

rate on substrate concentration is shown in Figure 5-3.  

 
Figure 5-3: Michaelis-Menten kinetics indicating the dependence of reaction rate on 

substrate concentration 
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5.1.4 CYP3A4 in biosensors 

Because of the wide variety of substrates that this enzyme metabolises, CYP3A4 has 

been used in very many applications in biosensors [20]. The benefit of 

electrochemical biosensors is that it eliminates the need for electron donators such 

as NADPH and cytochrome P450 reductase (CPR) [21]. The development of this type 

of CYP3A4 biosensor also allows for the determination of metabolic profile, 

considered a phenotype biosensor as described in Chapter 1. The development of 

phenotype biosensors will minimise the various adverse drug reactions associated 

with treatment of TB which include nausea, vomiting, seizures, clinical hepatitis, 

exanthema and many others [22]. The enzymatic biosensor thus mimics the body’s 

natural metabolism of these drugs or substrates, allowing treatment to be tailored 

for different patients, minimising the ADR’s mentioned above.  

CYP3A4 has been combined with multi-walled carbon nanotubes to form a biosensor 

for detection of an inhibitor such as abiraterone [23]. Another inhibitor indinavir was 

also detected with the aid of didodecyldimethylammonium bromide (DDAB) 

vesicular system [24]. It has also been used in conjunction with a fourth generation 

PAMAM (polyamidoamine) dendrimer for the detection of caffeine, a substrate of 

CYP3A4 [25]. All of these biosensors mentioned exhibited excellent sensitivity and 

selectivity towards their substrates with the enzyme as a biological recognition 

element. 

The smart materials incorporated into biosensors vary, since electrochemistry is 

capable of accommodating all sorts of favourable characteristics of these materials. 

The most important characteristic these materials possess is the ability to act as an 

electron mediators between enzyme-substrate interaction and the electrode 

surfaces. It would be preferable for these to have  fast, reversible oxidation-reduction 

reaction couples to allow this transfers to be reproducible and quick [26]. These 

processes occurring at the electrode surface allows for the calculation of kinetic 

parameters in order to construct devices as analytical tools [21], [27]. The smart 

material i.e. CuPPI metallodendrimer, used in this work has been thoroughly 

described and characterised in Chapter 3. In this work, a CYP3A4 biosensor 
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incorporated with   metallodendrimer (CuPPI) were used to detect isoniazid, 

ethambutol, rifampicin and pyrazinamide in both buffer and spiked real samples.   

 

5.2 Experimental 

5.2.1 Materials 

Sodium dihydrogen phosphate (NaH2PO4), disodium hydrogen phosphate 

(Na2HPO4), sodium chloride (NaCl), ethanol and acetone were purchased from Sigma 

Aldrich, South Africa and used as received. 0.1 M Phosphate Buffer (PB) solution with 

pH of 7.4 was made using NaH2PO4 and Na2HPO4. Anti-TB drugs (INH, ETH, PYR and 

RIF) were purchased from Sigma Aldrich, South Africa, and prepared by dissolving in 

0.1 M PB pH 7.4. Ultra-pure water purified by a Milli-QTM system (Millipore) was used 

in all aqueous solutions and throughout the experiments, Synthetic urine was 

purchased from Sigma Aldrich, South Africa, containing calcium chloride, magnesium 

chloride, potassium chloride, sodium chloride, sodium phosphate, sodium sulfate, 

urea, and creatinine with sodium azide as a preservative. Human plasma was also 

purchased from Sigma Aldrich, South Africa. The CuPPI metallodendrimer used as 

electrocatalytic platform was synthesised as shown in Chapter 3. Cytochrome P450 

3A4 enzyme was purchased from Biocom Africa (PTY) LTD, dissolved in 0.1 M PB to 

100 uM stock solution and stored at -70oC until use. The enzyme was further diluted 

to the desired concentration with 0.1 M PB when needed.  

 

5.2.2 Instrumentation 

For the electrochemical analysis, a three electrode setup was used consisting of a 

platinum wire as counter electrode, Ag/AgCl (saturated KCl) reference electrode and 

gold working electrode (all purchased from BASi). A PalmSense potentiostat (Palm 

Instruments BV, Netherlands) was used for all electrochemical measurements. UV-
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Vis was carried out on a Nicolett evolution 100 (Thermo Electron Corporation) 

instrument.  

 

5.2.3 Preparation of electrodes  

The gold working electrode was used for the preparation of the biosensor since the 

copper metallodendrimer better adheres to this surface. The Au has a working 

surface area of 1.6 mm in diameter and was cleaned before each experiment by 

polishing to a mirror like surface. The electrode was polished on polishing pads with 

alumina powder slurry of 1, 0.3 and 0.05 micron respectively. This process was then 

followed by sonication of the electrode in ethanol and water for 5 and 10 min 

respectively. Electrochemical cleaning of the gold electrode was also carried out by 

cycling in a 0.5 M solution of sulfuric acid. Ten cycles were done between the 

potentials of -400 mV and 1400 mV or until a reproducible voltammogram was 

obtained. A 5 mM solution of CuPPI metallodendrimer was prepared using 1:1 (v/v) 

acetone-ethanol. A volume of 8 µL of the dendrimer solution was then drop-coated 

onto the surface of the clean gold electrode and left to dry for 45 min to allow for 

physical adsorption to take place. The surface of the electrode was then rinsed lightly 

with ethanol to remove any unbound dendrimer and dried under a stream of nitrogen 

gas. To form the biosensor, 10 µM of CYP3A4 enzyme was drop-coated onto the 

surface of Au|CuPPI and allowed to electrostatically attach for 3 hours before use to 

produce an Au|CuPPI|CYP3A4 biosensing electrode. 

 

5.2.4 Electrochemical protocol 

All measurements were carried out with 0.1 M PB pH 7.4 as electrolyte. The cathodic 

sweep in the CV experiments were carried out first and the anodic scan second at a 

scan rate of 50 mV/s. The CV had an equilibration time of 5 s and E step of 10 mV. DPV 

was carried out at with a E step of 20 mV, an E pulse of 50 mV and t pulse of 0.02 s at 

a scan rate of 50 mV/s. DPV was the preferred method for detection of analytes since 
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it has an enhanced discrimination of Faradaic currents [28]. This allows for a clearer 

distinction between analytes whose electrochemical signatures have an Epa or Epc 

that are close to one another. Aerobic experiments were carried out under normal 

laboratory conditions in the presence of oxygen. Anaerobic experiments were 

carried out after bubbling the electrolyte solution with N2 gas for 10 min, and 

maintaining a N2 blanket over the solution thereafter. 

 

5.2.5 UV-Vis spectroscopic protocol 

Both the CYP3A4 enzyme as well as the anti-TB drugs were dissolved in 0.1 M PB at 

pH 7.4. The UV-Vis detection of samples were detected at a wavelength of 190 nm to 

700 nm. UV-Vis spectra were captured at various time intervals from 0 min up to 24 

hours. 

 

5.3 Results and Discussion 

5.3.1 Characterisation of CYP3A4 biosensor 

Since CYP3A4 is a monooxygenase, the overall reduction reaction is of highest 

interest in this system [29]. For this reason, the reduction/cathodic scan was always 

carried out first in any reactions involving the enzyme, followed by the 

oxidation/anodic scan when doing an electrochemical measurement. In order to 

determine the electrochemical activity of the CYP3A4 enzyme, the enzyme was 

initially characterised alone on a gold electrode under anaerobic conditions. The 

resulting voltammogram is as shown in Figure 5-4. The electrostatic attachment was 

found to be successful by linking the positively charged regions of the enzyme with 

the negatively charged gold electrode surface which occurs at the negative potential. 

Electrostatic attachment of enzymes is an easy and effective form of attachment of 

enzymes [30] [31].  
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Reaction of CYP3A4 at the gold electrode surface resulted in a redox couple with Epc 

at 130 mV and Epa at 270 mV. The peak separation, ΔE is 140 mV, which is what is 

expected since a one electron transfer resulted in ΔE of 60 mV. The multi-step 

electron transfer process occurring in the enzyme is the cause of the increase in this 

value. This redox couple responsible for these peaks is due to electron transitions at 

the heme centre of the CYP enzyme represented by the reaction equation below: 

Fe(III) + e- ↔ Fe(II) 

This is the dominant reaction, which occurs when there is no oxygen present in the 

system. The applied potential was sufficiently negative to reduce Fe3+ to Fe2+. Similar 

reversible redox peaks have been found in literature with immobilized CYP and heme 

containing enzymes [32] [33] [34].  
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Figure 5-4: Electrochemical activity of Au|CYP3A4 under anaerobic conditions at 0.05 V/s 

 

When oxygen is present in the system, a different reaction dominates and thus the 

same experiment was carried out in the presence of oxygen to investigate the 

reaction. The resulting cyclic voltammogram at 50 mV/s of the enzyme action is as 

shown below in Figure 5-5. The gold electrode has distinctive oxidation and reduction 
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peaks in the presence of oxygen. One notes that the gold oxidation peaks at around 

Epa = 430 mV and 800 mV are greatly reduced when adding the CYP3A4 enzyme. This 

is due to the blocking effect of the amino acid chains of the enzyme structure.  There 

are two reduction peaks present at Epc = -140 mV and -510 mV. These are due to the 

reduction of oxygen at the gold electrode surface, and are in agreement with 

literature [35].  These peaks shift to a more negative potential of -290 mV and -620 

mV respectively. This indicates an interaction of oxygen with the enzyme which is 

what is expected of CYP3A4 since it undergoes a monooxygenation reaction [21] [36] 

[37]. This response is caused by the CYP3A4 enzyme which catalyses the mass 

transport limited reduction of the dioxygen molecule [38].  
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Figure 5-5: Electrochemical activity of Au and Au|CYP3A4 under aerobic conditions at 0.05 

V/s 

 

In order to validate the viability of the Au|CuPPI|CYP3A4 biosensor, the biosensor 

“building” was characterised in the presence of oxygen as shown in Figure 5-6. The 

CuPPI metallodendrimer on the gold electrode surface increased the conductivity of 

the gold electrode, with an additional anodic and cathodic peak as described in 

Chapter 3 at Epa = 210 mV and Epc = 160 mV. The cyclic voltammogram shows a higher 

current produced by the inherent gold peaks at Epa = 900 mV and Epc = 500 mV, which 
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is indicative of the electrocatalytic behaviour of the CuPPI metallodendrimer. Upon 

addition of the CYP3A4 to the Au|CuPPI, the outer enzyme structure blocks the 

surface of the electrode and stops electrons from reacting at the gold surface. The 

peaks attributed to gold as well as CuPPI thus reduce dramatically. This blocking of 

the electrode surface is commonly found in complex proteins such as enzymes [31]. 

The reduction peak for oxygen also shifts from -170 mV on Au|CuPPI to -270 mV on 

Au|CuPPI|CYP3A4. This peak, which is attributed to the monooxygenation reaction 

occurring within the enzyme will be the peak of interest in this study.  
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Figure 5-6: CV of Au, Au|CuPPI and Au|CuPPI|CYP3A4 electrode systems from -1 V to 1V at 

0.1 V/s 

 

5.3.2 Au|CuPPI|CYP3A4 biosensor detection of anti-TB drugs 

The electrocatalytic ability of the Au|CuPPI|CYP3A4 biosensor was investigated using 

cyclic voltammetry and differential pulse voltammetry. The CV shown in Figure 5-7 

shows the effect of the biosensor on 5 nM of isoniazid. It is clear that the reductive 

action of the enzyme on INH was successful as illustrated by the increase in the 

reduction potential upon addition of the substrate. The CV produced two peaks at -

200 mV and -600 mV with the latter being due to the reduction of oxygen at the 

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



Chapter 5: Au|CuPPI|CYP3A4 biosensor for anti-TB drugs 

185 
 

electrode surface. The reduction peak around -200 mV in the CV was thus the peak of 

interest for the enzymatic reduction of analyte. The reduction peak is indicative of 

the reaction between substrate and enzyme in the presence of molecular oxygen.  
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Figure 5-7: Enzymatic reduction of 5 nM INH at Au|CuPPI|CYP3A4 biosensor electrode in 0.1 

M PB pH 7.4 

 

The increase in peak current is due to the interaction of INH at the active site of the 

enzyme. INH binds to the Fe(III) ferric enzyme, causing the shift from high spin to low 

spin i.e. Fe(II). The low spin enzyme complex attracts molecular oxygen which binds 

and results in a Fe(V) complex. Water is then expelled from the complex and the 

hydroxylated product is released. The mechanism of INH metabolism is highly 

complex in the body and the intermediates and products associated with it are 

numerous. The first cycle of metabolism produces a diazo species i.e. I5 in Figure 5-8 

and the second metabolic cycle yields a 1-hydroxy diazo compound (I11). Recent 

studies revealed that the toxicity of INH is associated with the isonicotinoyl radical 

(I10) which is formed during the second catalytic cycle. A summary of the studies as 

shown in Figure 5-8 reveals that the major product of INH metabolism by CYPs is 

isonicotinic acid (I12) [39] [40].  
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Figure 5-8: Most energetically favoured mechanistic pathway for the biocatalysis of INH by 

CYP’s in the body [40] 

 

A more sensitive technique such as differential pulse voltammetry was used for the 

detection of four anti-TB drugs. The reduction peak of the biosensor was monitored 

for each drug since this is the one that represents the monooxygenation reaction 

associated with the action of the CYP3A4 enzyme on its substrates.  

 

5.3.2.1 Isoniazid 

The detection of isoniazid was carried out using the constructed biosensor under 

aerobic conditions. For each constructed biosensor, the monooxygenation peak was 

identified and then monitored upon addition of the different anti-TB drugs. The 

results are as shown in Figure 5-9 (A). Upon an addition of INH to the biosensor, the 

current of the reduction peak at -20 mV increased.  
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Figure 5-9: (A) DPV detection of 0.2,  0.4, 0.8, 1, 2, 3, 4 and 5 nM INH in 0.1 M PB pH 7.4 at 
Au|CuPPI|CYP3A4 (B) exponential calibration plot of Ipc vs concentration of INH in PB pH 

7.4 from 0 to 5 nM with linear region inset from 0 to 1 nM 

 

The concentration of isoniazid was detected in the concentration range from 0 to 5 

nM. Upon each successive addition of INH the reduction peak at -20 mV increased. 

This is indicative of an electron transfer which has been confirmed to be due to the 

monooxygenation reaction of the enzyme on the substrate. The response of the 

biosensor to INH resulted in a Michaelis-Menten type profile from 0 to 5 nM INH. 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 

y = x + 0.1319
R2 = 0.93

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



Chapter 5: Au|CuPPI|CYP3A4 biosensor for anti-TB drugs 

188 
 

There is a linear region (R2 = 0.93) from 0 to 1 nM as shown in the inset (Figure 5-9 

(B)), after which the enzyme becomes saturated and the graph forms a plateau. The 

calculated value for Michalis constant, Km was found to be 0.737 nM according to 

Equation 5-3. The limit of detection and quantification of the biosensor was 

calculated using Equations 5-4 and 5-5, where σ is standard deviation of blank samples 

and s is the slope of the regression equation. The LOD for detection of isoniazid was 

found to be 0.07259 nM and the LOQ was 0.2199 nM.  

 

 

LOD = 3.3σ/s    Equation 5-4 

 

LOQ = 10σ/s    Equation 5-5 

 

5.3.2.2 Ethambutol 

The dendritic biosensor was applied to the detection of ETH in 0.1 M PB in the 

concentration range of 0 to 5 nM. The cathodic peak (-60 mV) current increased upon 

an increase in concentration of ETH as can be seen in Figure 5-10 (A). This peak 

increased in a linear fashion from 0 to 0.8 nM, after which the peak current start 

plateauing in Figure 5-10 (B), which is typical of a Michaelis-Menten enzymatic 

reaction. This is indicative of enzyme saturation as shown before. The Michaelis 

constant Km was calculated to be 0.565 nM. The LOD and LOQ for the detection of 

ETH was found to be 0.08642 nM and 0.2618 nM respectively according to Equations 

5-3 and 5-4 respectively. It is interesting to note that the enzyme saturates with ETH 

quicker than with INH and has a lower value for Km, which confirms that the CYP3A4-

ETH complex is more tightly bound i.e. has a higher affinity, than the CYP3A4-INH 

complex.   
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Figure 5-10: (A) DPV detection of 0.2,  0.4, 0.8, 1, 2, 3, 4 and 5 nM ETH in 0.1 M PB pH 7.4 at 
Au|CuPPI|CYP3A4 (B) exponential calibration plot of Ipc vs concentration of ETH in PB pH 

7.4 from 0 to 5 nM with linear region inset from 0 to 0.8 nM 

 

The metabolism of ETH is carried out in the general mechanism as shown in Scheme 

5-2. The ETH binds to the CYP, reducing the hexa-coordinated low spin Fe(III) to a high 

spin Fe(II). The molecular oxygen binds to the complex to form the Fe(II)-O2 complex.  

An aldehyde intermediate is formed which is followed by release of H2O, resulting in 
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an oxoferryl intermediate of Fe(V). Finally the product of ETH metabolism is a 

dicarboxylic acid as shown in Figure 5-11 [41] [42].  

 
Figure 5-11: Structures of ethambutol, its aldehyde intermediate and dicarboxylic acid 

product of CYP metabolism 

 

5.3.2.3 Pyrazinamide 

Pyrazinamide was then detected using the Au|CuPPI biosensor. The 

monooxygenation peak was identified at -100 mV in this case. Upon the first addition 

of pyrazinamide to the system, the peak shifted to a more positive potential of -60 

mV as shown in Figure 5-12 (A). The metabolism of PYR at the CYP enzyme occurs by 

PYR first binding to the enzyme causing the shift from low-spin to high-spin i.e. Fe(III) 

to Fe(II). The high-spin complex then attracts molecular oxygen while hydroxylating 

PYR to 5-hydroxypyrazinamide.  The splitting of the O-O bond further hydroxylates 

the PYR intermediate, changing the enzyme to the Fe(V) state and yielding the 5-

hydroxypyrazinoic acid product. The enzyme then returns back to its original state 

once the product is released for further reaction [43] [44] [45].  

Subsequent additions increased the cathodic peak current and shifted the peak ever 

so slightly to a final potential of -40 mV at 4 nM PYR. The peak current increased 

linearly until 1 nM after which the biosensor saturates as can be seen in the calibration 

plot in Figure 5-12 (B). This Michaelis-Menten type of reactivity between CYP3A4 and 
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PYR yields a Michaelis constant Km of 0.767 nM. The LOD and LOQ for PYR was found 

to be 0.02244 nM and 0.06801 nM respectively. The sensitivity of the sensor towards 

PYR is larger than the rest with a calibration plot slope of 3 µA/nM.  
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Figure 5-12: (A) DPV detection of 0.2,  0.4, 0.8, 1, 2, 3, 4 and 5 nM PYR in 0.1 M PB pH 7.4 at 
Au|CuPPI|CYP3A4 (B) Exponential calibration plot of Ipc vs concentration of PYR in PB pH 

7.4 from 0 to 5 nM with linear region inset from 0 to 1 nM 
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5.3.2.4 Rifampicin 

The biosensor was then applied for the detection of rifampicin, since it is a known 

substrate and inducer of CYP3A4 [46]. The metabolism of RIF via CYP begins with the 

formation of the CYP-Fe(II)-RIF high spin complex as described previously. The high 

spin Fe(II) attracts molecular oxygen which binds with the CYP and converts RIF to 

formylrifampicin. The expulsion of water results in the formation of a CYP-Fe(V) and 

the subsequent release of the carboxylic acid form of RIF. The structures of the 

product and intermediate associated with RIF metabolism is shown in Figure 5-13 [47] 

 
Figure 5-13: Structures of rifampicin, its formyl intermediate and carboxylic acid product 

of CYP metabolism 

 

The electrochemical biosensor reacts to RIF in a similar way as it does to PYR, in the 

sense that the cathodic peak shifts to a more positive potential upon addition of more 

substrate. This peak was initially at -120 mV and shifted to -80 mV after 5 nM RIF was 

added as can be seen in Figure 5-14 (A). The cathodic peak increased linearly between 
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0.2 nM and 1 nM and thereafter the calibration curve shows typical Michaelis Menten 

behaviour up until 5 nM as shown in Figure 5-14 (B). The calculated value of the 

Michaelis constant, Km was 0.75 nM. This low constant value is indicative of a strong 

interaction between substrate and enzyme as can be expected from RIF. The LOD 

and LOQ for the detection of RIF was found to be 0.1072 and 0.3249 nM respectively.  
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Figure 5-14: (A) DPV detection of 0.2,  0.4, 0.8, 1, 2, 3, 4 and 5 nM RIF in 0.1 M PB pH 7.4 at 
Au|CuPPI|CYP3A4 (B) exponential calibration plot of Ipc vs concentration of RIF in PB pH 

7.4 from 0 to 5 nM with linear region inset from 0 to 1 nM 
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A table summarising the analytical efficiency of the Au|CuPPI|CYP3A4 biosensor is as 

shown in Table 5-2 indicating the LOD, LOQ and Km values for the biosensor towards 

each anti-TB drug. The biosensor seems to be the best for the detection of PYR. It has 

the highest sensitivity towards this anti-TB drug and has the lowest limit of detection 

and quantification. In contrast, the lowest sensitivity and highest LOD and LOQ 

belong to rifampicin when using this sensor. The differences in these values are 

attributed to the various affinities towards each drugs as represented by the values 

of Km. The interaction of the enzyme with each substrate differs, RIF is a much larger 

molecule than the other compounds and plays a role in how quickly the molecule can 

move into the active site of the CYP3A4 enzyme.   

 

Table 5-2: Summary of analytical efficiency of Au|CuPPI|CYP3A4 biosensor in 0.1 M PB at 
pH 7.4 

Anti-TB drug 
Electrochemical Performance 

Sensitivity 
(µA/nM) LOD (nM) LOQ (nM) Km (nM) 

Isoniazid 1 0.07259 0.2199 0.75 

Ethambutol 2.25 0.08642 0.2618 0.565 

Pyrazinamide 3 0.02244 0.06801 0.767 

Rifampicin 0.89 0.1072 0.3249 0.757 

 

5.3.3 UV-Vis biosensor for detection of anti-TB drugs 

The electrochemical biosensor was compared to a well-established technique such as 

UV-Vis spectroscopy in order to compare sensitivity and viability in terms of time 

taken for analysis and sample preparation. The UV-Vis spectra of the CYP3A4 enzyme 

and isoniazid was carried individually and together in order to determine the viability 

of UV-Vis as a detection method for the biosensor. The CuPPI metallodendrimer was 

not soluble in aqueous media and thus could not be used as a catalyst in the UV-Vis 

detection. CYP3A4 was suspended in phosphate buffer in which it is most stable. The 

spectrum of 5 µM of CYP3A4 enzyme on its own shows peaks at 212 and 262 nm. 

Isoniazid has a characteristic peak at the exact same wavelengths as the enzyme at 
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212 and 262 nm [48] [49]. Once the enzyme and substrate are placed together in the 

cuvette, these peaks have a noted increase in absorbance, with no new peaks 

appearing. The fact that the UV-spectra of these two compounds are basically 

identical poses a huge problem in assigning peaks to one or the other in a mixture as 

shown in Figure 5-15.  
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Figure 5-15: UV-Vis spectra of 5 µM CYP3A4 enzyme, 20 µM isoniazid and a combination of 
these in 0.1 M PB at pH 7.4 

 

No new peaks were found in the spectra of the CYP3A4 and INH combined thus we 

can conclude that no reaction had taken place between enzyme and substrate to 

produce any new compounds. A time study was thus carried out to see if the reaction 

would complete after a certain period.  A spectrum was taken every ten minutes up 

to 60 minutes. Very small changes were noted up until 40 minutes, when a distinct 

decrease in peak absorbance was noted in both peaks. Another spectrum was taken 

after 24 hours and a very notable decrease in absorbance at the 262 nm peak was 

noted as well as the appearance of a very small “bump” around 285 nm as shown in 

Figure 5-16 (A). This indicates that some isoniazid was metabolised by the enzyme 

and a new compound was formed via reaction with the enzyme to produce the new 
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peak. Another option is that the enzyme has denatured and caused the decrease in 

absorbance in the UV-Vis spectra.  

200 225 250 275 300 325

0,1

0,2

0,3

0,4

0,5

0,6

 

 

Ab
so

rb
an

ce

Wavelength (nm)

 CYP+ 20uM INH
 CYP+ 20uM INH 10min
 CYP+ 20uM INH 20min
 CYP+ 20uM INH 30min
 CYP+ 20uM INH 40min
 CYP+ 20uM INH 50min
 CYP+ 20uM INH 60min
 CYP+ 20uM INH 24Hr

(A)

0 200 400 600 800 1000 1200 1400

0,34

0,36

0,38

0,40

0,42

0,44

0,46

 

 

Ab
so

rb
an

ce

Time (minutes)

(B)

 
Figure 5-16: (A) Time study of 5 µM CYP3A4 enzyme reaction with 20 µM INH up to 24 

hours (B) UV-Vis absorbance of CYP3A4 and INH mixture vs time from 0 to 24 h (inset) 
from 0 to 60 min 

 

These initial tests and results prove that UV-Vis is not an efficient tool for monitoring 

the enzymatic metabolism of anti-TB drugs. The reaction takes too long to initiate 
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without an external stimuli such as an electron or additional redox partners. A new 

product is only produced after 24 hours which we could possibly attribute to the new 

peak appearing at 285 nm. Another reason that UV-Vis would not be a viable option 

for this sensor is the fact that some compounds are not optically active. Thus 

electrochemistry is a clear better alternative.  

 

5.4 Real Samples 

The superior electrochemical Au|CuPPI|CYP3A4 biosensor was then applied to spiked 

real samples as described in Chapter 4. The anti-TB drugs were detected in 20 % 

synthetic urine and 10% human plasma, which were both diluted with 0.1 M PB pH 7.4. 

The effect of the matrix was noticeable in these biosensors and resulted in the limit 

of detection being slightly higher than when using standard referencing materials. 

Factors contributing to these matrix effects include interfering substances (uric acid, 

salicylic acid, ascorbic acid etc.), fouling of the electrode (caused by plasma proteins), 

non-specific binding as well as pH [50] [51]. The mechanisms of each drugs 

metabolism is the same as discussed in previous sections (5.3.2.)  

 

5.4.1 Isoniazid 

The detection of INH was completed in 20 % synthetic urine with the DPV of 

successive additions of INH being shown in Figure 5-17 (A). The biosensor itself 

showed an Epc of -280 mV which shifted to a more positive potential upon addition of 

INH to the system. A higher concentration of INH was necessary in order to obtain a 

response due to the interference of the compounds present in the sample matrices. 

The detection of INH was thus carried out in the range of 1 to 10 µM using the 

Au|CuPPI|CYP3A4 biosensor, which showed typical Michaelis-Menten behaviour. We 

found that a linear range of 1 to 7 µM was obtained, after which the calibration curve 

plateaued as shown in Figure 5-17 (B). A Michaelis constant of 3.888 µM was 
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obtained, along with LOD of 0.176 µM, LOQ of 0.586 µM and sensitivity of 0.13041 

µA/µM for the detection of INH in synthetic urine.  
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Figure 5-17: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 µM INH at Au|CuPPI|CYP3A4 (B) 

Ipc vs concentration of INH in 20 % synthetic urine 

 

The Au|CuPPI|CYP3A4 biosensor in 10 % human plasma resulted in an Epc of -240 mV. 

Upon addition of INH to the system the Epc shifts to a more negative potential, up to 

-280 mV when 8 µM of INH is added as shown in Figure 5-18 (A). The linear range 
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obtained was from 1 to 6 µM after which the calibration curve plateaus in Figure 5-18 

(B) in typical Michaelis-Menten behaviour. Carrying out any further additions to the 

plasma system was hindered by electrode fouling. The Michaelis constant, Km was 

calculated to be 3.575 µM. The LOD and LOQ for INH in plasma was found to be 0.631 

µM and 2.1 µM respectively. The sensitivity of the detection was found to be 0.0867 

µA/µM. The therapeutic range for INH is 2.18 to 4.37 µM, which falls within the linear 

ranges obtained from the biosensor described here [52]. 

INH has been successfully detected in drug samples previously with 2,3-dichloro-5,6-

dicyano-p-benzoquinone (DDQ) and reduced graphene oxide (rGO) which was 

immobilized in a nafion membrane. This sensor obtained a wide linear range of 0.5 

µM to 380 µM and LOD of 0.15 µM when completing the detection of tablet forms of 

the drugs in PB. These values are comparable to the biosensor which was developed 

in this work in real sample matrices which are highly complex and contain many 

interferences [53]. Another method of detection of INH made use of metal 

nanoparticles. In one particular case a gold-platinum core-shell modified GCE was 

employed for quantification of the drug using amperometry. The detection was 

successful in determining INH in PB as well as spiked real samples in human blood 

serum and urine. The LOD of this nanoparticle based sensor was found to be 26 nM 

[54]. These types of studies however make use of expensive platinum and gold based 

nanoparticles which are made up of rare earth metals. The sensor developed in this 

work uses a material that is much cheaper to produce with similar results in terms of 

low detection limits. 
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Figure 5-18: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7 and 8 µM INH at Au|CuPPI|CYP3A4 (B) Ipc vs 

concentration of INH in 10 % plasma 

 

5.4.2 Ethambutol 

The detection of ETH in 20 % synthetic urine was successful from 1 to 10 µM with the 

lower linear range being from 1 to 4 µM and another linear range present from 5 to 8 

µM as shown in Figure 5-19 (B). The Epc in this case remained constant at -240 mV 

despite the increased concentration of ETH added to the system as shown in Figure 
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5-19 (A). The enzymatic biosensor reaches saturation after 8 µM as is typical 

Michaelis-Menten reaction kinetics, obtaining a Michaelis constant, Km of 2.820 µM. 

The LOD and LOQ for ETH in synthetic urine was calculated at 0.386 µM and 1.288 µM 

respectively.  
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Figure 5-19: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 µM ETH at Au|CuPPI|CYP3A4 
(B) Ipc vs concentration of ETH in 20 % synthetic urine 
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The detection of ETH in 10 % human plasma was found to be successful, with the Epc 

shifting from -200 mV at zero concentration to -160 mV once 8 µM of ETH was added 

to the system in Figure 5-20. The linear range in this instance was 1 to 4 µM with a LOD 

and LOQ of 0.403 µM to 1.3646 µM respectively. The sensitivity of the sensor towards 

the detection of ETH in plasma was found to be 0.1195 µA/µM. The Michaelis constant, 

Km was calculated to be 2.820 µM in the plasma matrix as well. Within 24 hours of 

ingesting ETH, roughly 50 % passes through urine un-metabolised and can be 

detected successfully using this method [52]. The serum peak levels of ETH in the 

body around 2 hours after taking the dosage is in the range of 2 to 6 µg/ml i.e. 9 to 29 

µM [52]. Although these levels are slightly out of the analytical range for the 

biosensor, delaying the time at which the samples are taken, would easily resolve this 

issue. Alternatively the chemical sensor described in Chapter 4 could be used.  

Not many studies have taken place on the detection of ethambutol using 

electrochemistry in recent years. There has however been a study which detected 

ETH with the use of a competitive occupancy of two fluorescent probes that form 

complexes with CB[7] (cucurbit[7]uril). Once the complex forms with the probes the 

fluorescence intensity increases, while ETH competes to quench the fluorescence. 

The linear region of detection was found to be 5 to 1000 ng/ml and limit of detection 

of 1.7 ng/ml [55]. This method of detection of ETH is indirect, complicated and 

requires a more complex instrument for fluorescence detection. Another method of 

ETH detection was carried out electrochemically by Mekassa et al. This sensor 

consisted of a nickel nanoparticle decorated graphene oxide on a glassy carbon 

electrode. The sensor was successful in determining ETH in the linear range of 0.05 

to 100 µM. A limit of detection of 0.023 µM was obtained when detecting using SWV 

in phosphate buffer. Recovery studies were carried out in this study using a spiked 

urine sample but no work has been found which detects ETH in human plasma [56]. 

The fact that ETH has been successfully detected in plasma in this work is hugely 

beneficial towards realistic application of the sensor towards real samples.  
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Figure 5-20: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7 and 8 µM ETH at Au|CuPPI|CYP3A4 (B) Ipc 

vs concentration of ETH in 20 % synthetic urine 

 

5.4.3 Pyrazinamide 

The detection of PYR using the Au|CuPPI|CYP3A4 biosensor was successful in 20 % 

synthetic urine as shown by Figure 5-21 (A). The sensor showed a linear increase in 

cathodic peak current upon addition of PYR in the range of 1 to 10 µM. There was no 

noticeable shift in peak potential upon successive addition of PYR. This sensing 
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application showed a longer linear range than the other analytes with no enzyme 

saturation occurring in synthetic urine. This atypical Michaelis-Menten behaviour 

suggest that the enzyme saturation point has not yet been reached in this 

concentration range. Therefore, no Michaelis constant can be calculated from this 

graph. The LOD and LOQ was calculated to be 0.66 µM and 2.22 µM respectively with 

a sensitivity of 0.0677 µA/µM. 
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Figure 5-21: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10 µM PYR at Au|CuPPI|CYP3A4 

(B) Ipc vs concentration of PYR in 20 % synthetic urine 
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Figure 5-22: (A) DPV detection of 1, 2, 3, 4, 5, 6, 7 and 8µM PYR at Au|CuPPI|CYP3A4 (B) Ipc vs 

concentration of PYR in 10 % plasma 

 

The metabolism of PYR at the biosensor was successful in 10 % human plasma as 

shown in Figure 5-22 (A). This detection experiment resulted in a linear range of 1 µM 

to 6 µM, after which the enzyme saturate as shown in Figure 5-22 (B). The Michaelis 

constant, Km calculated using Equation 5-3 was found to be 3.272 µM. As reported 

previously the plasma caused electrode fouling which hindered the detection on PYR 
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somewhat causing the electrode signals to not be analytically viable in some 

instances. This issue will have to be resolved in future work. The LOD and LOQ in this 

sensor was found to be 0.884 µM and 2.94 µM respectively, with a sensitivity of 

0.0741 µA/µM.  

 

5.4.4 Rifampicin 

The final drug to be determined using the Au|CuPPI|CYP3A4 biosensor was rifampicin. 

This was the only drug which was capable of being determined at a lower 

concentration range of 0.5µM to 5 µM which showed typical Michaelis-Menten 

behaviour since the saturation occurs at 3.5 µM. This behaviour is shown in Figure 

5-23 (A) and (B). The reason for this is the fact that RIF is a known inducer of CYP3A4 

[57], as well as the interaction of RIF with the synthetic urine constituents. The 

calculated value of the Michaelis constant, Km was found to be 1.59 µM. The LOD and 

LOQ for detection of RIF in 20 % synthetic urine was found to be 0.165 µM and 0.552 

µM respectively. The sensitivity of the sensor towards RIF was 0.181 µA/µM.  
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Figure 5-23: (A) DPV detection of 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 and 5 µM RIF at 

Au|CuPPI|CYP3A4 (B) Ipc vs concentration of RIF in 20 % synthetic urine 

 

The detection of RIF in plasma resulted in the cathodic peak potential shifting slightly 

erratically upon addition of the substrate as can be seen in Figure 5-24 (A). The 

detection was carried out from 1 µM to 6 µM with the linear range being from 1 µM 

to 5 µM as shown in Figure 5-24 (B). The signals obtained after 6 µM were not 

analytically viable due to fouling of the electrode surface. The Michaelis constant for 
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this sensing application was calculated to be 2.67 µM. A LOD and LOQ of 0.393 µM 

and 1.31 µM were obtained respectively with sensitivity of 0.04581 µA/µM. This value 

is well within the therapeutic level for RIF, which is 2 to 6 µg/ml i.e. 2.43 to 7.3 µM 

[52].   
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Figure 5-24: (A) DPV detection of 1, 2, 3, 4, 5 and 6 µM RIF at Au|CuPPI|CYP3A4 (B) Ipc vs 

concentration of RIF in 10 % plasma 
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Quantification of INH and RIF via electrochemical sensing has been studied 

extensively as discussed by Farohki-Fard et al [58]. This review focuses on the types 

of materials used to detect INH and RIF and concluded that electrochemistry offers 

the most favourable characteristics in terms of sensitivity, LOD and ease of use. Many 

of the works discussed in this review suffered from at least one or more 

shortcomings. These included high detection limit and harsh pH conditions required. 

The Au|CuPPI|CYP3A4 biosensor minimises both of these factors by having optimum 

pH being neutral as well as having linear ranges that were well within the values for 

peak serum concentrations found in the body.  

The results obtained from the calibration curves of the anti-TB drugs in 20 % synthetic 

urine and 10 % human plasma yielded very good results as well as limits of detection 

for all four analytes. A summary of these values can be found in Table 5-3 along with 

the Michaelis constant for each system, which gives information of the enzyme 

kinetics under each set of conditions. The sensor has proven to obtain results that 

are very good in comparison with those found in literature.  

 

5.4.5 Recovery Studies 

Recovery studies were completed by dissolving set concentrations of tablet forms of 

the anti-TB drugs in each of the two complex media. The results of the real tablet 

experiments were extrapolated from the calibration curves in synthetic urine and 

plasma accordingly and the percentage recovery calculated. The results are as shown 

in Table 5-3, including the limit of detection and limit of quantification for each 

calibration curve experiment. The LOD for these experiments ranged from 0.165 µM 

and 0.884 µM. The sensor was found to have the highest sensitivity towards RIF in 

synthetic urine and the lowest sensitivity toward RIF in plasma.  The biosensor yielded 

good recovery results values as well ranging from 91.5 % to 108.5 %. This biosensor 

was thus proven to be a viable option for the determination of anti-TB drugs in both 

urine and plasma. 
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Table 5-3:  Analytical efficiency of Au|CuPPI|CYP3A4 biosensor towards anti-TB drugs in 20 
% synthetic urine and 10 % plasma 

  LOD 
(µM) 

LOQ 
(µM) 

Sensitivity 
(µA/µM) Km (µM) Spiked 

(µM) 
Detected 

(µM) Recovery (%) 
Is

on
ia

zi
d 

Synthetic 
urine 0.176 0.586 0.13041 3.888 

2 2.17 108.5 

4 3.7 92.5 

6 5.8 96.6 

Plasma 0.631 2.1 0.0867 2.575 

2 1.83 91.5 

4 3.87 96.75 

6 6.15 102.5 

Et
ha

m
bu

to
l 

Synthetic 
urine 0.386 1.288 0.12998 2.820 

2 1.83 91.5 

4 3.78 94.5 

6 - Out of linear 
range 

Plasma 0.403 1.364
6 0.1195 2.820 

2 1.83 91.5 

4 3.86 96.5 

6 - Out of linear 
range 

Py
ra

zi
na

m
id

e Synthetic 
urine 0.66 2.22 0.0677 N/A 

2 2.07 103.5 

4 4.125 103.1 

6 5.78 96.3 

Plasma 0.884 2.94 0.0741 3.272 

2 2.10 105.2 

4 4.32 108 

6 5.94 99 

Ri
fa

m
pi

ci
n 

Synthetic 
urine 0.165 0.552 0.181 1.590 

1 0.97 97.6 

2 1.89 94.7 

3 2.97 99 

Plasma 0.393 1.31 0.04581 2.670 

1 0.916 91.6 

2 1.89 94.7 

3 3.25 108.3 
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5.5 Conclusion 

CYP450 enzymes are responsible for the majority of drugs being metabolised by the 

human body. It is thus an ideal group of enzymes for application in biosensors, which 

are analytical tools that are able to detect various chemicals and drugs with the help 

of a biological recognition element. CYP3A4 is a part of this diverse group of enzymes, 

which metabolises 50 % of all drugs prescribed. The metabolism of these drugs are 

carried out via a monooxygenation reaction, where molecular oxygen binds to the 

high spin heme centre and usually results in a hydroxylated product. CYP3A4 has 

been involved in various biosensors in literature and has now been applied towards 

the detection of four anti-TB drugs. The biosensor was constructed by drop-coating 

the CuPPI metallodendrimer and allowing it to physically adsorb onto the electrode 

surface. The CYP3A4 enzyme was then electrostatically attached to the Au|CuPPI 

electrode and used as is. The standard referencing material of each drug was 

detected successfully in the nanomolar range with LOD values ranging from 0.02244 

nM to 0.08642 nM in 0.1 M phosphate buffer at pH 7.4. The enzyme kinetics of these 

reactions were also determined with Michaelis constant values that indicated a 

strong affinity between the enzyme and substrate in each case. These results were 

excellent in theory but the viability of the sensor was then tested in “real samples”. 

The two forms of real samples tested was synthetic urine and human plasma. These 

two matrices were chosen as the major forms of monitoring leftover drugs in the 

body for the phenotype sensor. Calibration curves were formed by adding successive 

additions of the anti-TB drug to a 20 % synthetic urine or 10 % human plasma, which 

was diluted with 0.1 M PB at pH 7.4. The limits of detection in the complex matrices 

was in the range of 0.165 µM and 0.884 µM. Recovery studies were also carried out 

by dissolving real tablet forms of each drug and carrying out the detection in both of 

the complex matrices. Each of these experiments yielded typical Michaelis-Menten 

behaviour with saturation of the enzyme taking place and favourable Michaelis 

constant values obtained. Results of the recovery were found to be in the range of 

91.5 % to 108.5 %. These results showed that a cheap, simple and easy to produce 

material such as CuPPI was successful in being applied in an electrochemical 
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biosensor towards anti-TB drugs. The inclusion of the enzyme into the biosensor 

made it possible to mimic bodily functions in real samples such as those prepared in 

plasma and urine in this work. The only sample preparation step was dilution which 

is also quick, easy and possible to carry out at the point of care. This allows for the 

minimisation of matrix effects and creates a sample which would be conductive for 

electrochemical analysis. The sensor did not make use of any other form of 

modification such as blocking or pre-treatment. The biosensor thus affords a stable, 

cheap, easy to manufacture and easy to use biosensor, which yields excellent limit of 

detection and recovery in real samples.  
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Chapter 6 

6 Conclusion 

 

Tuberculosis is a disease which has plagued people all over the globe since the 1600’s. 

It is a highly contagious disease caused by Mycobacterium tuberculosis (MTB) and 

mostly infects the lungs of people who are infected with it. Symptoms of TB include 

shortness of breath, weight loss, persistent cough and even death when left 

untreated. This microorganism is passed from person to person via coughs, droplets, 

sputum and sneezes. It is thus highly prevalent in rural and impoverished areas where 

people live in small, confined spaces in close proximity to one another. People in 

these areas also do not have adequate access to treatment which allows for this 

disease to spread easily and without treatment. In 2018, 1.5 million people have died 

due to TB related issues, which is an astounding amount seeing that treatment has 

been available for decades. The first line of defence against TB consists of four anti-

TB drugs, namely isoniazid, ethambutol, pyrazinamide and rifampicin. These drugs 

have various modes of action against the tubercle and have been relatively successful 

until the emergence of drug resistant bacteria. The symptoms associated with TB can 

lead to death when untreated. The development of a phenotype sensor would aid 

largely in overcoming some of the issues surrounding the treatment of TB. If one 

could adjust the treatment of TB according to a patients metabolic profile, the 

adverse drug reaction caused by drugs could be minimised and encourage patients 

to complete their treatment. This would also assist in minimising the development of 

drug resistant TB strains.  

A method of monitoring the amount of drugs used up by the body can be done 

through bodily fluid sampling (blood or urine) at various time intervals. Quantification 

of these drugs are usually carried out in the laboratory setting using methods such as 
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titrimetry, spectroscopy and chromatography such as HPLC and GC. As accurate as 

these well-established methods might be, they require a laboratory setting and bulky 

equipment in order to get the results you require. These instruments require trained 

technicians and sometimes multiple sample pre-treatment steps with a long waiting 

time. A method which circumvents these downfalls is electrochemistry. 

Electrochemistry offers an easy to use alternative which gives instant results at the 

point of care. These analytical tools can be portable and require very little sample pre-

treatment. The electrode system can also be modified with smart materials and 

biological recognition elements which increase the conductivity, selectivity, 

sensitivity and limits of detections of the devices. Various smart materials that have 

been incorporated into sensors and biosensors include nanoparticles, conducting 

polymers, carbon based nanomaterials and many others. One of interest to us are a 

type of conducting polymers called dendrimers. These hyper branched molecules 

have an open, spherical structure which makes it an ideal conductor of electricity and 

thus an ideal electrocatalyst. A first generation copper metallodendrimer was 

synthesised and its electrochemical behaviour investigated for application in 

electrochemical sensing. The G1-core consisted of polypropyleneimine (PPI) which 

was modified with a 3, 5-di-tert-butylsalicyldiminato group along the periphery. This 

PPI ligand was characterised using various spectroscopic and microscopic techniques 

in order to monitor the effect of the inclusion of a metal centre into the branches of 

the structure. These included FTIR (fourier transform infrared spectroscopy), AFM 

(atomic force microscopy), HR-TEM (high resolution transmission electron 

microscopy), HR-SEM (high resolution scanning electron microscopy), EDS (energy 

dispersive X-ray spectroscopy) and SAXS (small angle X-ray scattering). A copper 

centre was added to the PPI which resulted in the CuPPI metallodendrimer. The 

inclusion of the metal centre largely changed the structure of the material from the 

amorphous PPI to a rough polycrystalline CuPPI. It also changed the conductivity of 

the material and increased the surface area as well. The surface concentration of PPI 

on Au was calculated to be 5.095x10-8 mol.cm-2 while this value increased to 9.014x10-

7 mol.cm-2 for Au|CuPPI. The viability of CuPPI as a sensor was further investigated by 

carrying out experiments of a CuPPI modified gold electrode which was created by 

drop-coating the synthesised material and allowing it to physically adsorb onto the 
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Au. The voltammetric experiments were carried out in both aerobic and anaerobic 

conditions. The metallodendrimer performed well with and without the presence of 

oxygen which was favourable. The effect of oxygen was determined by calculating 

the diffusion coefficient of the Au|CuPPI electrode. This value slightly decreases from 

4.124x10-5 cm2 s-1 in the absence of oxygen to 3.29 x 10-5 cm2 s-1 when oxygen was 

present.  

The Au|CuPPI electrode was then used as a chemical sensor towards the 

quantification of four anti-TB drugs. As an initial point of investigation the drugs were 

characterised on a bare Au and GCE electrode surface to identify each ones 

electrochemical signatures. Once this was confirmed the detection was carried out 

at the appropriate window potential for each anti-TB drug and calibration curves 

were constructed. The detection was carried out in 0.1 M PB at pH 7.4 in order to 

mimic the conditions of real bodily fluids. Linear ranges in the low nanomolar 

concentration range were obtained for the chemical sensor towards INH, ETH, PYR 

and RIF. The limit of detection of the electrochemical sensor ranged from 0.022 nM 

to 1.16 nM. As a point of reference, the electrochemical sensor was compared to a 

relatively easy and well established technique such as UV-Vis. The detection of the 

drugs using UV resulted in a limit of detection between 24.3 nM and 54.7 nM. UV-vis 

had the added downside of not being able to detect ETH without an added label in 

order to make the optically active in the UV-vis region. The electrochemical sensor 

was very specific towards these four drugs as each of them have unique signatures, 

which separate them clearly from one another. The drugs were then detected in 

spiked “real samples” in the form of synthetic urine and plasma.  The much more 

complex matrices caused some issues in the chemical sensor which resulted in the 

low nanomolar range not being able to be detected. The samples were diluted to 20 

% synthetic urine and 10 % plasma in order to overcome some of these matrix effects. 

The LOD for this sensor in complex matrices were in the range of 0.153 µM to 48.52 

µM. Recovery studies were also carried out by mimicking real sample i.e. dissolving 

the tablet form of the drugs in either 20 % synthetic urine of 10% plasma. These gave 

excellent results by obtaining recovery of 89.27 % to 113 %. There were some issues 

when determining the concentrations of RIF and ETH in synthetic urine due to 
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interactions between the analyte and the urine contents. This resulted in a shorter 

linear range which will have to be resolved in future work. 

Since the CuPPI was largely successful as a chemical sensor, it was then applied as a 

biosensor using a CYP3A4 enzyme as biological recognition element. A thorough 

literature review on CYP450 enzymes in catalytic reactions and sensors was therefore 

carried out. Cytochrome P450 enzymes are a versatile group of enzymes found in 

most living organisms including mammals, plants, bacteria and other 

microorganisms. These enzymes contain an iron-heme centre and catalyse a variety 

of reactions. Enzymes typically require redox partners in order to carry out their 

reactions. For CYP’s these come in the form of CYP reductase and NADPH. CYP 

enzymes in nature catalyse a wide variety of reactions dependant on where they are 

present. They have been found to be involved in reactions like C-C cleavage, 

epoxidation, sulfoxidation and demethylation amongst many others. CYP’s have also 

been found to be easily modified using synthetic biology in order to have them used 

in industrial applications. These enzymes have the ability to act stereo- and 

regioselectively at otherwise inactive carbons which make them useful in synthetic 

organic chemistry. The involvement of CYP’s in biosynthesis, bioremediation and 

biocatalysis has proven invaluable. Enzymes involved in these processes allow for a 

more environmentally friendly approach by making use of a catalyst that does not 

require harmful solvents and also is re-usable. CYP’s have already been used on a 

large scale in the synthesis of indigo dyes as well as the synthesis of pharmaceutical 

drugs. CYP’s have also been expressed in plants which were then planted in 

contaminated soil and used for bioremediation purposes. The flexibility of this group 

of enzymes make it an ideal candidate for biosensing as well.  

CYP enzymes are ideal as biological recognition elements in biosensors since they 

metabolise majority of prescribed drugs. CYP3A4 specifically is responsible for the 

metabolism of 50 % and is thus an ideal candidate for the detection of all four anti-TB 

drugs. Biosensors act as analytical tools which are excellent for quantification of 

drugs since they enhance the sensitivity and selectivity of the sensor towards 

substrates, despite the other components present in the media in which they are 

being detected. CYP3A4 metabolises its substrates via a monooxygenation reaction 
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where molecular oxygen is used to aid in the hydroxylation of the substrate to form 

the metabolised product. The simple biosensor was constructed by first modifying a 

gold electrode with CuPPI via physisorbtion. After drying, the modified electrode was 

then drop coated with CYP3A4 which was allowed to electrostatically attach to the 

dendrimer surface. This Au|CuPPI|CYP3A4 biosensor was used for the detection of 

INH, ETH, PYR and RIF in 0.1 M PB at pH 7.4. The sensor was capable of excellent linear 

ranges in the low nanomolar concentration range and obtained a limit of detection 

as low as 0.02244 nM using pure standard referencing versions of the drugs. The 

biosensor was then applied in the detection of the drugs in real samples such as 

synthetic urine and human plasma. These matrices were chosen as two ways in which 

to confirm the amount of drug leftover in the patients system after a pre-determined 

time so that modelling of drug metabolism can be carried out. Calibration curves 

were obtained by adding successive amounts of drug into a system containing either 

20 % synthetic urine or 10 % plasma and the monooxygenation peak being monitored, 

which is an overall reduction reaction. The limits of detection in the complex matrices 

was in the range of 0.165 µM and 0.884 µM. Recovery studies were also carried out 

by dissolving real tablet forms of each drug and carrying out the detection in both of 

the complex matrices. Results of the recovery were found to be in the range of 91.5 

% to 108.5 %.  

The results of this work have proven that a cheap, simple and easy to produce 

material such as CuPPI was successful in being used in the detection of all four anti-

TB drugs in pure and real samples. The chemical sensor has an increased selectivity in 

comparison to the biosensor, this is due to the unique electrochemical signatures 

associated with each drug. The biosensor however improves largely on the sensitivity 

of the system in getting to a much lower limit of detection. This biosensor has huge 

application in real world testing, since it is capable of obtaining excellent recovery as 

well with little to no pre-treatment, blocking, or complex and expensive synthetic 

protocols being employed.  
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