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Abstract 

Electrochemical approaches to myriad medical and environmental challenges are highly 

attractive due to their strong potential for extensive and green applications. Point of care 

diagnostics through the electrochemical monitoring of clinically and environmentally relevant 

molecules are gaining attraction due to their low cost and simple fabrication procedures. The 

development of highly stable and sensitive electrochemical sensors/biosensors, for a wide variety 

of biomolecules in actual samples, makes these methods alternative analytical tools in different 

pharmaceutical and hospital laboratories. Electrochemical biocatalysis is an additional promising 

area to address the removal of bacteria for the generation of safe potable water. As the world’s 

population is dealing with lack of access to safe drinking water, photoelectrocatalysis has been 

investigated as a very efficient technique for the destruction of pathogenic bacteria in water. 

Nanomaterials with dimensions of less than 100 nm have great potential to enhance the 

performance of electrochemical methods, due to their excellent electronic, mechanical, and 

thermal properties. These materials have the capacity to greatly enhance biocatalytic activity, and 

thus greatly improve the performance of electrochemical sensors/biosensors. This remarkable 

improvement in bacterial catalysis has been studied using a novel synergistic approach, which 

incorporates both photocatalysts and electrocatalysts.  

For my PhD thesis, we designed a high-performance electrochemical sensor based on 

graphene for the sensitive detection of acetaminophen, valacyclovir, and mixtures thereof. This 

sensor was fabricated through the concurrent electrochemical reduction and deposition of 

graphene oxide (GO) onto a glassy carbon electrode (GCE) using cyclic voltammetry (CV). The 

electrocatalytic properties of the electrochemically reduced graphene (ERG) for the oxidation of 

acetaminophen were analyzed via cyclic voltammetry (CV), differential pulse voltammetry, 

(DPV) and chronoamperometry. For comparison, various ERG/GCEs were prepared under 

different electrodeposition cycles to optimize the required quantity of ERG. Our experimental 

results indicated that the optimized ERG/GCE possessed robust activity toward the 

electrochemical oxidation of acetaminophen, valacyclovir, and their mixture, leading to the 

development of a highly sensitive electrochemical sensor for its detection. An extremely low 

detection limit of 2.13 nM for acetaminophen, and 1.34 nM for the exclusive detection of 

valacyclovir was achieved. A wide linear detection range of from 5.0 nM to 800 μM was 
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achieved via the combination of an amperometric technique and DPV. The developed 

electrochemical sensor was further employed for the determination of acetaminophen, 

valacyclovir, and their mixture in human serum, with excellent recovery, ranging from 96.08% 

to103.2%. The fabricated electrochemical sensor also demonstrated high selectivity, stability and 

reproducibility.  

We investigated a novel enzyme entrapment approach utilizing a cationic polymer for the 

detection of ethanol. Entrapment is one of the primary approaches for enzyme immobilization; 

however, it suffers from a few critical drawbacks, including leakage and high mass transfer resistance 

to substrates. To address these challenges, herein we report on a new facile and effective enzyme 

entrapment platform utilizing a special cationic polymer, poly(2-(dimethylamino)ethyl methacrylate) 

(MADQUAT) on a nanohybrid single-wall carbon nanotube/reduced graphene oxide (SWCNT–rGO) 

thin film. The ethanol biosensor developed in this study exhibited rapid response, wide linearity range, 

high sensitivity (26.27 μA mM−1 cm−2), a remarkably low limit of detection (0.16 μM), high 

selectivity, and high stability. The optimized biosensor was further tested with actual samples 

including wine, beer, and blood alcohol, and demonstrated promising analytical and biomedical 

applications.  

The increasingly serious issue of lack of access to clean potable water globally is of great 

concern. The high costs associated with the purchase and operation of water treatment facilities 

hinders access to clean water for entire populations. Herein, we report on an efficient and cost-

effective approach for the remediation of E. coli (as model organism), through a combination of 

photochemistry and electrochemistry enabled by a bifunctional electrode. The bifunctional 

electrode utilizes titanium (Ti) as the substrate, nanoporous TiO2 as a photocatalyst, and RuO2 

nanoparticles as an electrocatalyst. A high disinfection rate at 0.62 min-1, with >99.999% of 

bacterial removal within 20 min has been achieved using this TiO2/Ti/RuO2 bifunctional 

electrode. Complete bacterial disinfection was attained within a 30 min electrochemical 

treatment, as assessed by a spread plate method. Further, the bifunctional disinfection 

mechanism was investigated through protein concentration leakage, total organic carbon 

mineralization, and metabolomics analysis. A major loss of vital metabolites occurred over a 

period of 20 to 30 min, which suggested the mass inactivation of E. coli within this treatment 

duration. The novel strategy for the integration of advanced electrochemical oxidation and 

photochemical degradation via the bifunctional electrode system developed in this study has 
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strong potential to be utilized as an environmentally compatible technology for water purification 

and wastewater treatment. 

Simple and robust electrochemical approaches utilizing novel nanomaterials have been 

developed for the sensing of biomolecules and water disinfection. Carbon based nanomaterials 

and nanocomposites were employed to develop sensitive electrochemical sensor/biosensors, and 

nanoporous TiO2/RuO2 bifunctional materials were utilized for the design of a high-performance 

bacterial disinfection technology. 
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Chapter 1: Introduction 
 

The growing demands of an increasing global population have spurred the development 

of miniaturized environmentally compatible devices for the health care industry. 

Electrochemistry offers promising nanomaterials based green approaches for biosensing and the 

removal of contaminants to preserve human health and the environment. In recent decades,  

interest in electrochemical approaches has increased significantly due to their portability, simple 

operation, cost effectivenes, sensitivity, and easy in-situ procedures. Various electrochemical 

devices, such as amperometry, potentiometry, galvanometry, and electrochemical impedance 

spectroscopy provide broad applications for the detection and removal of targeted biological 

molecules.  

1.1.  Electrochemical approaches for biosensing and disinfection 

Electrochemistry provides a powerful platform for sensing and biosensing 

environmentally and clinically relavant small molecules. The detection of vital biomarkers, 

including nucleic acids and proteins is key toward the elucidation and development of clinical 

diagnostics.1 Clinical diagnosis in non-hospital settings are gaining increased popularity due to 

their low cost, easy operation, and onsite results. Non-hospital point of care (POC) diagnoses 

comprises one of the primary activities that may be readily performed by caregivers and patients 

in the home setting. Electrochemical methods ideally fulfill all of the POC diagnostic 

requirements in clinical, as well as environmental settings. Sensors are devices which capture the 

physical, chemical, and biological changes, and convert these changes into measurable signals. A 

variety of electrochemical methods have been explored for the sensing of chemical contaminants 

and biomolecules.2-4 Typically, voltammetric techniques such as cyclic voltammetry (CV), linear 

sweep voltammetry (LSV), differential pulse voltammetry (DPV), square wave voltammetry 
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(SWV), amperometric and potentiometric techniques, and electrochemical impedance (EIS) 

techniques are utilized in the determination of analytes.  

1.1.1. Electrochemical sensors/biosensors 

Electrochemical sensors and biosensors have attracted considerable attention for the sensitive 

detection of a variety of biological and pharmaceutical compounds. Since the discovery of 

carbon-based nanomaterials, including carbon nanotubes, C60 and graphene, they have garnered 

tremendous interest for their potential in the design of high performance electrochemical sensor 

platforms due to their exceptional thermal, mechanical, electronic, and catalytic properties. 

Carbon nanomaterial-based electrochemical sensors have been employed for the detection of 

various analytes with rapid electron transfer kinetics.  

Non-enzymatic electrochemical sensors have been widely employed for the 

determination of environmentally and clinically relevant compounds. Non-enzymatic 

electrocatalysis ensures the direct oxidation of analytes on the electrode surface. The sensor 

materials impart a physically powerful effect on the electrocatalytic properties of the electrodes 

and determine the performance of these sensors. Enzymatic biosensors are difficult to produce 

due to their complex modification procedures and specific microenvironment conditions while 

non-enzymatic electrochemical sensors are gaining popularity due to their simple modification 

procedures and high stability. Enzyme-free electrochemical sensors have been widely used for 

determining the presence of hydrogen peroxide, glucose, dopamine, and other drug molecules.5,6  

Electrochemical biosensors contain biological recognition elements (e.g., enzymes, 

proteins, antibodies, whole bacterial cells, nucleic acids etc.), which react with target analytes to 

generate an electrical signal. Electrochemical enzymatic biosensors contain substrate-specific 
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enzymes that have very sensitive interactions with electrochemical transducers.7 An ideal 

electrochemical biosensor should meet the following criteria.8  

 The biocatalyst must be highly specific for the purposes of the analysis, be stable under 

normal storage conditions, and show a low variation between assays. 

  The response should be accurate, reproducible, and linear over the concentration range of 

interest.  

 If the biosensor is to be employed for invasive monitoring in clinical applications, the 

probe must be miniaturized and biocompatible; having no toxic or antigenic effects.  

 The complete biosensor should be cost effective, small, portable, and capable of being 

used by semi-skilled operators. 

Enzyme immobilization strategies comprise the major rate determining step toward the 

development of high-performance enzymatic biosensors, as they affect enzyme loading and 

bioactivity. To date, a variety of immobilization techniques have been investigated to achieve 

optimum enzyme activity, such as the covalent binding of enzymes with biological linkers, or 

enzyme entrapment via matrix or other conductive polymers. The development and orientation 

of nanomaterials provides excellent opportunities for decorating and enhancing enzyme 

activities; hence, their functionality and applications play a pivotal role in immobilization 

strategies.7 

1.1.2. Electrochemical disinfection 

Rapid and energy-efficient water disinfection strategies are urgently required to address 

the global challenges related to energy and water scarcity.9-13 Electrochemical water disinfection 

may be defined as the eradication of microorganisms through the use of an electric current that is 
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passed through the water under treatment by means of suitable electrodes.14 Traditional treatment 

methods such as chlorine disinfection have played an influential role in the removal of 

waterborne pathogens.  However, disinfection by-products (DBPs) that are released during 

chlorination make the entire process undesirable for disinfection. Electrochemical water 

disinfection approaches provide green, by-product-free treatment methods that may quickly 

inactivate waterborne pathogens without altering the natural qualities of the water itself. 

 
1.2.  Application of nanomaterials  

Remarkable achievements in nanotechnology and nanoscience have enabled the use of 

nanomaterials in diverse areas such as drug delivery, novel therapeutic treatments, tissue 

engineering, and small molecule detection.15 Nanomaterials have the capacity to significantly 

enhance electrochemical signals, thereby increasing the sensitivity and selectivity of 

electrochemical sensors and biosensors. Nanoparticles and nanocomposite materials will play a 

critical role in the fabrication of high-performance electrochemical sensing platforms for the 

detection of target molecules. Functional nanomaterials may induce synergistic effects, involving 

catalytic activity, conductivity, and biocompatibility, which can accelerate signal transduction.  

Recent design and use of carbon nanomaterials, primarily single-walled carbon nanotubes 

(SWCNTs), reduced graphene oxide (rGO), SWCNTs-rGO, Au nanoparticle-rGO 

nanocomposites, and buckypaper as sensing materials for the electrochemical detection of some 

representative biological and pharmaceutical compounds such as methylglyoxal, acetaminophen, 

valacyclovir, β-nicotinamide adenine dinucleotide hydrate (NADH), and glucose. Furthermore, 

the electrochemical performance of SWCNTs, rGO, and SWCNT-rGO for the detection of 

acetaminophen and valacyclovir was comparatively studied, revealing that SWCNT-rGO 
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nanocomposites possess excellent electrocatalytic activity in comparison to individual SWCNT 

and rGO platforms.4  

Different nanostructured materials and composites, with myriad dimensions and morphologies 

have been synthesized and utilized in the fabrication of enzymatic and non-enzymatic sensors. 

The most important nanotechnology based clinical strategies include DNA detection, biomarker 

discovery, cancer diagnosis, and pathogen detection. Carbon based nanomaterials (e.g., carbon 

nanotubes, fullerenes, graphene) are the most widely used in electroanalytical and electrocatalytic 

sensing applications. The capacity for carbon based nanomaterials to enhance electron transfer during 

electrochemical reactions makes these materials an ideal choice for electroanalytical applications. 

Noble metal nanoparticles have already been proven to be one of the most important classes of 

nanomaterials for biosensing approaches, as well as in other biomedical applications.16,17 The 

growing need for analytical devices that require smaller sample volumes, decreased power 

consumption, and improved performance, are potent incentives behind the rapid growth in 

nanomaterials research.18  

Nanotechnology offers a variety of promising solutions to filter out contaminants such 

as organic and inorganic solutes; heavy metals such as mercury, lead, arsenic, and cadmium; and 

waterborne pathogens causing cholera and typhoid. Existing water purification technologies have 

many limitations, whereas nanotechnology contributes a scaffold for offering the rapid removal 

of contaminants at low cost. Nanophotocatalysts can chemically break down the organic 

contaminants and are self-regenerating; hence, they can be used repeatedly. Different 

nanomaterials such as ZnO, TiO2, ZnO-CeO2, Degussa P25, and TiO2 NPs play an important role 

in the photodegradation of contaminants, whereas photocatalysis and electrocatalysis have been 

gaining considerable attention due to their promising applications in water disinfection and the 
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remediation of hazardous waste.19-21 When a photocatalyst absorbs light, it generates electron-

hole pairs and thus generates electrons and holes that eventually react with water and dissolved 

oxygen to produce reactive oxygen species (ROS). These ROS, such as the hydroxyl radicals, 

peroxides, singlet oxygen and superoxides, are potent oxidizing agents, which can inactivate 

pathogens by damaging vital macromolecules.22,23 For photocatalytic treatments, titanium 

dioxide (TiO2) is considered as one of the most promising photocatalysts due to its low cost, high 

photocatalytic activity, and chemical stability.24,25 

1.3. Dissertation rational and scope 

The application of advanced electrochemical approaches in biomedical, pharmaceutical 

and environmental sensing and bacterial catalysis has increased as a result of their enhanced 

sensitivity, specificity and simple use, to provide quick, cost-effective and repeatable 

measurements using miniaturized and portable devices. The primary aim of this dissertation is to 

explore the different aspects of nanomaterials toward the development of sensitive 

electrochemical methods of biosensing and the removal of bacterial contaminants from water. In 

the following chapters, detailed work is discussed in regard to the synthesis of carbon-based 

nanomaterials and their primary applications for the sensing and biosensing of different 

biomolecules, followed by the development of a bacterial disinfection strategy. In Chapter 2, a 

comprehensive literature review is presented as relates to the evolution of nanomaterials based 

electrochemical sensors, as well as biosensors for different target biomolecules. Various 

electrochemical based bacterial disinfection strategies are also discussed. In Chapter 3, detailed 

electrochemical methodologies, electrode fabrication methodologies and characterization are 

discussed for biosensing and disinfection strategies. 

The primary research objectives of this thesis were to: 
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(1) Study the synthesis, characterization and optimization of carbon based nanomaterials to 

design electrochemical sensors and biosensors targeting different biomolecules. 

(2) Study the preparation and analytical performance of reduced graphene oxide (rGO) towards 

detection of acetaminophen 

(3) Optimize graphene oxide concentration and deposition cycle for sensitive and simultaneous 

detection of valacyclovir and acetaminophen. 

(4) Further explore the electrocatalytic behaviour of rGO and its nanocompoiste in combination 

with single walled carbon nanotubes (SWCNTs) to be used as a substrate for enzyme 

immobilization for the fabrication of a high-performance electrochemical biosensor.  

(5) Investigate the synergistic effects of a photocatalyst (nanoporous TiO2) and electrocatalyst 

(RuO2) to construct a bifunctional electrode for a bacterial disinfection strategy. 

We are attempting to develop electrochemical sensors/biosensors through the utilization 

of new approaches, reducing production costs while broadening application areas. Carbon based 

nanomaterials (e.g. graphene oxide and single walled carbon nanotubes) were selected in my 

research due to their exceptional thermal, mechanical and electronic properties. I have 

successfully developed a sensor for the detection of acetaminophen utilizing graphene 

nanomaterials. The detailed work of graphene based electrochemical sensor is discussed in 

chapter 4. The fabrication of sensors with graphene has been achieved through one step 

electrochemical reduction and the deposition of graphene oxide (GO) on an electrode surface, 

which is a green approach in contrast to chemical methods of reduction. This new approach 

allows us to fabricate novel sensors with a small volume of graphene for the detection of drug 

compounds in clinical settings.  
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In chapter 5, I studied the different parameters of graphene oxide for the selective and 

sensitive detection of valacyclovir and its mixture with acetaminophen. Focus was on different 

optimization parameters including concentration and electrodeposition cycle of graphne oxide to 

achieve optimum electrocatalytic acitivity on drug molecules. New and exciting properties of 

reduced graphene oxide (rGO), were explored further, and I have prepared a novel nanohybrid 

material with single walled carbon nanotubes (SWCNTs). I have studied the electrocatalytic 

behaviour of this rGO-SWCNTs nanohybrid film with acetaminophen and valacyclovir. The 

nanohybrid material showed a very high electrocatalytic response in comparison to individual 

rGO and SWCNTs. This work has been published as an invited feature article,26  but is not 

included in the thesis.  

The application of the rGO-SWCNTs nanohybrid has been further explored for its 

biocompatibility and biosensing properties, as described inchapter 6. The rGO-SWCNTs 

nanohybrid film was used for an enzyme immobilization strategy for the sensitive detection of 

ethanol. The enzyme immobilization strategy was based on a cationic polymer employing 

alcohol dehydrogenase (ADH) as model enzyme. We have studied biocompatibility properties of 

the rGO-SWCNTs nanohybrid through FTIR and found highly compatible without inducing any 

structural changes to the enzyme.  

In an attempt to broadening the application of nanostructured materials, a new approach 

of combining two nanostructred materials (bifunctional) was studied to determine whether they 

would allow for synergistic enhancements.  Chapter 7 discusses the fabrication of a bifunctional 

electrode constructed with nanoporous TiO2 as the photocatalyst, and RuO2 as the electrocatalyst 

and its application for efficient bacterial disinfection. SEM images of the TiO2 revealed a highly 

ordered nanoporous structure. The bifunctional electrode exhibited very high activity in contrast 
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to individual nanoporous TiO2 and RuO2 which confirmed the synergistic electronic effect of the 

bifunctional electrode.  

Finally, chapter 8 closes with the thesis conclusion and future prospectus. 
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Chapter 2: Literature Review  
 

2.1. Introduction  

 

Since the development of the first amperometric enzymatic biosensors by Clark and 

Updike in the 1960s, electrochemical glucose oxidase (GOx) based glucose sensors have been 

widely investigated.1-3 Electrochemical sensors and biosensors have attracted considerable 

attention for the sensitive detection of a variety of biological and pharmaceutical compounds due 

to their high sensitivity, specificity, and low detection limit.4 Since the discovery of carbon-based 

nanomaterials, including carbon nanotubes, C60, and graphene, they have garnered tremendous 

interest as relates to their potential for the design of high performance electrochemical sensor 

platforms due to their exceptional thermal, mechanical, electronic, and catalytic properties. 

Carbon nanomaterial-based electrochemical sensors have been employed for the detection of 

various analytes with rapid electron transfer kinetics. Owing to the advantages of instrumental 

simplicity, moderate cost, and portability, electroanalytical techniques offer a powerful sensing 

strategy, which is superior to various traditional analytical methods.5 The development of active 

electrocatalysts plays a key role in the design of efficient, reliable, stable, and innovative sensing 

devices.6 Numerous electrochemical sensor platforms have been developed for the detection and 

quantification of medically and pharmaceutically important compounds such as glucose, 

methylglyoxal, nicotinamide adenine dinucleotide (NADH), acetaminophen, and valacyclovir. 

Moreover, recent developments in the field of nanotechnology and materials science have paved 

the way for the synthesis of many novel materials with desired morphologies and unique 

physicochemical properties.7 
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2.2.  Electrochemical sensing methods  
 

Electrochemical sensors are devices which capture the physical, chemical and biological 

changes and convert these changes into measurable signal. A variety of electrochemical methods 

have been explored for the detection of chemical contaminants and biomolecules.5,8,9 Typically 

in electrochemistry, the reaction under investigation would either generate a measurable current 

(amperometric), a measurable potential or charge accumulation (potentiometric) or measurably 

alter the conductive properties of a medium (conductometric) between electrodes.10 Other types 

of electrochemical detection techniques, such as impedimetric, which measures impedance (both 

resistance and reactance) through electrochemical impedence spectroscopy method.11,12 

Amperometric devices are a type of electrochemical sensor, which measure current generating 

from the oxidation or reduction of an electroactive species in a biochemical reaction.13,14 Clark 

oxygen electrodes are the first simplest forms of amperometric biosensors, where a current is 

produced in proportion to the oxygen concentration. This is measured by the reduction of oxygen 

at a platinum working electrode in reference to a Ag/AgCl reference electrode at a given 

potential.15 Voltammetry belongs to a category of electro-analytical methods, through which 

information about an analyte is obtained by varying a potential and then measuring the resulting 

current. It is, therefore, an amperometric technique. Since there are many ways to vary a 

potential, there are also many forms of voltammetry, such as: polarography (DC Voltage),16 

linear sweep, differential staircase, normal pulse, reverse pulse, differential pulse and more.17  

Typically, voltammetric techniques such as cyclic voltammetry (CV), linear sweep voltammetry 

(LSV), differential pulse voltammetry (DPV), square wave voltammetry (SWV) techniques are 

utilized in the determination of analytes.  
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2.2.1. Cyclic Voltammetry (CV) 

It is one of the most widely used forms and is useful to obtain information about the 

redox potential and electrochemical reaction rates (e.g. the chemical rate constant) of analyte 

solutions. In this case, the voltage is swept between two values at a fixed rate, however, when the 

voltage reaches V2 the scan is reversed and the voltage is swept back to V1, as is in Figure 2.1. 

The scan rate, (V2 − V1)/(t2 − t1), is a critical factor, since the duration of a scan must provide 

sufficient time to allow for a meaningful chemical reaction to occur. Varying the scan rate, 

therefore, yields correspondingly varied results.18  

 

 

 

 

 

 

 

 

 

Figure 2. 1. Single seep segment of cyclic voltammograms 

 

2.2.2. Differential Pulse Voltammetry (DPV) 

This technique is very sensitive for the detection of trace amount of analytes. The 

potential applied through the technique consists of small pulses superimposed upon a staircase 

wave form. The current is measured twice in each pulse period (once before the pulse, and at the 
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end of the pulse), and the difference between these two current values is recorded and displayed. 

The current is measured at points S1 and S2. The typical value of T ranges from 0.5 to 5.0 s, 

while the value of tp is on the order of 50 ms. If we consider current at points S1 and S2 as I1 and 

I2, respectively, the difference of I2- I1 represents the current due to the application of pulse.19 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2. Waveform current sampling time for differential pulse voltammetry 

 

2.2.3. Chronoamperometry 

Chronoamperometry (CA) is one of the simplest wave form potentiostat. As shown in 

Figure 3.3, the potential is changed directly from the initial potential to the first step potential, 

and it is held at this value for the first step time.20 This is a single potential step experiment. In a 

double potential step experiment, the potential is changed to the second step potential after 

the first step time, and it is then held at this value for the second step time.21 

In chronoamperometry, the current is monitored as a function of time. 
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Figure 2. 3. Waveform of chronoamperommetry 

An electrochemical sensor consists of two major components: (i) a chemical or biological 

recognition element; and (ii) a physical transducer (electrode) that transduces the analytical 

signal of the sensing event to an electronic circuit. Interactions between the substrate resident 

sensing element and the analytes are determined via the sensitivity, selectivity, speed of 

response, and reversibility of the designed sensors.22 Strong interactions are typically associated 

with higher sensitivity and selectivity, whereas perfect reversibility requires weak interactions. 

The critical parameters of electrochemical sensors are sensitivity, detection limit, dynamic range, 

selectivity, linearity, response time, and stability.23 Figure 2.4. displays a schematic illustration 

of an electrochemical sensor system, which exemplifies the three primary elements (e.g., sample 

(or analyte), transduction platform, and signal processing step).24  
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Figure 2. 4. Operation of a model electrochemical sensor 24 

 

Electrochemistry based analytical methods have impacted multiple fields, including 

medical diagnostics, environmental analysis, food sciences, enzymatic kinetics, and 

pharmacology.25 Miniaturized electroanalytical systems and their incorporation into microfluidic 

devices for point of care (POC) applications has been studied for environmental analysis, and 

genetic testing.26 Graphene oxide-ionic liquid based miniaturized electrochemical devices has 

been demonstrated for the very sensitive electrochemical detection of wide variety of 

electroactive targets of importance in food analyses, environmental monitoring, and clinical 

diagnoses.Several graphene based electrochemical sensor for the detection organophosphorus 

(OP) pesticides and nerve agents has been studied with very sensitive signal.27,28 Our research 

group has recently surveyed the design and development of electrochemical sensors based on 

nanomaterials for biomedical applications,29 and the applications of SWV in electrochemical 

sensing, 21 In the present review, we focus on the development of nanomaterials based 

electrochemical sensors and biosensors for the detection of pharmaceutical compounds and 

clinically relevant compounds.  
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2.3.   Nanomaterials based electrochemical sensing platforms for 

pharmaceutical and biological compounds 

 

Any particle size in between 1-100 nm regarded as nanomaterials. With remarkable 

development in nanotechnology and nanoscience, nanomaterials based electrochemical signal 

amplifications have great potential to improve both sensitivity and selectivity of electrochemical 

sensors and biosensors.30 The nanomaterials used in working electrode for the construction of 

electrochemical sensor has crucial role for sensitive detection of target molecules. These 

nanomaterials further increase the synergistic effect on catalytic activity, conductivity and 

biocompatibility to accelerate the signal transduction.30 Among the nanomaterials used in 

electrochemical sensor/biosensor, carbon based nanomaterials are well studied for 

electrochemical sensor targeting variety of biomolecules as shown in Figure 2.5.  

 

 

 

 

 

 

   

 

Figure 2. 5. Carbon nanomaterials based electrochemical sensors/biosensors4 
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Owing to the advantages of instrumental simplicity, moderate cost, and portability, 

electroanalytical techniques provide a powerful sensing strategy, superior to various traditional 

analytical methods.31 Assorted electroanalytical techniques have been employed for the 

development of electrochemical sensors and biosensors for the detection and quantification of 

myriad biomarker species, chemical compounds, and minerals in environmental and biological 

samples.32-34 The development of active electrocatalysts plays a key role in the design of 

efficient, reliable, stable, and innovative sensing devices.35 Numerous electrochemical sensor 

platforms have been developed for the detection and quantification of medically and 

pharmaceutically important compounds such as glucose, methylglyoxal, nicotinamide adenine 

dinucleotide (NADH), acetaminophen, and valacyclovir. Moreover, recent developments in the 

field of nanotechnology and materials science have paved the way for the synthesis of many new 

materials with desired morphologies and unique physicochemical properties.36  

Carbon-based nanomaterials such as carbon nanotubes, graphene, buckypaper, and 

nanohybrids among various other types of engineered nanomaterials have received enormous 

attention due to their promising sensor applications, which are most widely used in the 

electrochemical sensing of various compounds.37-39 Carbon nanomaterials offer diverse 

advantages with their unique properties, such as a high surface-to-volume ratio, high electrical 

conductivity, chemical stability, biocompatibility, and robust mechanical strength.40-42 Carbon 

possesses the capacity to hybridize into sp, sp2 and sp3 configurations with narrow gaps between 

their 2s and 2p electron shells. These unique properties are responsible for enabling the design of 

versatile carbon-based nanomaterials for the sensitive detection of biological compounds.43-45 

Carbon nanotubes may be comprised of a single graphitic layer, or multiple coaxial layers, 

resulting in the formation of single-walled carbon nanotubes (SWCNTs) and multiple-walled 
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carbon nanotubes (MWCNTs). SWNTs are seamlessly wrapped into cylindrical tubes, having 

diameters of between 0.4 nm and 2.5 nm. These materials offer excellent physical and chemical 

properties that enable a wide range of applications in biomedicine.46  

Methylglyoxal is a predictor in type 2 diabetes mellitus of intima-media thickening, 

vascular stiffening, and the elevation of systolic blood pressure, suggesting its clinical usefulness 

as a biomarker for diabetic macroangiopathy.47 In view of the prominence of methylglyoxal in 

clinical applications, there are many methods reported for its determination. The use of SWCNTs 

as a sensing material dramatically decreases the overpotential, which makes a promising carbon 

nanomaterial for the detection of variety of biological compounds. Chen and co-workers have 

demonstrated a SWCNT based sensor platform for the quantitative determination of 

methylglyoxal in 0.1 M PBS (pH 7.4), showing that the sensor system was highly specific and 

sensitive for the detection of plasma levels of methylglyoxal in healthy individuals and diabetic 

patients.48  

Valacyclovir is the drug of choice for the treatment of herpes zoster and cold sores, and is 

an Lvalyl ester and prodrug of the antiviral drug acyclovir. Subsequent to absorption, 

valacyclovir is rapidly and almost completely hydrolyzed to acyclovir and L-valine, which is an 

essential amino acid. It is also effective for the suppression or treatment of genital herpes in 

immunocompetent individuals. SWCNTs have been utilized to modify GCE for the sensitive 

detection of valacyclovir.49  

Graphene is a much newer member in the family of carbon materials in comparison to 

fullerenes. Graphene is an atomically thin film that consists of hexagonally arranged carbon 

atoms with sp2 hybridization in two dimensions.45 The combination of attributes such as a high 

surface area, enhanced mobility of charge carriers, and high stability makes graphene an ideal 
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platform for the anchoring of metal nanoparticles for electrochemical sensing applications.50-

52NADH/NAD+ is an important co-enzyme couple that plays a significant role in energy 

production/consumption within the cells of living organisms, which participates in a variety of 

enzymatic reactions involving more than 300 dehydrogenases.53 Acetaminophen is a widely used 

analgesic (pain reliever) and fever reducer, and is considered to be very safe when administered 

at recommended dosages; however, it causes hepatotoxicity at higher doses.54 Recently, graphene 

and Au nanoparticle-rGO nanocomposite based electrochemical sensors have been fabricated by 

Chen and co-workers55 via an electrochemical method for the sensitive detection of NADH and 

acetaminophen.  

Buckypaper is a thin film (5–25 µm) comprised of lateral arranged networks of nanotubes, 

which constitute a promising platform for the fabrication of highly concentrated and aligned 

nanotube-reinforced composites. Recently, much attention has been given to macroscopic 

assemblies of carbon nanotubes, which include carbon buckypapers, in order to exploit the 

characteristic properties of single carbon nanotubes at macroscopic scales.56 Buckypapers and 

composites thereof are innovative materials with intriguing physical and chemical properties that 

have strong potential for pharmacological and prosthetic applications. Buckypaper has been 

incorporated into the design of a mediator-free glucose sensor with high sensitivity, stability, 

selectivity, and reproducibility.57  

Carbon nanotubes and graphene nanocomposite based electrochemical sensing platforms 

have been widely explored for the detection of various biological and pharmaceutical compounds 

including glucose,58-60 lactate,61 dopamine,62-64 rutine,65 human serum albumin ,66 DNAs,68 

epinephrine,69,70 cholesterol,71,72 methimazole,73 sumatriptan,74 and paracetamol .75 The electrode 
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materials, electrochemical methods, the linear range and the detection limit for the detection of 

pharmaceutical drugs and clinically relevant compunds are compared in table below 

Carbon Based 

Nanomaterials 
Analytes Methods Linear Range 

Detection 

Limit 
Reference 

SWNT-Nafion-GOx Glucose Amperometry 2 mM to 20 mM - Wang et al., 2003 

SWNT-GOx Glucose Amperometry Up to 40 mM - Wang et al., 2003 

Pt-Nafion-SWCNTs-GOx Glucose Amperometry 0.5 µM to 5 mM 0.5 µM Hrapovic et al., 2004 

SWNT-mineral-oil paste Lactate Amperometry Up to 7.0 mM 0.3 mM Rubianes et al., 2005 

Nafion-SWNT Dopamine DPV 0.02 µM to 6.0 µM 5.00 nM Wang et al., 2006 

SWNT polymer composite Dopamine CV 16 nM to 600 µM 8 nM Zhang et al., 2006 

SWCNTs Dopamine DPV 3 µM to 200 µM 48 nM Habibi et al., 2011 

SWCNTs Rutine CV 20 nM to 5 µM 10 nM Zeng et al., 2006 

SWCNTs Albumin  CV 0.075 nM to 7.5 nM 75 pM Yu et al., 2005 

SWCNTs DNAs DPV 5 µM to 30 µM 1.43 µM Li et al., 2009 

MWCNTs-Nafion Epinephrine CV and DPV 0.06 mM to 0.24 mM 0.02 mM Yogeswaran et al.,2007 

MWNT nanocomposite Epinephrine LSV 50 nM to 10 µM 10 nM Yi et al., 2008 

MWCNTs Cholesterol Amperometry Up to 6.0 mM 0.2 mM Guo et al., 2004 

MWCNTs Cholesterol Amperometry 
100 mg/dL to 400 

mg/dL 
- Li et al., 2005 

MWCNTs Methimazole Amperometry 0.074 µM to 63.5 µM 0.056 µM Martinez et al., 2008 

MWCNTs-silver 

nanoparticles 
Sumatriptan CV 80 nM to 100 µM 40 nM Ghalkhani et al., 2009 

MWCNTs Paracetamol ASV 0.01 µM to 20 µM 10 nM 
Kachoosangi et al., 

2008 

SWCNTs Methylglyoxal SWV 0.1 µM to 100 µM - Chattergee et al., 2013 

SWCNTs Valacyclovir DPV 5 nM to 55 nM 1.8 nM Shah et al., 2013 

SWCNTs Acetaminophen DPV 5 nM to 80 µM 4.3 nM Adhikari et al., 2015 

Graphene-ppy Glucose Amperometry - 3 µM 
Alwarappan et al., 

2010 

Graphene-Pt Ascorbic acid DPV 0.03 µM to 8.13 µM 0.03 µM Sun et al., 2011 

Graphene Norepinephrine Amperometry 0.04 µM to 100 µM 0.84 nM Raj et al., 2014 

Reduced GO NADH Amperometry 10 µM to 600 µM 0.33 µM Tabrizi et al., 2014 

Graphene-Au nanorod NADH Amperometry 5 µM to 337 µM 1.5 µM Li et al., 2013 

Au-TiO2/graphene NADH Amperometry 10 µM to 240 µM 0.2 µM Fan et al., 2012 

Graphene-TiO2 NADH Amperometry 10 nM to 2 mM 3 × 10−9 M Wang et al., 2012 

AuNPs-rGO NADH Amperometry 50 nM to 500 µM 1.13 nM Govindhan et al., 2015 

Nitrogen doped Graphene Uric acid DPV 0.1 µM to 20 µM 0.045 µM Sheng et al., 2012 

Graphene Uric acid Amperometry 0.19 µM to 49.68 µM 0.132 µM Du et al., 2013 

Nafion-AgNPs-rGO Uric acid LSV 10 µM to 800 µM 8.2 µM Kaur et al., 2013 

Pt-rGO Uric acid DPV 10 µM to 130 µM 0.45 µM Raj et al., 2013 
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ERGO Serotonin DPV 5 µM to 300 µM 0.11 µM Raj et al., 2013 

ERG/Ni2O3-NiO acetaminophen DPV 0.04 µM to 100 µM 0.02 µM Liu et al., 2014 

Graphene-chitosan Acetaminophen DPV 1 µM to 100 µM 0.3 µM Zheng et al., 2013 

Graphene Acetaminophen SWV 0.1 µM to 20 µM 0.032 µM Kang et al., 2010 

rGO Acetaminophen DPV 5 nM to 800 µM 2.13 nM Adhikari et al., 2015 

SWCNTs-GNS Acetaminophen DPV 0.05 µM to 64.5 µM 0.038 µM Chen et al., 2012 

MWCNT-graphene 

nanosheets 
Acetaminophen DPV 0.8 µM to 110 µM 0.1 µM Arvand et al., 2013 

MWCNT/GO Acetaminophen DPV 0.5 µM to 400 µM 47 nM 
Cheemalapati et al., 

2013 

SWCNTs-rGO Acetaminophen DPV 5 nM to 80 µM 1.4 nM Adhikari et al.,2015 

MWCNT/GONR Dopamine DPV 0.15 µM to 12.15 µM 0.08 µM Sun et al., 2011 

Buckypaper-SWCNTs Glucose Amperometry 0 mM to 10 mM 0.022 mM Papa et al., 2014 

Buckypaper-GOx-HRP Glucose Amperometry Up to 9 mM 0.01 mM 
Ahmadalinezhad et al., 

2011 

 

2.4. Electrochemical sensors and biosensors: classification 

Electrochemical sensors/biosensors have been classified according to bioreceptor molecules 

attached on the electrode surface. The selection of bioreceptor molecule for the design of 

electrochemical biosensor has great impact on its sensitivity and selectivity.76 A variety of 

bioreceptor molecules can be utilized for the fabrication of electrochemical biosensors as shown 

in Figure 2.6. 

 

 

 

 

 

 

 Figure 2. 6. Schematic diagram of classification of electrochemical sensors and biosensors. 
Adapted from reference [76] with permission. Copyright 2014 American Chemical Society. 
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2.4.1. Non-enzymatic sensors 

Electrochemical methods for bimolecular detection have garnered significant attention 

over the last two decades. Enzymatic sensors possess high selectivity; however, they suffer from 

limitations such as instability, complex modification procedures, and vital microenvironmental 

factors.76 These limitations have spurred the development of non-enzyme sensors that involve 

simple modification procedures without any bioreceptor molecules and have good stability.77 

Enzyme-free electrochemical sensors have been widely used for determining the presence of 

hydrogen peroxide, glucose, dopamine, uric acid, acetaminophen, and valacyclovir.4 The 

perspectives and current challenges of enzyme-free electrochemical sensors have been 

discussed.78 Nickel and its oxides, hydroxides and oxyhydroxides were studied for the 

electrocatalysis and electroanalysis properties for small molecules detection.79 Several examples 

of non-enzymatic sensors for the detection of small molecules are discussed here.  

The most studied and cited work in the literature is glucose biosensor. Glucose plays a 

critical role in human metabolism, and glucose biosensors have significantly contributed to 

clinical monitoring 80,81. The most recent advances in non-enzymatic glucose sensors have been 

gaining popularity due to its fast reaction and stable performance. Various nanomaterials with 

different morphologies and compositions were synthesized toward the construction of novel non-

enzymatic electrochemical sensors for glucose detection.82 Electrochemical sensors comprised of 

PtCu nanomaterials are very sensitive and specific for glucose detection due to the wiring of 

dispersed crystals, porous nanostructure, clean surface, and synergetic electronic effects of 

alloyed atoms. The performance of the resulting sensor showed the very sensitive detection of 

glucose in serum samples.83 Reduced graphene oxide (rGO) modified with platinum nanocubes 

and copper oxide nanoflowers have been used to construct electrochemical non-enzymatic sensor 
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for glucose monitoring. The developed sensor was suitable to be used as point of care glucose 

monitoring. 84 These sensors were highly specific to glucose in the presence of commonly 

interfering species like ascorbic acid (AA), dopamine (DA), uric acid (UA), and acetaminophen. 

Ni/CdS bifunctional Ti@TiO2 core-shell nanowire based electrochemical sensor exhibited high 

sensitivity for the electrochemical detection of glucose oxidation.85 Several nanostructure 

materials have been studied to construct the high performance non enzymatic electrochemical 

sensor based on Ni NPs, CdS under visible light irradiation. The ability to combine the unique 

properties of individual nanomaterial provides a new and exciting frontier for the formation of 

novel electrodes. A photoelectrochemical approach in the application of the glucose sensor was 

also investigated. A photoelectrochemical glucose detection system based on a non-enzyme 

catalytic oxidation reaction demonstrated promising results with high sensitivity and rapid 

response.  

Another widely used electrochemical non-enzymatic sensor for the quick and sensitive 

detection of hydrogen peroxide (H2O2) has been investigated in the field of bioanalytics, food 

safety, and environmental protection.86,87 The sensor was based on the electrochemical 

deposition of Pd−Pt and Pd−Au nanoparticles on spectrographic graphite. The sensitivity was 

derived from the co-deposition of Pd with either Pt or Au, which enhanced the electrocatalytic 

activity for the reduction of H2O2.
88 An additional powerful sensor utilizing graphene oxide 

(GO), carbon nanotubes (CNTs), and Pt nanocatalysts was developed for H2O2 dtection.89 The 

GO−CNT−Pt nanocomposites exhibited biomimetic properties exhibited peroxidase-like 

catalysis on H2O2 which able to detect a very potent electrochemical signal. The non-enzymatic 

sensosr utilizing these biomimetic nanomaterials has great potential for extensive catalysis 

applications in environmental, medical and food safety. 
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2.4.2. Electrochemical enzyme based biosensors 

Electrochemical enzyme based biosensors, a subclass of chemical sensors, combine the 

high specificity of enzymes with the sensitivity of electrochemical transducers.90 Enzyme 

electrodes comprise electrochemical probes with a thin layer of immobilized enzymes on the 

surface of the working electrode (transducer) as shown in Figure 2.7. Enzymes constitute the 

most critical component of enzyme electrodes since they provide the selectivity for the sensor 

and catalyze the formation of electroactive products for detection.91 The chronological 

development of enzyme based biosensors using various materials and techniques have been 

reported in the literature. The enzymatic glucose biosensor is the most studied enzyme based 

electrochemical biosensor. Electrochemical glucose biosensors based on glucose oxidase (GOx) 

has been discussed frequently in literatures for amperometric glucose sensing.92 Enzyme 

immobilization strategy is the most crucial part of biosensor fabrication. Current trends in 

enzymatic immobilization, for lactate and uric acid biosensors were discussed.93-95 Improvements 

in immobilization strategies and the study of recent achievements in this area 

 

 

 

 

 

 

 

Figure 2. 7. Schematic diagram of typical electrochemical biosensor 

substrate product

Reporter
(enzyme)

Apply voltage

Electrode ( Transducer)

Measure current prop.
to concentration of substrate



28 
 

have focused on the development of novel immobilization strategies and the study of direct 

electron transfer with the assistance of functional nanomaterials. Immobilization strategies 

comprise key steps in the development of high-performance biosensors, since they affect the 

loading as well as the bioactivity of enzymes. To date, different techniques have been utilized to 

achieve efficient enzyme immobilization, such as the covalent binding of enzymes onto the 

substrate surface, or the incorporation of enzymes into different matrices. The development of 

nonmaterials provide a substrate for enhancing their functionality and applications in the 

immobilization of enzymes.96 A vast number of nanostructured materials with different 

morphologies, dimensions, and compositions have been synthesized and utilized as novel 

electrode materials for the immobilization of desired enzymes. Graphite nanoparticles composed 

of multiple stacked graphene sheets have attracted many researchers due to their homogeneous 

spherical shapes, high conductivity, and large surface area for biomolecular catalysis; graphene 

based enzyme biosensors have been reported to detect glucose in actual samples.97 Subsequent to 

modification, GOx was linked with graphite nanoparticles through amide bonds, and this novel 

cost effective approach might be applied to other electrochemical biosensors. A novel sensing 

platform for H2O2 and glucose based on the palladium helical carbon nanofiber (Pd-HCNF) 

hybrid nanostructures with the immobilization of glucose oxidase have been studied.98 The 

diminutive size and uniform distribution of the Pd NPs, in conjunction with the excellent 

conductivity and large surface area of the HCNFs drastically reduced the overpotential, and 

increased the electron transfer rate. Novel nanomaterials such as NiFe2O4,Tm2O3,and Cu2O,for 

the detection of cholesterol with the immobilization of cholesterol esterase (ChEt) and 

cholesterol oxidase (ChOx) have been studied by several authors.99,100 These biosensors revealed 

evidence of largely improved analytical performance toward cholesterol.  
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  2.4.2.1. Direct substrate-enzyme electron transfer  

 The chronological development of enzyme-based electrochemical biosensors through 

first generation to third generation, a great improvement have been achieved in substrate enzyme 

electron transfer. The first generation biosensor is the first developed enzyme biosensor, where 

product of the reaction diffuses to the electrode (transducer) and generates electrical response. 

This type of reaction is very non-specific and suffers from sluggish electron transfer. The second 

generation biosensor involves specific mediator between transducer and reaction to generate 

signal. The third-generation biosensors are mediator less where reaction itself generate sufficient 

electrical signal through substrate-enzyme electron transfer.101 There have been several attempts 

to understand the direct electrochemistry of enzymes in order to reduce long electron-tunneling 

distances between the enzymes and transducers.102 A whole cell based glucose oxidase (GOx)-

yeast/CNTs biosensor has been developed for the electrochemical glucose sensing platform.103 

Direct electron transfer (DET) was achieved through recombinant GOx without any adverse 

effects of the host yeast on the electrocatalytic activity. Several other approaches have been 

utilized by several authors to develop a DET glucose biosensor that was based on self-assembled 

GOx on electrochemically reduced graphene oxide, MnO2 decorated rGO and functionalized 

CNTs.104-106 Although well-defined voltammetric peaks of the direct electrochemistry of GOx 

have been achieved in previous reports, the detection of glucose based on the direct GOx 

electron transfer has rarely been realized. However, glucose detection theoretically belongs to the 

first-generation amperometric glucose biosensors, rather than the third-generation. These issues 

have been tried to address by systematically investigated the signal transduction and enzyme 

activity in biosensors that were based on GOx and CNTs embedded within a bioadhesive 

chitosan (CHIT) film.107 They studied the role of DET in glucose sensing using a GOx/CNT 
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hybrid, supported by CHIT at the electrode surface. Two primary issues were investigated, 

including the role of the reactions that were relevant to electrochemical glucose sensing, and the 

effects of CNT on the retention and enzymatic activity of GOx in CHIT films and in aqueous 

suspensions. Well-defined voltammetric peaks of direct GOx electrochemistry were observed, 

regardless of the CHIT. However, the DET was not the mechanistic basis for glucose sensing at a 

GOx/CNT-based biosensor, which indicated that the GOx molecules within the electron 

tunneling distance from CNT were not enzymatically active toward glucose. To address this 

issue, Cui and co-workers designed a functionalized planar boron-doped diamond (BDD) 

electrode as a biosensing platform for biomolecule immobilization, with GOx as a model 

bioreceptor molecule.107   BDD was treated with KOH and functionalized with 3-

aminopropyltriethoxysilane. The free amino GOx groups and aminopropyltriethoxysilane were 

crosslinked by glutaraldehyde. The DET between the flavin adenine dinucleotide (FAD) on GOx 

and the electrode was investigated by using the aminopropyltriethoxysilane-glutaraldehyde 

conjugate as a molecular wire to facilitate electron tunneling between the FAD and BDD. 

2.4.3. Electrochemical genosensors 

Recent advances in the electrochemical detection of nucleic acids have allowed for the 

development of new types of genosensors. In electrochemical genosensors, single stranded DNA 

(ssDNA) fragments are utilized as recognition probes through immobilization onto the electrode 

surface, which recognizes target DNA through hybridization as depicted in Figure 2.8.108  
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Figure 2. 8. Schematic illustration of the voltammetric approach of electrochemical genosensors. 

Adapted from reference [108] with permission. Copyright 2015 American Chemical Society.   

The electrochemical genosensors contain DNA and capture probes that are immobilized 

on the transducer for the capture of targets, and signal probes for electrochemical signal 

generation.109 These hybridization signals are captured through several electrochemical methods. 

According to electrochemical detection principles, several critical factors should be considered 

for the achievement of good sensitivity and selectivity in biodetection. Novel methods and new 

signal amplification techniques generated through DNA and RNA assays have been studied in 

the acquisition of electrochemical signals.  

2.4.4. Electrochemical immunosensors 

 

Immunoassays comprise standardized biodetection methods that are based on specific 

antigen-antibody reactions that are used in clinical laboratories for disease diagnosis and for 

environmental contamination monitoring.110-113 Due to the combination of specific antigen-

antibody recognition with the high sensitivity of electrochemical methods, electrochemical 
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immunosensors (EIs) have attracted considerable interest, and significant progress has been 

achieved in the early diagnosis and clinical analysis of disease, food safety, environmental 

monitoring, public security and home-health care.114 A typical electrochemical immunosensor 

presented in Figure 2.9 where capture antibody attached on carbon electrode through 

functionalized magnetic bead where specific analyte (antigen) is detected by capture antibody 

tagged with enzyme115Electrochemical immunosensors are attractive due to their rapid response 

and portability with an excellent lower detection limit. Voltammetry and amperometry such as 

linear sweep, differential pulse, square-wave, and stripping, are the most commonly used 

electrochemical methods for immunoassays.  

 

 

Figure 2. 9.  Schematic representation of  electrochemical immunosensor. Adapted from 
reference [115] with permission. Copyright 2012 American Chemical Society. 

 

2.5. Immobilization of bioreceptor molecules on electrode surface 

Various biosensors use different biomolecules as biorecptors and signalling molecules, 

such as nucleic acids, antibodies, whole cells, or enzymes. The immobilization of the bioreceptor 

onto the transducer is critical for biosensor performance.116 Biomolecules have been immobilized 

not only on transducers to act as bioreceptors, but also on other surfaces such as magnetic, gold 
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or latex particles, and recently, on a wide variety of nanomaterials that enhanced the analytical 

performance of the biosensors. Among the wide range of immobilization strategies for 

transducer surfaces, irreversible (covalent binding, crosslinking, entrapment or micro-

encapsulation) and reversible (adsorption, bioaffinity, chelation or metal binding and formation 

of disulfide bonds) immobilization methods have been studied in detail as shown in Figure 

2.10.117 

Covalent binding is the immobilisation of bioreceptor molecules with covalent bonds which are 

most widely used method during biosensor fabrication.  The vast majority of chemical 

modification techniques include 

Primary amines (–NH2):  The most specific and efficient reagents are those that use the N-

hydroxysuccinimidyl ester (NHS ester) reactive group. 

Carboxygroups (–COOH): This group exists at the C-terminus of each polypeptide chain and in 

the side chains of aspartic acid (Asp, D) and glutamic acid (Glu, E).  

Thiols (–SH): This group exists in the side chain of cysteine (Cys, C). Cysteines are joined 

together between their side chains via disulfide bonds (–S–S–). These must be reduced to thiols 

to make them available for binding. Reagents that are activated with maleimide or iodoacetyl 

groups are the most effective for thiol-directed conjugation. 

Carbonyls (–CHO): Ketone or aldehyde groups can be created in glycoproteins by oxidising the 

polysaccharide post-translational modifications (glycosylation). 

Carbohydrates (sugars): Glycosylation occurs primarily in the constant fragment (Fc) region of 

antibodies (IgG). Component sugars in these polysaccharide moieties that contain cis-diols can 

be oxidised to create active aldehydes (–CHO) for coupling. Labelling carbohydrates requires 

more steps than labelling amines because the carbohydrates must first be oxidised to create 
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reactive aldehydes; however, the strategy generally results in antibody conjugates with high 

activity due to the location of the carbohydrate moieties. Aldehyde-activated (oxidised) sugars 

can be reacted directly to primary amines through reductive amination (mentioned above) or to 

reagents that have been activated with hydrazide groups.117 

Cross-linking is the process of chemically joining two or more molecules by a covalent bond. 

Cross-linking reagents (or cross-linkers) are molecules that contain two or more reactive ends 

capable of chemically attaching to specific functional groups (primary amines, thiols, etc.) on 

proteins or other biomolecules.118. 

Entrapment is one of the major approaches for enzyme immobilization; however, it suffers a 

few critical drawbacks including leakage and high mass transfer resistance to substrates. The 

entrapment method is based on the holding biomolecules, mostly enzymes, within a polymeric 

network through electrostatic forces. There are different approaches to entrapping enzymes such 

as gel or fibre entrapping and micro-encapsulation. The practical use of these methods is limited 

by mass transfer limitations through membranes or gels.  

 Adsorption is the simplest immobilisation method wtih non-specific adsorption mainly based 

on physical adsorption or ionic binding. In physical adsorption, the bioreceptors are attached to 

the surface through hydrogen bonding, van der Waals forces or hydrophobic interactions, 

whereas in ionic binding, the enzymes are bound through salt linkages.119. The limitations of the 

adsorption mechanism are the random orientation and weak attachment, which produce 

desorption and poor reproducibility.120 

Bioaffinity the affinity based technique between complementary biomolecules such as lectin–

sugar, antibody–antigen and biotin–avidin applied to biomolecule immobilisation.121,122 The 

remarkable selectivity of the interaction is a major benefit of the method. However, the 
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procedure often requires the covalent binding of a costly affinity ligand (e.g. antibody or lectin) 

to the support. The most established procedures are the (strept)avidin–biotin interaction and the 

use of Protein A or G for antibody immobilisation: 

Chelation or metal binding this method is known as ‘metal link immobilisation’. The metal salt 

or hydroxide, mainly titanium and zirconium salt, is precipitated and bound by co-ordination 

with nucleophilic groups on the surface (e.g. cellulose-, chitin-, alginic acid- and silica-based 

carriers) by heating or neutralisation.  

Disulfide bonds are a unique stable covalent bond formed between the support and bioreceptor 

molecule, it can be broken by reaction with a suitable agent such as dithiothreitol (DTT) under 

mild conditions. The reactivity of the thiol groups can be modulated via pH alteration, the 

activity yield of the methods involving disulfide bond formation is usually high, provided that an 

appropriate thiol-reactive adsorbent with high specificity is used.123 
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Figure 2. 10. Schematic representation of (a) covalent binding through primary amines, (b) 
cross-linking using carbodi-imide, and (c) entrapment on beads or fibres (d) adsorption, physical 
and ionic binding, (e) bioaffinity with streptavidin/biotin and Protein A/G, (f) metal binding, and 
(g) disulfide bonds. Reproduced from refrence [117] with permission. 

 

The immobilization of bioreceptor molecules on electrode surfaces is critical, as it determines the 

sensitivity, limit of detection, reproducibility, and stability of biosensor. When working with the 

immobilization of biomolecules, an optimization method for one type of biomolecule may not 

necessarily translate to another. Recent advances in bioconjugation techniques are widely 

described in the literature.124 The different strategies may be classified according to various 

levels of selectivity and difficulty, ranging from random methods (e.g., adsorption) to more 
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advanced techniques that are based on protein engineering, which are employed to facilitate 

directional immobilization.125  

 

2.6. Electrochemical methods of bacterial disinfection 

Disinfection is a strategy for the removal of pathogenic microorganisms from drinking 

water. Traditional disinfection methods incorporate chlorine, monochloramine, chlorine dioxide, 

ozone, hydrogen peroxide, and ultraviolet (UV) irradiation. Chlorination is the oldest method of 

disinfection; but the disinfection byproducts (DBPs) generated through chlorination have raised 

increasing concerns.126 Ozone is a potent oxidant that may have the capacity to effectively 

inactivate many types of microorganisms, with limited ozone production.127,128 Among all 

methods, electrochemical processes in both chloride and chloride-free electrolytes have proven 

to be highly-efficient for disinfection of most waterborne pathogens such as: Cryptosporidium 

parvum oocysts and Clostridium perfringens spores which are resistant to chlorine.129 

Electrochemical methods have garnered increasing interest due to strongly reactive oxygen 

molecules (ROS) that are ingenerated via electrolysis. It is vital to understand the mechanisms of 

different inactivation methods, which might be helpful in the identification of rate-limiting steps 

during disinfection, toward the development of more effective strategies in practical disinfection 

applications. Ozone was proven to be superior to chlorine and monochloramine for the 

inactivation of Cryptosporidium parvum oocysts and Bacillus subtilis spores.130,131 Cho et al.132 

compared disinfection efficiencies of ozone and free chlorine along with the detection of protein 

release, lipid peroxidation and alterations in cell permeability, using E. coli as a representative 

microorganism. It was observed that ozone initiated the highest level of cellular damage over 

free chlorine. Ozone possesses a more potent oxidizing ability to react with the organics on cell 
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walls prior to penetrating into the cytoplasm, which imparts severe cell damage. For chlorine, 

with a weaker oxidizing ability, the reaction with organics on the cell wall was limited, and the 

inactivation of cells was realized through its interaction with intracellular components.153 There 

are many indications that electrolyzed water has a higher disinfecting activity compared to 

normal commercially available hypochlorite solutions.133 A number of electrochemical 

disinfection studies using E. coli as the indicator microorganism have been studied and compared 

its responses on exposure to ozonation and chlorination.134,135  The SEM observations of E. coli 

following these disinfection strategies suggested that bacteria in the electrochemical treatment 

were severely damaged, similar to the damage imparted by ozone, and much stronger than 

chlorine. Bergmann et al.136 indicated that electrolyzed water (50 mg L−1 Cl−) had a higher lethal 

efficiency than Ca (OCl)2 of the same measured active chlorine concentration. E. coli is a widely 

utilized indicator microorganism for bacteriologic water quality. However, the inactivation of E. 

coli cannot automatically be taken as being representative of the responses of all microorganism 

species. Nakajima et al.137  and Delaedt et al.138 showed that the complete eradication of a 

bacterial suspension following 5 min of electrolysis was obtained with 20 mA in the case of E. 

coli; however, 30 mA was required when treating Legionella Pneumophila (L. pneumophila). 

Different microorganisms E. coli, Bacillus subtilis, and Saccharomyces cerevisiae Kolin cells to 

have been studied for  the effects of chlorination, ozonation, and electrochemical disinfection. 

The results indicated that E. coli cells were more sensitive than Bacillus subtilis and 

Saccharomyces cerevisiae. Moreover, it was reported that gram-positive Staphylococcus aureus 

exhibited stronger drug-resistance than gram-negative bacillus due to their different 

peptidoglycan structures.139 Tyrrell et al.140 tested five indigenous populations (including fecal 

coliforms, enterococci, Clostridium perfringens, male-specific bacteriophages, and somatic 
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coliphage) in secondary sewage effluents using chlorine and ozone. Inactivation efficiencies 

differed significantly between species, which confirmed that a single bacterium indicator, such as 

the fecal coliform, is inadequate for predicting overall microorganism responses to disinfection 

treatments. Reactive oxygen species (ROS, primarily •OH) that are generated during 

electrochemical treatments, are considered to play a significant role in imparting bacterial cell 

wall damage, and ultimately contribute to bacterial disinfection. 

2.6.1. TiO2 based photocatalytic disinfection 

The use of TiO2 suspensions for water disinfection through photocatalysis involves an 

additional post-treatment step to segregate the particulates from the treated water, which 

typically increases the cost of treatment. An additional disadvantage of suspension systems is the 

recombination of charge carriers due to which the system yields very low levels of hydroxyl 

radicals. Electrochemical photocatalysis using TiO2 photoanodes is a potential solution for 

improving charge carrier separation. The application of an external electrical potential to the 

TiO2 anode may improve charge carrier separation, and thus reduce the recombination rate 

 

 

 

 

 

 

 

Figure 2. 11. Schematic illustration for energetics and principal reaction mechanism of TiO2 
photocatalysis. 
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The mechanism of photocatalysis may be explained as: 

Photocatalyst + hv → h++ e- 

 O2 + e - → O2 •
- 

 H2O + h+ → H+ + OH• 

 Contaminant + O2 •
- → products 

 Contaminant + OH• → products 

Upon irradiation, photogenerated valence band holes migrate toward the semiconductor 

surface, where the generation of hydroxyl radicals (·OH) takes place due to water oxidation. The 

photogenerated conduction band electrons migrate to the supporting electrode, from where they 

transit to the counter electrode and are accepted onto molecular oxygen to create superoxide 

radical anions (O2 ·
−). Subsequent reduction reactions yield hydrogen peroxide (H2O2) and ·OH. 

Electrochemical photocatalysis for water disinfection and organic pollutant degradation have 

been studied in the literature.141-143 The major benefit of electrochemical photocatalysis for 

bacterial disinfection is the electro-migration of negatively charged bacteria to the positively 

biased photoanode.144-146 There have been several investigations into the nanoengineering of 

titania (TiO2) electrodes to improve the efficiency of photoelectrochemical bacterial disinfection. 

The potential use of TiO2 nanotubes as photoanodes has been increasing due to their high ROS 

generation capacity. They exhibit improved photoelectrolytic properties, in contrast to 

nanoparticle films, due to the short diffusion path for photogenerated holes, and direct path for 

photogenerated electrons to the supporting electrodes.147 These nanotubes may be prepared by 

the anodic oxidation of a Ti substrate in fluoride containing electrolytes. TiO2 nanotubes remain 

attached to the substrate, and therefore may be directly used as photoanodes.148,149  
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Electrocatalytic oxidation offers promising approaches for the complete mineralization of 

pollutants without the generation of harmful byproducts. Contaminants are directly mineralized 

as the result of interactions of adsorbed hydroxyl radicals on the electrode surface during 

electrocatalytic oxidation. The most commonly employed electrodes for the electrocatalytic 

oxidation are boron doped diamond (BDD), platinum (Pt), antimony (Sb)-doped ruthenium oxide 

(RuO2) / titanium dioxide (TiO2), titanium-iridium oxide (Ti/IrO2)– tin oxide (SnO2)– Sb2O5, Ti–

Pt/Pb–PbO2, Ti/Sb–SnO2, Ti/PbO2, Ti/(IrO2-Ta2O5), Ti/SnO2–Sb2O5, Ti/SnO2–Sb2O5–PtOx, 

Ti/SnO2– Sb2O5–RuO2, and Ti/RuO2–IrO2.
150-152 

2.7. Summary and perspectives 

Electrochemical approaches have drawn a great attention as a green technology for the 

analysis and removal of chemical-biological toxins. Electrochemical sensors and biosensors 

based on nanostructured materials provide a critical analytical tool for the ultrasensitive, rapid, 

and selective determination of biomarkers and other clinically relevant molecules. The unique 

physicochemical and electrochemical properties of nanomaterials facilitate the fabrication of 

potentially robust electrochemical sensor systems with good biocompatibility and outstanding 

electrical conductivity. Well designed nanometric architectures assist with the creation of 

suitable environments for biomolecule immobilization, overpotential decreases, and 

improvements in sensitivity and long-term stability. The sensitive, reliable and rapid analysis of 

critical disease biomarkers and globally emerging pharmaceutical compounds may enable an 

extensive range of preemptive medical diagnostic applications. Rapid, energy efficient and green 

water disinfection technologies are key elements in addressing the immense challenges for the 

provision of clean potable water globally. Electrochemical water disinfection strategies working 

in conjunction with photo- and electrocatalysts have many advantages over the other 
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conventional disinfection strategies. The novel strategy of combining both photocatalysts and 

electrocatalysts for the removal of bacterial contamination in water demonstrates the vast 

potential of new generation technologies to benefit clean water-deprived regions on a global 

scale.   
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Chapter 3: Materials and Methods 

3.1. Introduction  

In this chapter, we will discuss a number of electrochemical approaches, primarily based 

on carbon nanomaterials, for the design of sensors/biosensors for clinically relevant molecules, 

and bifunctional electrodes for bacterial disinfection. Various techniques and instrumentation 

employed for the characterization of nanomaterials are also explained in this chapter.  

3.2. Experimental  

3.2.1. Materials  

Valacyclovir, acetaminophen (AP), graphite powder, graphene oxide (GO) 2 mg/mL 

dispersed in water, SWCNTs (Ø0.7 nm), Poly(2-(trimethylamino)ethyl methacrylate 

(MADQUAT),  Saccharomyces cerevisiae (EC 1.1.1.1), β-nicotinamide adenine dinucleotide 

hydrate (NAD+), human serum (from human male AB Plasma), ethanol (98%), Trizma base, 

sodium monobasic phosphate, and sodium dibasic phosphate were purchased from Sigma-

Aldrich. Generic valacyclovir (500 mg) and acetaminophen (325 mg) tablets were obtained from 

the Thunder Bay Regional Health Sciences Centre pharmacy. All valacyclovir and 

acetaminophen solutions were freshly prepared and used within 24 hours. Titanium plates and 

RuO2 for the disinfection project were purchased from Alfa Aesar and Sigma-Aldrich, 

respectively. Escherichia coli (ATCCR11775TM) were purchased from the American Type 

Culture Collection. Nutrient broth and nutrient agar were purchased from Sigma Aldrich. 

LIVE/DEAD® BacLight™ bacterial viability kit (Molecular Probes, Invitrogen detection 

technologies) were used for bacterial staining.  All other reagents were of analytical grade and 
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utilized as supplied. All solutions were prepared with pure water (18.2 MΩ cm), which was 

generated by a Nanopure® water purification system. 

3.2.2. Instruments and electrochemical experiments  

A field-emission scanning electron microscope (FE-SEM) (Hitachi SU-70) equipped with 

an energy-dispersive X-ray spectrometer (EDS) (Oxford Links ISIS) was employed for the 

characterization of the surface morphologies and compositions of the synthesized samples. 

Elemental surface compositions based on quantitative EDS analysis were reported as average 

values of readings that were obtained at five different sites on each sample surface. X-ray 

diffraction (XRD) was employed to characterize the synthesized graphene oxide (GO). Fourier 

transform infrared spectroscopy (FTIR, Nicolet) equipped with a liquid N2-cooled MCT detector 

was used for the study of the enzyme-MADQUAT interactions. Estimations of secondary 

structure compositions were carried out via the curve fitting of the amide I bands using the peak 

fitting software (SeaSlove Software Inc., USA), where the deconvoluted parameters were set 

with a gamma value of 1.65, with a smoothing length of 55, and the second derivative spectra 

were calculated over a 13-data-point range (13 cm-1). QproteomeTM Bacterial Protein Preparation 

Kit (QIAGEN, Hilden, Germany) with some modifications. Protein content was quantified using 

a Nanodrop instrument (Thermo Fisher Scientific, Massachusetts, USA) at a 280 nm wavelength, 

and metabolomes were analyzed through 1H NMR (NMR; Bruker AVANCE II 400 MHz, 

Billerica, MA, USA). Spectra obtained through 1H NMR analysis were processed using Spin 

Works (version 4) software (University of Manitoba, Winnipeg, Canada).  

All electrochemical experiments, including cyclic voltammetry (CV), differential pulse 

voltammetry (DPV) and amperommetry were conducted using a CHI 660 electrochemical 

workstation (CH Instruments Inc., USA) with a conventional three-electrode system that 
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consisted of a platinum wire counter electrode, a 3.0 M KCl saturated Ag/AgCl reference 

electrode, and a working electrode that was comprised of a modified Ø3 mm glassy carbon 

electrode (GCE). All measurements were conducted at room temperature (22 ± 2 °C).  

3.2.3. Electrode fabrication  

3.2.3.1. Sensors/biosensor fabrication  

Prior to fabrication, a glassy carbon electrode (GCE) was polished with 0.05 μm alumina 

powders, subsequently sonicated in pure water, and allowed to dry at room temperature. To 

produce reduced graphene oxide (rGO), a 2 mg/mL GO solution was added to a 0.067 M pH 7.4 

phosphate buffer solution (PBS), via homogenous mixing, to form a 0.3 mg/mL GO colloidal 

dispersion. The GO suspension in the electrochemical cell was deoxygenated using Ar gas for 15 

min Simultaneous electrochemical reduction and deposition of graphene on the GCE were 

performed in the GO suspension (0.3 mg/mL) with an electrode potential scan of from between -

1.5 and 0.5 V at a sweep rate of 10 mV/s. The resulting rGO/GCE was cleaned with pure water, 

and then dried at room temperature for 1 h.2,3 

The carbon nanohybrids were formed on GCE by drop-casting and drying 1:1 v/v ratio of 

the GO and SWCNT suspension (2 µL each), and then reduced by running CV in the potential 

range of from -0.6 to -1.5 V for five cycles at 20 mVs-1 in a 0.1M tris buffer solution. The ADH 

was immobilized by incubating 2 µL ADH (5.0 mg mL-1) with 2 µL MADQUAT (50 mg ml-1) 

over the GCE surface, which was modified with the SWCNT-rGO nanohybrid thin film. 

Incubation was performed in a 4oC refrigerator for 30 min, followed by rinsing with the tris 

buffer. 
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3.2.3.2. Bifunctional electrode fabrication 

TiO2 nanoporous structures were grown on a titanium substrate via a three step 

anodization process. The anodization process was carried out in a cell that was designed with a 

two electrode system, a Ti plate (1.25 cm x 0.8 cm x 0.5 mm) as the anode, and a Pt coil as the 

cathode; it contained 0.3 wt% ammonium fluoride; NH4F (Sigma Aldrich) and 2wt% water in 

ethylene glycol (Sigma Aldrich) under an applied potential of 50V. Ruthenium (III) chloride 

hydrate; RuCl3.x H2O (Sigma Aldrich) was employed as an electrocatalyst, which was painted 

onto a separate bare Ti substrate. A total of 4-5 coatings of RuCl3.x H2Owere painted onto the Ti 

substrate, followed by calcinations at 4500C for 2 h in order to obtain robust RuO2 

electrocatalysts. The bifunctional electrode was subsequently fabricated by interfacing the 

calcinated nanostructured RuO2 with the nanoporous TiO2 electrode. 
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Chapter 4: Sensitive Detection of Acetaminophen with Graphene-

Based Electrochemical Sensor* 

 

4.1. Introduction 

Acetaminophen, having the chemical name N-acetyl-p-aminophenol (APAP), is a widely 

utilized analgesic pain reliever and fever reducer.1,2  It is considered to be safe when 

administered at recommended dosages; however, it can cause hepatotoxicity at higher doses.3 

Following oral ingestion, acetaminophen is rapidly absorbed and metabolized, primarily in the 

liver, to achieve peak plasma levels within 1 h. Plasma concentrations during therapy typically 

range from 2 to 20 mg/L, whereas levels of 30 – 300 mg/L are often observed in overdosed 

patients.4,5 The principle routes of elimination are glucuronidation and sulfation, although 

oxidation may also occur.6 

Glucuronidation is the primary route of elimination in human adults, accounting for about 

45-55% of an acetaminophen dose.6,7 This step may be catalyzed by set of uridine diphosphate 

glucuronyl transferase enzymes ( UGT) UGT1A1, UGT1A6, UGT1A9, and UGT2B15 in the 

liver.7-10 Approximately 30-35% of acetaminophen metabolism occurs via sulfation. In the adult 

human liver this is catalyzed by SULT1A1, SULT1A3, SULT1A4, SULT1E1 and SULT2A1.11-

13 The bioactivation of acetaminophen in the formation of N-acetyl-p-benzoquinone imine 

(NAPQI) is carried out via the CYP450 family of enzymes,6 which are toxic metabolites that are 

responsible for hepatotoxicity. The toxic metabolite,  

*This chapter has been published in Electrochimica Acta, 2015, 162, 198-204. 
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NAPQI, is initially detoxified by glutathione conjugation within the liver, and subsequently by 

acetylation in the kidneys, followed by N-acetyl transferase catalyzation, and final excretion in 

the urine.8 In cases of overdose the accumulation of NAPQI is high, which causes adverse side 

effects.   

The development of a simple, rapid, sensitive and accurate analytical technique for the 

determination of acetaminophen in pharmaceuticals and in clinical preparations is indeed 

warranted. Various methods, such as titrametry,14,15 spectrophotometry,16,17 HPLC,18,19 

chemililuminescence,20 have been developed for the determination of acetaminophen in 

pharmaceutical tablets and biological fluids. However, titrametric, spectrophotometric and 

chemiluminescence methods involve tedious extraction processes prior to detection. 

Additionally, liquid chromatography is time consuming, which makes it unsuitable for the 

analysis of acetaminophen in practice.21 On the other hand, electrochemistry provides powerful 

analytical techniques with advantages of instrumental simplicity, moderate cost and portability 

.22 Since most electroanalytic techniques are selective and capable of highly sensitive and rapid 

measurements over a wide linear range, which require no sample preparation, and given the fact 

that acetaminophen is electroactive; electrochemical techniques may be considered as viable and 

improved alternatives for the determination of acetaminophen over other methods.23 

Since nanomaterials exhibit unique mechanical, electrical, electronic, optical, magnetic, 

surface and biological properties, which are not found in conventional bulk materials, they have 

a great potential utility in analytical chemistry for sensor modification.24,25 Graphene has recently 

attracted tremendous interest due to its exceptional thermal, mechanical, and electronic 

properties,26 thus one of its many promising applications lies in the development of  

electrochemical sensors.27,28 Single carbon atom thick graphene sheets provide extremely high 
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surface areas with readily available access to surface resident atom populations for electron 

transport, which impart a high sensitivity to adsorbed molecules.29 Due to the unique properties 

of graphene, when it is utilized for the modification of bare electrodes, it has great potential for 

distinguishing a diverse range of organic compounds. To date, the deposition of graphene films 

on electrodes has typically been achieved via drop-casting solution-based graphene, which is 

derived from the chemical reduction of graphene oxide (GO) sheets.30 However, these 

methodologies have intrinsic limitations such as a lack of control over film thickness and most 

importantly, toxic chemicals are involved. Most recently, the electrochemical reduction of GO to 

graphene has garnered considerable attention due to its rapid and green nature.31-35 The excellent 

conductivity, high surface area, and oxygen-related defects of ERG films make them a sensitive 

promoter of electrochemical sensing processes.36-38  

The objective of this work was to establish a convenient, cost-effective and highly 

sensitive method for the determination of acetaminophen in pharmaceutical formulations and 

human bodily fluids based on the ERG/GCE. In the present study, the electrochemical oxidation 

of acetaminophen on electrochemically reduced graphene (ERG)-modified glassy carbon 

electrodes (GCEs) was investigated, leading to the development of a high-performance 

electrochemical sensor for the analysis of acetaminophen, with an extremely low detection limit 

and a wide linear detection range. In addition, the electrochemical sensor developed in this study 

was successfully employed for the detection of acetaminophen in human serum and 

pharmaceutical samples, demonstrating that the proposed electrochemical sensor has strong 

potential for practical utility in clinical and quality control laboratories, as well for therapeutic 

drug monitoring and hepatotoxic serum level determination in hospital laboratories. 
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4.2. Experimental  

4.2.1. Apparatus 

All electrochemical experiments, including cyclic voltammetry (CV), differential pulse 

voltammetry (DPV) and amperommetry were performed with a CHI 660 electrochemical 

workstation (CH Instruments Inc., USA) using a conventional three-electrode system that 

consisted of a platinum coil counter electrode, a Ag/AgCl (3 M KCl) reference electrode, and a 

working electrode, which was comprised of 3 mm in diameter (modified and unmodified) glassy 

carbon electrodes (GCEs). A field-emission scanning electron microscope (FE-SEM) (Hitachi 

SU-70) was utilized for the characterization of the graphene-modified GCE surface. All 

experiments were performed at room temperature, 20 ± 2 ◦C, and the electrode potentials quoted 

are versus an Ag/AgCl electrode.    

4.2.2. Chemicals and reagents 

Acetaminophen (AP), graphene oxide (GO) dispersed in water (2 mg/mL), and human 

serum (from human male AB Plasma) were purchased from Sigma-Aldrich. Generic 

acetaminophen (325 mg tablets) was obtained from the Thunder Bay Regional Health Sciences 

Center pharmacy.  All other reagents were of analytical grade and utilized as supplied. All 

solutions were prepared with pure water (18.2 MΩ cm), which was generated by a Nanopure® 

water purification system. All acetaminophen solutions were freshly prepared and used within 24 

h.                                

4.2.3. Electrode fabrication  

Prior to modification, a glassy carbon electrode (GCE) was polished with 0.05 μm 

alumina powders, subsequently sonicated in pure water, and allowed to dry at room temperature. 
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To produce the ERG, a 2 mg/mL GO solution was added to a 0.067 M pH 7.4 phosphate buffer 

solution (PBS) via homogenous mixing, to form a 0.3 mg/mL GO colloidal dispersion. The GO 

suspension in the electrochemical cell was deoxygenated using Ar gas for 15 min Simultaneous 

electrochemical reduction and deposition of graphene on the GCE were performed in the GO 

suspension (0.3 mg/mL) with an electrode potential scan of between -1.5 and 0.5 V at a sweep 

rate of 10 mV/s. The resulting ERG/GCE was cleaned with pure water, and then dried at room 

temperature for 1 h.  

4.2.4 Electrochemical measurements 

 Electrochemically reduced graphene modified glassy carbon electrodes were used as 

working electrodes in a three-electrode electrochemical cell. A stock solution of 0.01 M 

acetaminophen was prepared, where after a calculated amount of stock solution was added to 20 

mL of 0.1M phosphate buffer solution (PBS) at pH 7.4 to obtain the desired concentration of 

acetaminophen. The experiments were carried out by studying the cyclic voltammetric behavior 

of the acetaminophen at a potential range of from 0.0 to 0.6 V. The DPV was performed at 

potential range of from 0.0 V to 0.6 V, with a pulse width of 0.2 s, pulse period of 0.5 s and 

potential increment of 4 mV. All amperommetric measurements were acquired at 0.5 V with 

continuous magnetic stirring in order to maintain a homogeneous concentration. 

4.2.5. Determination of pharmaceutical samples in human serum 

The developed sensor was tested for the determination of generic acetaminophen tablets 

in human serum. Prior to conducting the experiment, the human serum sample had been stored in 

a freezer. The tablets were weighed, ground into a powder, and then dissolved in 5 mL of human 

serum samples to obtain a 0.01 M stock solution concentration. The solution was treated with 

acetonitrile for protein precipitation and then sonicated for 5 min The acetaminophen/human 
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serum solution was then centrifuged at 4000 rpm for 15 min in order to remove any protein 

residues. The supernatant was subsequently used as sample for the determination of the 

acetaminophen concentration using DPV and amperommetry. The calculated volume of 

acetaminophen concentration from stock solution was added to 20 mL PBS (0.1M) to achieve 

required concentration of pharmaceutical acetaminophen tablet. 

4.3.  Result and Discussion 

4.3.1. Surface and electrochemical characterization of the ERG/GCE 

FE-SEM was employed to study the surface characteristics and morphology of the ERG 

modified GCE. The SEM image presented in Fig. 4.1A confirmed the existence of uniformly 

covered ERG on the GCE surface. It is anticipated that the simultaneous electrochemical 

reduction and deposition of graphene used in this study may be applied to modify any 

conducting electrode surface (Fig 4.1B). Fig. 4.2 presents the cyclic voltammograms (CVs) of 

the ERG/GCE recorded in a 0.1 M phosphate buffer solution (PBS) (pH 7.4) at a sweep rate of 

20 mV/s in the absence (Curve a), and in the presence of 250 μM acetaminophen (Curve c). For 

comparison, the CV of a bare GCE measured in a 0.1 M PBS and after addition of 250 μM 

acetaminophen solution is also included in Fig.4.2 (inset). As expected, no oxidation and 

reduction peaks appeared for the ERG/GCE, in the PBS at the applied potential range. However, 

a comparison of Curve obtained from bare GCE and ERG/ GCEin 0.1 M PBS indicates that the 

surface area/double-layer capacitance of the ERG/GCE was much higher than that of the bare 

GCE. In the presence of acetaminophen, a broad peak appeared at ~ +0.5 V (inset), which can be 

attributed to the electrochemical oxidation of acetaminophen, indicating a slow rate of electron 

transfer at the bare GCE. In contrast, for the ERG/GCE, a pair 
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Figure 4. 1. (A) CVs (the 1st, 3rd and 5th cycle) of a glassy carbon electrode (GCE) recorded in 
0.1 M PBS (pH 7.4) containing 0.3 mg mL-1 GO at a scan rate of 10 m Vs-1 . (B) SEM image of 
the GCE modified with electrochemical reduced graphene (ERG). 

 

of strong and well-defined redox peaks was observed with Epa at 387 mV and Epc at 316 mV, 

showing that the fabricated ERG/GCE favours the reversible electrochemical reaction, as 

illustrated in the scheme below: 
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Figure 4. 2. CVs of the bare GCE (blue curves) and the ERG/GCE (red curves) recorded in 0.1 
M PBS (pH 7.4) in the absence (dashed lines) and in the presence of 250 µM acetaminophen 
(solid lines) in 0.1 M PBS at a scan rate of 20 m Vs-1. 

 

 

 

where two electrons and two protons are involved in the oxidation and reduction process. The 

significant increase in the peak currents and the well-defined redox peaks show that the  
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Figure 4. 3. (A) CVs of the ERG/GCE recorded in 0.1 M PBS (pH 7.4) containing 250 µM 
acetaminophen at different scan rates varied from 20 to 125 mV -1 ; (B) Plots of the anodic and 
cathodic peak currents versus the square root of the scan rates. 

 

ERG/GCE not only had a high electrochemical active surface area, but also possessed excellent 

electrocatalytic activity, which are desirable attributes for the development of electrochemical 

biosensors. We also studied the effect of the scan rate on the electrochemical oxidation and 

E vs (Ag/AgCl) / V

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

I/
 


-20

-10

0

10

20

30

40

     20 mVs-1

125 mVs-1A

v1/2 / mV s-1

4 5 6 7 8 9 10 11 12

I 
/ 



-20

-10

0

10

20

30

40

I pa

I pc

R2 = 0.999

R2 = 0.998

B



74 
 

reduction of acetaminophen at the ERG/GCE. Fig. 4.3A displays the CVs recorded in a 0.1 M 

PBS + 250 μM acetaminophen solution at different scan rates (20, 50, 75, 100 and 125 

mV/s).The Epa was only slightly shifted to positive potentials, while the Epc was negatively 

shifted marginally, further confirming the rapid charge-transfer kinetics of the produced ERG. 

Fig. 4.3B presents the plots of anodic peak current (IPa) as well as the cathodic peak current (IPc) 

versus the square root of scan rate (v1/2); the decent linear relationship indicates that the 

electrochemical oxidation and reduction was a diffusion-controlled process.39  

4.3.2. Effect of electrodeposition cycles 

The influence of the electrochemical deposition cycles on the behavior of the resulting 

ERG/GCE was also investigated using DPV. Fig.4.4 presents the DPV curves of three different 

modified GCEs, which were prepared with two, five and ten electrodeposition cycles, as 

described in Section 2.3, which was recorded in a 0.1M PBS (pH7.4) containing 250 µM  

 

 

 

 

 

 

 

Figure 4. 4. DPVs of the GCE modified with two-cycle (a), five-cycle (b) and ten-cycle (c) 
electrodeposition of graphene measured in 0.1 M PBS (pH 7.4) containing 250mM 
acetaminophen. 
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acetaminophen. When increasing the electrodeposition, from two cycles (Curve a) to five cycles 

(Curve b), (i) the background current was increased from ~2.5 to 5.0 µA, showing that the 

electrochemical active surface area/double-layer capacitance was doubled; (ii) the peak potential 

was negatively shifted from ~385 to ~370 mV, indicating the catalytic activity of the formed 

ERG was enhanced; and (iii) the current response to acetaminophen was also significantly 

increased, from ~9.5 to 17.5 µA. However, a further increase of the electrodeposition, from 5 to 

10 cycles (Curve c) resulted in a positive shift of the peak potential and a decrease of the current 

response to acetaminophen, revealing that a thicker ERG coating could inhibit electron transfer 

and decrease the electrocatalytic activity. Consequently, five electrodeposition cycles were 

employed to fabricate the ERG/GCEs for the detection of acetaminophen. In addition, a 

comparison of the CV curve c in Fig. 2 and the DPV curve b in Fig. 4 revealed that the current 

response to acetaminophen of the ERG/GCE was over twice as high as when measurements were 

carried out using DPV, indicating that DPV is a superior technique than CV for the detection of 

acetaminophen. 

4.3.3. Acetaminophen detection using DPV 

Fig. 4.5A displays a series of the DPV curves of the ERG/GCE recorded in a 0.1M PBS 

containing n µM acetaminophen, where n was varied from 0.0 to 800. The concentration was 

increased at 10 and 100-µM intervals when n  45 and n  100, respectively. For clarification, 

the DPV curves with the acetaminophen concentration, changing from 0.0 to 45 µM, are 

enlarged and presented as an insert in Fig. 5A. The current response was observed to be linearly 

elevated with  
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Figure 4. 5. (A) DPVs of the ERG/GCE recorded in 0.1 M PBS (pH 7.4) containing different 
acetaminophen concentrations (5 to 800mM). For clarification, the inset is the amplified DPV 
responses to acetaminophen at the low concentrations (5–45mM) marked by the black rectangle; 
(B) the calibration plot of the current response against acetaminophen concentrations varied from 
5 to 800mM. 
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the increase of acetaminophen concentrations. The calibration plot of the current response of the 

ERG/GCE versus the acetaminophen concentration is presented in Fig. 4.5B, showing a very 

good linear relationship, with the correlation coefficient R2 = 0.996. The limit of detection 

(LOD) was calculated using 3σ / b, where σ is the standard deviation of the blank, and b is the 

slope of the calibration curve. The LOD obtained through DPV was 1.2 µM. According to the 

acetaminophen nomogram (plot of acetaminophen serum concentration against time), a serum 

plasma concentration of higher than 700 µM at four-hours, or higher than 160 µM at twelve-

hours post-ingestion of acetaminophen tablets, is considered as hepatotoxicity.40,41 Thus, the 

wide linear detection range (5 – 800 µM) of DPV enabled by the ERG/GCE might be utilized for 

the detection of acetaminophen serum levels of overdosed patients.   

4.3.4. Acetaminophen detection via amperometry 

During the pharmaceutical formulation, as well as quality control testing of 

acetaminophen products, a lower than 5 µM measurable detection limit is required. The 

analytical performance of the ERG/GCE, challenged with low acetaminophen concentrations 

(5nM to 4 µM), was evaluated utilizing the amperommetric technique. The effect of the applied 

electrode potential on the amperommetric response to acetaminophen was investigated at 

different potentials (0.40, 0.45, 0.50, 0.55 and 0.60 V), showing that the current response was 

increased when the potential was elevated to 0.5 V. However, the current response remained 

almost the same with further increases of the electrode potential, to 0.55 and 0.60 V. Thus 0.50 V 

was selected for the amperommetric detection. Fig. 4.6A depicts the amperommetric response of 

the ERG/GCE at the applied constant electrode potential of 0.5 V to the addition of 

acetaminophen in a 0.1 M PBS. A rapid increment of current was observed upon the successive  
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Figure 4. 6. (A) Amperometric current responses of the ERG/GCE as a result of the successive 
addition of acetaminophen at the increments of 5 nM, 0.2mM and 2mM at the electrode potential 
of 0.5 V in 0.1 M PBS (pH 7.4). The inset is the amplified amperometric responses to 
acetaminophen at the low concentrations (5–25 nM) marked by the black rectangle; (B) the 
calibration plot of the current responses against the acetaminophen concentration varied from 5 
to 4000 nM. 
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addition of 5 nM (first segment), 0.2 µM (second segment) and 2 µM acetaminophen (third 

segment). For clarification, the initial segment recorded at very low concentrations was enlarged 

and presented as an insert in Fig. 4.6A. Fig. 4.6B presents the calibration plot of the 

amperommetric current response versus the acetaminophen concentration, showing a good linear 

relationship in the tested acetaminophen concentration range, with a correlation coefficient of R2 

= 0.986. The limit of detection (LOD) was calculated as described previous in section 3.3.  The 

LOD obtained through amperometry was 2.13 nM. The performance of different electrochemical 

sensors for acetaminophen detection reported in the literature is compared in Table 4.1, showing 

that the ERG/GCE developed in the present study exhibited a much lower LOD, as well as a 

much wider linear range.   

Table 4. 1. Comparison of the recently reported electrochemical sensors for acetaminophen. 

 

Modified 
electrodes pH 

Analytical  
methods 

Detection limit 
(µM) 

Linear range 
(µM) Reference 

 
SWCNT-

GNS/GCE 7.0 DPV 0.038 0.05-64.5 41 

 
Graphene/GCE 9.3 SWV 0.032 0.1-20 42 

 
GRPE 8.5 SWV 0.60 2.5-143 43 

 
Nafion/TiO2-

GR/GCE 7.0 DPV 0.21 1-20 44 

 
Fe3O4-PDDA-

G/GCE 7.0 DPV 0.037 0.1-100 45 

 ERG/Ni2O3-
NiO/GCE 7.0 DPV 0.02 0.04-100 46 

ERG/GCE 7.4 

Amperommetry 

DPV 

0.0021 

1.2 

0.005-4 

5-800 This work 
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4.3.5. Interference studies 

The selective capability of the fabricated ERG/GCE sensor was investigated via the 

detection of acetaminophen, as well as a number of potential co-existing electroactive species, 

such as ascorbic acid, uric acid, adenine, glucose andsucrose in a 0.1M PBS (pH 7.4). As shown 

in Fig. 4.7A, to facilitate the evaluation of the selective detection of acetaminophen, As a DPV 

response was recorded in seven different measurments keeping 20 µM acetaminophen 

concentration constant for all the measurments. Initially, 20 µM acetaminophen was injected into 

a 20 mL 0.1 M PBS; the addition generated a current response of approximately 0.72 µA (a). 

Thereafter, 40 µM of ascorbic acid(b), uric acid (c), adenine (d), glucose (e), sucrose (f) and their 

mixture (g) was added in 0.1 M PBS (pH=7.4). Compared to the curves aig, as shown in Fig. 

4.7B, considering current response obtained through 20 µM  acetaminophen ( curve a) as initial 

current (100%),  the current response variation range among curve b, c, d, e, f and g after 

addition of double amount of interfering biomolecules was within a 3%. The results suggest that 

the as-prepared sensor showed the good selectivity for acetaminophen detection. 

4.3.6. Reproducibility and stability of ERG/GCE sensor 

The reproducibility and stability of the ERG/GCE were investigated utilizing the DPV 

technique. To investigate the reproducibility of the modified electrode, four different electrodes 

were prepared simultaneously under the same conditions, and DPV was performed in 0.1 M PBS 

that contained 250 µM acetaminophen. A relative standard deviation (RSD) of 0.78% (n=4) was 

achieved, which confirmed that the ERG/GCE had excellent reproducibility. In an additional 

experiment to verify stability, seven different DPVs were conducted each day for up to seven 

days in a 0.1 M PBS + 250 µM acetaminophen solution. A relative standard deviation (RSD) of  
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Figure 4. 7. (A) DPVs of the ERG/GCE recorded in 0.1 M PBS (pH 7.4) + 20mM 
acetaminophen without any interferents (a) and in the presence of 40mM ascorbic acid (b), 
40mM uric acid (c), 40mM adenine (d), 40mM glucose (e), 40mM sucrose (f) and the mixture of 
all these biomolecules with 40mM each (g). (B) Relative anodic peak current response derived 
from Fig. 4.7A. 

 

E vs ( Ag/AgCl) / V

0.0 0.1 0.2 0.3 0.4 0.5 0.6

I 
/ 


g

f

e

d

c

b

a

0.5 A
A

a b c d e f g

I 
/ 

I0

0

20

40

60

80

100

120
B



82 
 

7.07% (n=7) was found, which revealed strong performance stability of the ERG/GCE in the 

detection of acetaminophen.  

4.3.7. Detection of acetaminophen in actual samples 

To validate the practical application of the proposed sensor, the fabricated electrode was 

tested to determine the concentration of acetaminophen within an actual sample of 

acetaminophen tablets in human serum plasma. The recovery tests of acetaminophen were 

carried out using DPV. Recovery studies were carried out subsequently to the addition of a 

known volume of acetaminophen tablets (325 mg) to the human serum plasma. As depicted in 

Table 4.2, the proposed sensor exhibited an excellent recovery, of from 96.08% to 103.2%. 

Table 4.2. Recovery tests of acetaminophen in human serum plasma. 

4.4. Conclusions 

In summary, an electrochemical sensor based on electrochemically reduced graphene was 

successfully fabricated for the detection of acetaminophen. The developed ERG/GCE sensor 

demonstrated excellent electrocatalytic activity toward the oxidation and reduction of 

acetaminophen. The sensor exhibited high stability, good reproducibility and exclusive 

selectivity for the detection of acetaminophen in the presence of other biomolecules. The newly 

fabricated sensor was also studied with generic acetaminophen tablet concentrations in human 

serum plasma, further demonstrating its capabilities in practical medical applications. The 

Concentration spiked/µM Concentration detected/µM  % Recovery 

10.00 
 

10.32 
 

103.2 
 

20.00 19.80  98.89 

25.00  24.02 96.08 
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proposed ERG/GCE sensor exhibited a much lower detection limit and a far wider linear 

detection range in contrast to other electrochemical sensors reported in the literature. It 

demonstrated strong potential for applications in the quality control testing of pharmaceutical 

products, as well as hepatotoxicity monitoring in hospitals and clinical laboratories.  
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Chapter 5: Simultaneous and Sensitive Detection of Acetaminophen 

and Valacyclovir Based on Two Dimensional Graphene Nanosheets* 

  

5.1. Introduction 

Acetaminophen (paracetamol, N-acetyl-p-aminophenol) is an extensively used analgesic 

anti-pyretic drug. It is primarily metabolized in liver and is safe when used at prescribed dosages; 

despite that all non-prescribed high dosages may cause hepatotoxicity.1,2  Valacylovir (L-valine 

2-[(2-amino-1, 6- dihydro-6-oxo-9h-purin-9-yl) methoxyl]ethyl ester) is a prodrug of the 

antiviral drug acyclovir, which is used for the treatment of the herpes simplex viruses and the 

varicella zoster virus. This compound is converted rapidly and extensively to acyclovir (the 

active antiviral component of valacyclovir) and L-valine, most likely in the liver and the 

intestine, via hydrolysis, subsequent to oral administration. Acyclovir, a prototype antiviral drug, 

is a DNA polymerase inhibitor with variable oral bioavailability. By contrast, valacyclovir has an 

oral bioavailability that is three to five times higher than that of acyclovir.3,4 Acyclovir and its 

prodrug valacyclovir comprise guanine analogue antiviral drugs. They are activated by the 

phosphorylation of virus-specific thymidine kinase. Acyclovir uptake has been shown to be 

enhanced in herpes virus-infected cells, with a 10 to 30 fold greater affinity for infected cells 

than uninfected cells.5  

     Several traditional methods, for instance, spectrophotometry,6,7 LC-MS8,3 and 

HPLC,4,9 have been generally utilized for the determination of valacyclovir compounds. 

Spectrophotometric and chromatographic methods involve time consuming analytical processes 

for the determination of these drugs. In recent years, electroanalytical techniques have garnered  

*This chapter has been published in Journal of Electroanalytical Chemistry, 2016, 162, 198-204. 
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considerable attention for the detection of drugs and environmental pollutants due to their high 

sensitivity, excellent selectivity, low cost, rapid response, as well as expedited and 

straightforward operation.10,11 A review of the literature has revealed very few publications that 

describe electrochemical studies on valacyclovir, and a practically nil number of publications as 

relates to the simultaneous detection of acetaminophen and valacyclovir compounds. Thus, there 

is an urgent need to explore the quantitative determination of these drugs through 

electrochemical techniques.  

     Nanomaterials with high surface areas and electrocatalytic activity have strong 

potential to be employed in sensor/biosensor fabrication to facilitate electrochemical 

measurements.12,13 Graphene comprises a one-atom thick planar sheet of sp2-bonded carbon 

atoms, which is attracting tremendous attention in terms of fundamental research and potential 

applications.14,15 This nanomaterial holds tremendous promise for prospective applications in 

many technological fields, such as nanoelectronics15,16 and sensors.17,18 Graphene and its 

nanocomposite materials have been utilized for the electrochemical detection of various drug 

molecules. Cuprous oxide nanoparticles-graphene, graphene/poly(brilliant cresyl blue) 

nanocomposite, and single walled carbon nanotube/reduced graphene oxide nanohybrids have 

been utilized for the determination of acetaminophen, epinephrine, valacyclovir.19-22 Graphene 

sheet provide an extremely sensitive and remarkable electrical conductor for adsorbed molecules 

to enable excellent electrocatalytic performance.23-25 Chemical methods are an efficient approach 

for the bulk production of graphene-based sheets at low cost.26,27 However, the excessive use of 

reducing agents in these techniques raises the risk of contamination in the resulting materials. 
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Additionally, oxygenated species that cannot be fully removed via chemical treatment may 

degrade the electronic properties of the product to further limit applications. 28 

    Electrochemical techniques comprise an effective green method for the modification of 

electronic states through the adjustment of an external power source, to alter the Fermi energy 

level of surfaces of electrode materials. During electrochemical reduction, the aggregation of GO 

takes place due to increased π - π interactions between graphene layers.29 It has been indicated 

through FTIR spectra that a variety of oxygen-containing functional groups are completely 

removed from the graphene oxide planes of electrochemically reduced graphene nanosheets. 

Chemically reduced graphene is not conducive to preserving its typical electronic properties due 

to residual defects.30  

     Market Research and Global Industry Analysts, Inc. has released recent research on 

the global market for acetaminophen, which is to reach $999.4 million USD by 2020 with an 

annual 3.8% growth, whereas valacyclovir is to attain $4.8 billion USD by 2017. According to 

Center for Disease Control (CDC) guideline for prevention and treatment of varicella zoster 

virus, analgesic (acetaminophen) drugs are usually prescribed along with valacyclovir as 

treatment regime to relieve from the pain. So simultaneous monitoring of these two drugs is 

highly recommended during the suspicious acetaminophen overdose cases.  Herein, we have 

demonstrated a promising graphene based electrochemical sensing platform for the exclusive 

detection of valacyclovir, as well as for the simultaneous detection of acetaminophen and 

valacyclovir. The aim of the present work was to design a graphene sheet modified GCE via a 

facile electrochemical method for the electrochemical quantification of both emerging drugs 

toward practical applications in pharmacology and in biological fluids.  
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5.2. Experimental  

5.2.1. Apparatus 

For all electrochemical analysis, a three-electrode system electrochemical cell comprised 

of  platinum wire as counter electrode, 3M KCl saturated Ag/AgCl as reference electrode, and a 

3 mm glassy carbon electrode (GCE) as working electrode were utilized through CHI 660 

electrochemical workstation (CH Instruments Inc., USA). Electrochemical techniques including 

e.g. cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were employed for the 

electroanalysis of the drug compounds. The as-prepared rGO/GCE surface during sensor 

fabrication was characterized through the field-emission scanning electron microscope (FE-

SEM) (Hitachi SU-70) equipped with an energy dispersive X-ray (EDX) spectrometer (Oxford 

AZtec operated at 20 kV). Raman spectra were recorded with a confocal micro-Raman 

spectrometer system built in-house..  In brief, the system consists of a Nikon eclipse E400 

upright microscope coupled to a Chromex 250is spectrograph with intermediate coupling lenses 

and Rayleigh reject filters. The detector was a Santa Barbara Instruments (SBIG) low noise ST-

10 cooled CCD camera cooled to -10◦C. An Ar+ ion laser with 514.5 nm line was used for 

excitation and focused to ~2 m diameter spot at a power of 5 mW. Catalina Scientific 

Kestrelspec software was used to control the spectrometer and collect the spectra.          

 5.2.2. Chemicals and reagents 

All the chemicals including valacyclovir, acetaminophen (AP), and 2 mg/mL graphene oxide 

(GO) dispersed in water and human serum (from human male AB plasma) were purchased 

through Sigma-Aldrich. Generic tablets valacyclovir (500 mg) and acetaminophen (325 mg) 

were purchased from local pharmacy in Thunder Bay. All chemicals were used as received 

without further purification. Pure water was supplied through Nanopure® water purification 
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system for all solutions preparation. All working solutions were freshly prepared to overcome 

possible drug hydrolysis problem. 

5.2.3. Sensor fabrication   

For the sensor fabrication, GCE was polished using alumina slurry (0.05 μm ) followed 

by sonication in pure water. 0.3 mg/mL of GO suspension was prepared in 0.1 M (pH 9.0) 

phosphate buffer solution (PBS) followed by 30 min of sonication.  The prepared GO suspension 

was de-aerated with Ar gas to completely remove oxygen from the solution. Cyclic voltammetric 

reduction was performed in the GO suspension (0.3 mg/mL)  with applied potential between 0.5 

and -1.5 V, using a three-electrode system, with a bare GCE serving as the working electrode.31 

Five reduction cycles were employed in this study to deposit electrochemically reduced graphene 

oxide (rGO) onto the GCE surface. The sensor was ready to use for electrochemical 

measurements after rinsing with pure water followed by air dry.  

5.2.4. Determination of pharmaceutical tablets in biological fluids (human plasma) 

The fabricated sensor was utilized for the detection of generic tablets (acetaminophen and 

valacyclovir) spiked in human serum. For the working solution, both tablets (acetaminophen and 

valacyclovir) were crushed and spiked in human serum to obtain a final concentration of 0.01 M 

as a stock solution. The spiked plasma was then treated with acetonitrile for protein precipitation 

and sonicated for 6 min. This spiked human serum solution was then centrifuged at 12200g for 

15 min in order to remove any residual proteins.32,33 The supernatant was employed as a sample 

for the determination of acetaminophen and valacyclovir concentrations through DPV. 

5.3. Result and Discussion 

5.3.1. Characterization of electrochemically reduced graphene oxide (rGO) on the GCE  
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Figure 5.1A presents the FE-SEM image of the rGO/GCE surface prepared with 0.3 mg 

mL-1 GO dispersed in 0.1M PBS (pH 9) by continuous five-cycle electrodeposition scanned in 

the potential range  between 0.5 and -1.5 V.  Energy dispersive X-ray spectroscopy (EDS) was 

employed to study the degree of oxygen removal from GO, subsequent to electrochemical 

reduction. As shown in Figure 5.1B, a dramatic change in the carbon : oxygen (C:O) ratio was 

found in exfoliated GO and rGO. Through EDS, it was observed that a C:O ratio of 1:3 existed in 

exfoliated GO on the GCE surface, whereas a 6:1 ratio of total C:O was revealed in the rGO on 

the GCE surface, which indicated the successful removal of a large quantity of oxygen from the 

graphene oxide during electrochemical reduction. Aside from the primary carbon and oxygen 

peaks, additional small peaks were also observed. The prominent Na and P peaks found in the 

EDS measurement might have been obtained through PBS during sample preparation.  

    Raman spectroscopy was employed to further distinguish between exfoliated GO and 

rGO. The G band is typically assigned to the E2g phonon of C sp2 atoms, while the D band is a 

breathing mode of _κ-point phonons of A1g symmetry.34 Figure 5.1C depicts the Raman spectra 

of rGO (a), and exfoliated GO (b) on a glassy carbon electrode. In the figure, exfoliated GO and 

rGO both had D bands at 1350 cm-1; however, the intensity of the D band was significantly 

increased to electrochemical reduced graphene oxide (rGO), indicating the decreased size of the 

sp2 domains, which was possibly due to extensive oxidation. This may be owing to defects that 

were introduced into the rGO during preparation.35,36  

5.3.2. Electrocatalytic activity of rGO/GCE  

To investigate the electrocatalytic properties of rGO/GCE, the CV responses of a 50 µM 

acetaminophen, valacyclovir, and acetaminophen-valacyclovir mixture were studied. CVs of the  
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Figure 5. 1. (A) SEM image of GCE following modification with electrochemically reduced 
graphene oxide (rGO). (B) EDX spectrum of rGO and GO film on the electrode surface. 
(C) Raman spectra of rGO and GO film on the electrode surface. 
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rGO/GCEs recorded in a 0.1 M PBS (pH 7.2) at a scan rate of 20 mV/s in the absence (blue), and 

in the presence of acetaminophen (red) are shown in Figure 5.2A. CVs of bare GCE captured in 

a 0.1M PBS (blue) followed by addition of 50 µM acetaminophen (red) are presented in the inset 

Fig.2A.  As seen in Figure 5.2A, the rGO/GCE produced a pair of typical redox peaks, with an 

Epa at 391 mV and Epc at 309 mV, revealing a reversible electrochemical process as shown in 

the following two-electron reaction:  

 

Electrochemical oxidation behaviour of valacyclovir at rGO/GCE was studied and 

presented in Figure 5.2B. After addition of  50 µM valacyclovir in a 0.1 M PBS (pH 7.2) at a 

scan rate of 20 mV/s, a distinct oxidation peak (red) was observed at ~0.98 V. However, no 

reduction peak was seen during the cathodic scan from 1.2 to 0.0 V. An irreversible 

electrochemical behavior was obtained for valacyclovir oxidation at the electrode surface. The 

CVs of a bare GCE recorded under identical experimental conditions are shown as an inset in the 

same figure. The broad oxidation peak obtained from the bare GCE at a higher potential (1.1 V) 

and with a lower current response demonstrated the higher electroanalytical properties of the 

rGO/GCE. The electrochemical oxidation of valacyclovir involved a two-electron/two-proton 

transfer process through the formation of an intermediate (8-oxovalacyclovir), as depicted below: 
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Figure 5. 2. CVs recorded at rGO/GCE (5 cycle electrodeposition) for absence (blue line) and 
the presence (redline) in 0.1 M PBS (pH 7.2), scan rate 20 mVs-1; Inset:  CVs response at bare 
GCE for absence (blue line) and the presence (redline) in 0.1 M PBS (pH 7.2) (A) 50 µM  
acetaminophen  (B) 50 µM  valacyclovir and (C) 50 µM  mixture of acetaminophen and 
valacyclovir. 
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which is analogous to the initial oxidation product of guanine.37,38 The electrocatalytic behaviour 

of rGO/GCE for concurrent detection was also studied through CV in a 50 µM acetaminophen 

and valacyclovir mixture in 0.1 M PBS (pH 7.2) at a scan rate of 20 mV/s. As shown in Figure 

5.2C, two distinct peaks were observed; the first oxidation peak appeared at the potential of 0.43 

V, which was associated with the oxidation of acetaminophen, whereas the valacyclovir 

oxidation peak occurred at ~1.05V. The small positive peak potential shift was observed for both 

acetaminophen and valacyclovir during simultaneous detection. No distinct oxidation peaks were 

observed for acetaminophen and valacyclovir with the bare GCE. Rather, a single broad peak at 

0.7 V, with a small anodic current was observed (Figure 5.2C - inset).  These results indicated  

that the rGO/GCE significantly enhanced the electrochemical oxidation of acetaminophen and 

valacyclovir separately, as well as for a mixture thereof, with well-defined anodic peaks. The 

excellent conductivity, high surface area, and oxygen-related defects of the rGO film made it a 

sensitive promoter of electrochemical sensing processes, in comparison to a bare untreated GCE 

.39-41  

     The Figure 5.3A depicts an effect of the different scan rate on the electrochemical 

oxidation of a 50 µM acetaminophen and valacyclovir mixture at the rGO/GCE. The oxidation 

peak currents of acetaminophen and valacyclovir were elevated with increasing scan rates, where 

the anodic peaks gradually shifted toward a more positive potential. Plots (Figure 5.3B) of the 

anodic peak currents versus the square root of the scan rate varied from 10 to 100 mVs-1 showed 

a linear relationship (R2 =0.995) for the acetaminophen peak (a) and a linear relationship of R2 

=0.995 for the valacyclovir peak (b), indicating the diffusion-controlled electrode processes. 
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Figure 5. 3. (A) CVs of the rGO/GCE recorded in 0.1 M PBS (pH 7.2) containing a mixture of 
50 µM acetaminophen and valacyclovir, each at different scan rates, varied from 10 to 100 mVs-1 
; (B) ) a. Plots of the anodic peak currents versus the square root of the scan rates obtained 
through the acetaminophen peak b. Plots of the anodic peak currents versus the square root of the 
scan rates obtained through the valacyclovir peak. 

 

5.3.3. Optimization of graphene deposition  

To achieve highly sensitive, stable, and effective electrocatalytic activity, the 
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concentrations and deposition cycles.  To determine the optimum deposition cycle, four different 

rGO/GCEs were prepared in a 0.3 mg mL-1 graphene oxide colloidal solution in 0.1M PBS (pH 

7.2) at a scan rate  

 

 

 

 

 

 

 

Figure 5. 4. Plot of anodic peak current of 20 µM valacyclovir in 0.1 M PBS (pH 7.2) recorded 
at rGO/GCE (0.3 mg mL-1) along with different deposition cycles (3, 5, 10 and 15). 

 

of 20 mVs-1 with four different electrodeposition cycles (3, 5, 10, and 15), as shown in Figure 

5.4. The electrocatalytic performance of the as prepared electrodes was compared in a 0.1M PBS 

+ 20 µM valacylovir suspension. The plot of the anodic peak currents (Figure 5.4), obtained 

through four different electrodes, clearly indicated that the electrode prepared through the five-

cycle electrodeposition imparted higher current responses than the other electrodes. The anodic 

peak current increased remarkably with additional deposition cycles (from 3 to 5).  It was 

expected that as the total volume of the deposited graphene on GCE surface was increased, it 

would lead to enhanced electrochemical responses.42 With a further increase of the deposition 
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cycles, from 5 to 15, the oxidation peak current of valacyclovir was found to gradually decrease. 

This may have been due to excessive deposition, and hence, thickness of the graphene film on 

the GCE surface, which may have constrained electron transfer in the oxidation of valacyclovir.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5. (A) CV responses of 100 µM valacyclovir at rGO/GCE (5 cycles of 
electrodeposition) prepared with different concentrations of graphene oxide (0.1, 0.3, 0.5 and 1 
mg mL-1) in 0.1 M PBS (pH7.2), scan rate 20 mVs-1 (B) Anodic peak current responses and peak 
potentials  derived through Fig. 5.5A.  
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For a further investigation toward the quantification of the optimal graphene oxide (GO) 

concentration, four different rGO/GCEs were prepared at four different concentrations (0.1, 0.3, 

0.5, and 1 mg mL-1) of the graphene oxide colloidal solution in 0.1M PBS (pH 7.2) using CV at a 

constant 5 cycle electrodeposition. The electrocatalytic performance was studied through CV in a 

0.1M PBS mixture with 100 µM valacyclovir (Figure 5.5A). The rGO/GCE prepared using 0.3 

mg mL-1 GO exhibited a higher anodic current response for valacyclovir oxidation over 0.1, 0.5, 

and 1 mg mL-1 GO. An increased anodic peak current was observed with the increasing 

concentration of the GO suspension, from 0.1 to 0.3 mg mL-1(Figure 5.5B). However, further 

increasing the concentration of GO, from 0.5 to 1 mg mL-1, led to a large diminution of the peak 

current. This might have been due to the excessive aggregation of graphene material on the GCE 

surface, which ultimately blocked electron transfer for oxidation. 

5.3.4 Electrochemical detection of valacyclovir  

Analytical measurements of valacyclovir at the rGO/GCE were carried out through DPV 

in the potential range of from 0.0 V to 1.2 V. Figure 5.6A shows the current response of the 

rGO/GCE to the successive addition of valacyclovir in the range of from 10 nM to 45.1 µM. 

Through the successive addition of valacyclovir concentrations in 0.1M PBS, pH 7.2, two linear 

regression lines were obtained corresponding to concentration ranges. One line from 10 nM to 

1.35 µM (R2 = 0.987) with sensitivity of 8.77 AM-1cm-2, and another from 5.1 µM to 45.1 µM 

(R2 = 0.992) with a sensitivity of 0.489 AM-1cm-2 (Figure 5.6B) were obtained. The two 

concentration range calibration plots acquired in this study were comparable to other studies that 

involved the measurement of NADH, ascorbic acid, dopamine, and uric acid.43-45 This might be 

explained through the mechanism behind the inner-sphere electrode reaction.46 The oxidation  
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Figure 5. 6. (A) DPV responses of the rGO/GCE to the successive addition of 10 nM, 250 nM 
and 5.1 µM valacyclovir in 0.1 M PBS (pH 7.2). (B) Calibration plot of current response against 
valacyclovir concentration.  

 

of valacyclovir is an irreversible reaction; hence, following the addition of high concentrations of 

valacyclovir, there may be an accumulation of intermediate and oxidized molecules at the 
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modified electrode surface. The strong interaction of the reactant, intermediates, and products on 

the electrode surface may impact the electron transfer rate. The limit of detection (LOD) for 

valacyclovir concentrations was estimated at a signal-to-noise ratio of 3, to be 1.34 nM. The 

LOD obtained in this study was an improvement over previous work, as presented in Table 1. 

The detection range obtained in this study might be utilized for the bioavailability evaluation of 

orally administered valacyclovir. The average ± SD peak level in serum 2 h after the 

administration of a 1000 mg valacyclovir dose was 23.5 ± 5.7 µM (range, 18.1 to 36.0 µM).47 

This range was fully addressed in the present study (analytical range from 10 nM to 45.1 µM). 

5.3.5 Simultaneous detection of acetaminophen and valacyclovir  

Due to the increasing pharmaceutical production of generic acetaminophen and 

valacyclovir tablets, a robust sensor that is simple to operate is required for quality control and 

bioavailability testing. The detection range obtained through this work might be employed for 

the simultaneous bioavailability evaluation of both acetaminophen and valacyclovir. The average 

plasma concentration of acetaminophen (500 mg) and valacyclovir (1000 mg) through oral 

administration after 2 h was 15.6 µM and 18.1 µM, respectively.48,47 Figure 5.7A shows the DPV 

recorded at the rGO/GCE under various concentrations of acetaminophen and valacyclovir in 

mixtures. Two well-defined oxidation peaks corresponding to acetaminophen and valacyclovir 

were observed at 0.381 V and 0.953 V, respectively. Two linear regression equations were 

achieved for both acetaminophen and valacyclovir following the successive addition of different 

concentrations (Figure 5.7B). For acetaminophen (AP), two linear regression equations were  
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Figure 5. 7. (A) DPV responses of rGO/GCE to the successive addition of 50 nM, 1µM, and 5 
µM acetaminophen (AP) and valacyclovir (Val mixtures in 0.1 M PBS (pH 7.2). (B) Calibration 
plot obtained through the simultaneous detection of (a) valacyclovir and (b) acetaminophen 
concentrations. 
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obtained, as jAP (µA cm-2) = 0.419 + 1.82[AP] ([AP]: 50 nM to 5 µM, R2 = 0.987), and jAP (µA 

cm-2) = 7.55 + 0.298[AP] ([AP]: 10 µM to 45 µM, R2 = 0.993). Similarly, two linear regression 

equations were obtained for valacyclovir (Val): jVal (µA cm-2) = 1.93 + 2.67[Val] ([Val]: 50 nM 

to 5 µM, R2 = 0.982), and jVal (µA cm-2) = 13.6 + 0.421[Val] ([Val]: 10 µM to 45 µM, R2 = 

0.995). The two regression lines obtained in this study for simultaneous detection were 

comparable with previous studies for the simultaneous detection of ascorbic acid (AA), 

dopamine (DA), and uric acid (UA).43 The LOD of acetaminophen and valacyclovir were found 

to be 4.65 nM and 3.1 nM, respectively. The LOD obtained for acetaminophen and valacyclovir 

through simultaneous measurement was comparable, and even improved, over previous studies, 

as presented in Table 5.1.4,49-55 It is worthy to mention that there was no demonstration of the 

simultaneous detection and determination of acetaminophen and valacyclovir mixtures using any 

analytical method in the literature. 

5.3.6. Interference studies 

The selective performance of newly designed rGO/GCE sensor was studied through the 

simultaneous measurements of acetaminophen and valacyclovir in presence of representative 

potential interfering biomolecules, such as ascorbic acid, dopamine, uric acid and glutathione  in 

0.1 M PBS (pH 7.2). Figure 5.8A shows the DPV responses to 25 µM acetaminophen and 

valacyclovir (a), following the addition of 25 µM ascorbic acid (b), dopamine (c), uric acid (d), 

glutathione (e), and their mixture (f). Two defined anodic peaks were obtained in the presence of 

acetaminophen and valacyclovir, as seen in Figure 5.8A. The oxidation peak potentials for 

acetaminophen and valacyclovir were comparable with the previous publications].52,53 

Subsequent to the addition of the interferents (curve b–e), no obvious changes of the peak  
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Table 5. 1. Comparison of different methods for the detection of valacyclovir and 
acetaminophen. 
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Figure 5. 8. (A) DPVs of the rGO/GCE recorded in 0.1 M PBS (pH 7.2) + 25 µM mixture of  
acetaminophen and valacyclovir without interferents (a) and in the presence of 25 µM ascorbic 
acid (b), 25 µM dopamine (c), 25 µM uric acid (d), and 25 µM glutathione (e) and mixture (f). 
(B) Relative anodic peak current response derived from Fig. 5A for both acetaminophen and 
valacyclovir.  
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potential and peak current for acetaminophen and valacyclovir were observed. As shown in Fig. 

5A, no oxidation peak (curve b) for ascorbic acid and glutathione ( curve e) was observed in the 

selected potential range, which is consistent with the study by Liu et al.,53 where authors 

demonstrated an ascorbic acid oxidation peak at -0.3 V.  Compared with the individual results (c-

f) in Fig. 5A, distinct peaks at 0.170 V, 0.267V, 0.356V, and 0.91V were observed for dopamine, 

uric acid, acetaminophen and valacyclovir, respectively. The neighboring peak to peak 

separation between these analytes was 97, 89, and 554 mV, respectively. These large peak to 

peak separations were sufficient for the selective measurements of acetaminophen and 

valacyclovir in the presence of these co-existing molecules. Figure 5.8B, presents the relative 

anodic peak current responses to acetaminophen and valacyclovir in the absence and presence of 

interferents calculated from Figure 5.8A.  The average peak current difference of ̴2.5% was 

noticed for acetaminophen oxidation where as nearly 3.0% of the peak current variation was 

observed for the oxidation of valacyclovir, which confirmed that the fabricated sensor was highly 

selective in presence of potential interfering molecules. 

5.3.7. Reproducibility and stability of the rGO/GCE sensor 

The fabricated rGO/GCEs were tested for reproducibility and stability through DPV. 

Four parallel rGO/GCEs fabricated under identical experimental conditions were analysed for  

electrocatalytic activity of valacyclovir in 0.1M PBS (pH 7.2) (Figure 5.9A). A very low relative 

standard deviation (RSD) of 1.08% (n=4) was observed among the peak currents obtained 

through four electrodes. This observation confirmed that the preparation of the rGO/GCE had 

excellent reproducibility. To verify the stability of the as prepared rGO/GCE sensor, DPV 

measurements were recorded in 0.1 M PBS (pH 7.2) + 5 µM valacyclovir (Figure 5.9B). The  
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Figure 5. 9. (A) Current response of rGO/GCE for the detection of 5 µM valacyclovir with four 
identically prepared GCEs. (B) Current response of the rGO/GCE to 5 µM valacyclovir over 20 
days versus the initial current response (I0)  
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electrochemical performance of rGO/GCE was observed once a day over 20 days.  At the end of 

20th day, approximately 5.26% current loss was observed when compared with the initial peak 

current, showing the highly stable performance of the as prepared rGO/GCE. 

5.3.8. Detection of acetaminophen and valacyclovir mixture in actual sample 

The performance of the optimized electrochemical sensor for real sample analysis was 

studied through the spiked concentration of generic acetaminophen and valacylovir tablets in 

human serum using DPV. The recovery obtained for acetaminophen and valacyclovir in mixture 

is presented in Table 5.2., the rGO/GCE exhibited an excellent recovery for acetaminophen, 

ranging from 95% to 106 % with RSD 1.75% to 5.5%, and 94.3% to 99.3 % with RSD 0.99% to 

5.3% for valacyclovir. The recovery rates and the RSDs for the two samples were found to be 

highly acceptable.  

Table 5.2. Actual sample analysis in human plasma: simultaneous detection of acetaminophen 
(325 mg) and valacyclovir (500 mg) generic tablets. 

 Added     
(µM) 

Found (µM)               Recovery (%)       RSD (%) 

Acetaminophen    Valacyclovir 
 

Acetaminophen Valacyclovir Acetaminophen Valacyclovir 

5     5.3    4.96         106      99.33                          2.17        5.3 

10    10.1    9.43         101     94.33                      5.5        0.99 
15   14.25    14.55          95      97                          1.75        2.75 

 

5.4. Conclusions 

We have successfully developed a highly sensitive, stable and reproducible 

electrochemical sensor based on reduced graphene oxide for the exclusive detection of 

valacyclovir, as well as for the simultaneous detection of acetaminophen and valacyclovir in 
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mixtures. The optimized rGO/GCE sensor exhibited very high electrocatalytic activity for the 

simultaneous oxidation of acetaminophen and valacyclovir. The proposed rGO/GCE sensor 

displayed an extremely low detection limit with excellent selectivity for valacyclovir in isolation, 

as well as acetaminophen and valacyclovir mixtures, in contrast to other electrochemical sensors 

reported in the literature. The sensor proposed in this study has a great potential to be used in 

pharmaceutical quality control, clinical drug monitoring, and bioavailability testing for 

therapeutic purposes.  
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Chapter 6: A High-performance Enzyme Entrapment Platform 

Facilitated by a Cationic Polymer for the Efficient Electrochemical 

Sensing of Ethanol* 

6.1. Introduction 

Cationic polymers such as poly(amidoamine) (PAMAM), protamine sulfate, poly(L-

lysine) (PLL), chitosan derivates, poly(ethylenimine) (PEI), and MADQUAT have been 

explored as non-viral carriers for gene delivery.1 These cationic polymers have strong 

electrostatic interaction with different negatively charged molecules, particularly in blood 

components like red blood cells (RBCs) or plasma proteins.2 There is a great interest in 

developing high-performance electrochemical biosensors for medical and environmental 

applications. Entrapment is one of facile methods for enzyme immobilization; however, enzyme 

leakage and sluggish substrate-enzyme active site mass transfer are the two major issues with the 

existing entrapment based electrochemical biosensors.3,4 Although MADQUAT is a cationic 

polymer and has strong electrostatic affinity with various negatively charged biomolecules, to 

the best of our knowledge, there is no report on its utilization in entrapment of enzyme for 

biosensor fabrication. 

Blood alcohol determination plays an important role in forensic and laboratory medicine; drunk 

driving is a serious problem in the modern world, which results in many fatal accidents each 

year. In addition, it is necessary in clinical laboratories for the detection of acute alcoholism and 

syndromes that are related to alcohol abuse. Presently, many methods have been employed for  

*This chapter has been published in Analyst, 2017, 142, 2595-2602  
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the quantification of alcohol levels, including spectrometric, chromatographic and colorimetric 

analysis. However, these methods are time consuming and complex to perform due to laborious  

sample pre-treatment and expensive analytical instrumentation. Thus, there is an increasing 

requirement for rapid, accurate, and inexpensive methods for the determination of alcohol.5 

Electrochemical biosensors are attractive alternatives for biomolecules monitoring as they may 

provide specific, rapid, and repetitive assays through the use of low-cost miniaturized 

transducers.6,7 

Ethanol biosensors are typically based on NAD-dependent alcohol dehydrogenase.8-11 

NAD-dependent oxidoreductases exist in virtually all organisms and catalyze the reversible 

oxidation of primary and secondary alcohols into aldehydes and ketones, respectively. Medium-

chain alcohol dehydrogenases (ADHs, EC 1.1.1.1) contain 327−376 amino acid residues per 

chain and are generally zinc-dependent.9 Yeast alcohol dehydrogenase (ADH1) is a tetramer of 

four identical subunits that contain 347 amino acid residues each, with an estimated mass of 

147396 Da.12,13 Electrochemical enzyme-based biosensors combine the high specificity of 

enzymes with the sensitivity of electrochemical transducers. Enzyme electrodes are 

electrochemical probes that incorporate a thin layer of immobilized enzymes on the surface of 

the working electrode.14 Alcohol dehydrogenase (ADH) based biosensors have been extensively 

employed for the determination of ethanol for many years due to their cost effectiveness, 

rapidity, reliability, and specificity. In these types of biosensors, ADH catalyzes the oxidation of 

ethanol to acetaldehyde in the presence of NAD+. The generated NADH in the reaction can be 

detected amperometrically following the application of a suitable potential to the electrode.15-18 

Nanocomposites/hybrids can often combine the advantages of their constituent 

components to exhibit enhanced properties.19-21 SWCNTs, which consist of single graphene 
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sheets that are seamlessly wrapped into cylindrical tubes with diameters of between 0.4 and 2.5 

nm, offer excellent physical and chemical properties that enable a wide range of biomedical 

applications.22,23 Graphene nanosheets are one-atom thick planar sheets of sp2-bonded carbon 

atoms that are attracting tremendous attention in terms of fundamental research and potential 

applications.24-26 The high surface to volume ratio of nanomaterials along with layered structure 

contributed to the highly sensitive chemical/biospecies interaction; atomically thick graphene 

sheets provide extremely high surface areas and abundant surface-resident atoms for electron 

transport, which make them highly sensitive to detect target molecules.27-29 CNTs and GO share 

many similar properties, while being structurally dissimilar, rGO/CNT non-covalent composites 

provides significantly higher heterogeneous electron transfer (HET) rate with great potential to 

be utilized in high-performance biosensor fabrication.30 

In the present study, we have proposed a new enzyme entrapment platform based on the 

SWCNT–rGO nanohybrid with the assistance of the MADQUAT polymer. The entrapped ADH 

was assessed for any conformational changes through secondary structure analysis, revealing no 

structural changes. A significant synergistic enhancement of the SWCNT-rGO nanohybrid was 

confirmed, and the ADH entrapped by MADQUAT showed high sensitivity, selectivity and 

stability for the detection of ethanol. 

6.2. Experimental Section 

6.2.1. Chemicals and reagents 

Graphite powder, SWCNTs (Ø0.7 nm), Poly(2-(dimethylamino)ethyl methacrylate 

(MADQUAT), ADH from Saccharomyces cerevisiae (EC 1.1.1.1), β-nicotinamide adenine 

dinucleotide hydrate (NAD+), human serum (from human male AB Plasma), ethanol (98%) and 

Trizma base were purchased from Sigma-Aldrich. All chemicals used were of analytical grade, 
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and all solutions and buffers were prepared with double deionized (DI) water (Nanopure® water 

purification systems).  

6.2.2. Apparatus 

All electrochemical experiments, including cyclic voltammetry (CV) and amperommetry 

were performed using a CHI 660 electrochemical workstation (CH Instruments Inc., USA) using 

a conventional three-electrode system that consisted of a platinum wire counter electrode, a 3.0 

M KCl saturated Ag/AgCl reference electrode, and a working electrode comprised of a modified 

Ø3 mm glassy carbon electrode (GCE). X-ray diffraction (XRD) was used to characterize the 

synthesized graphene oxide (GO). Fourier transform infrared spectroscopy (FTIR, Nicolet) 

equipped with a liquid N2-cooled MCT detector was employed for the study of the enzyme-

MADQUAT interaction. The estimation of the secondary structure composition was carried out 

by the curve fitting of the amide I bands using the peak fitting software (SeaSlove Software Inc., 

USA), where the deconvoluted parameters were set with a gamma value of 1.65 with a 

smoothing length of 55 and the second derivative spectra were calculated over a 13-data-point 

range (13 cm-1).31 A field-emission scanning electron microscope (FE-SEM) (Hitachi SU-70) 

was employed for the surface characterization of the SWCNT-rGO nanohybrid. All experiments 

were performed at room temperature and all of the potentials quoted are versus the Ag/AgCl 

reference electrode.   

  6.2.3. Fabrication of biosensor  

The graphite oxide was synthesized using the simplified Hummer’s method 32 and the 

GO suspension was prepared by ultrasonicating 5.0 mg of the graphite oxide powder in 1.0 ml 

DI water for 30 min. The SWCNT suspension was prepared by ultrasonicating 5.0 mg mL-1 of 

SWCNTs in dimethylformamide (DMF) for 30 min. Tris buffer solutions (0.1 M) for the 
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electrochemical studies was prepared using a Trizma base and adjusted the pH to 8.2 using 1 M 

HCl.  The carbon nanohybrids were formed on GCE by drop-casting and drying 1:1 v/v ratio of 

the GO and SWCNT suspension (2 µL each), and then reduced by running CV in the potential 

range of -0.6 to -1.5 V for five cycles at 20 mVs-1 in 0.1M tris buffer solution after purging with 

Argon gas for 10 min. The ADH was immobilized by incubating 2.0 µL ADH (5.0 mg mL-1) 

with 2.0 µL MADQUAT (50 mg ml-1) over the GCE surface that was modified with the 

SWCNT-rGO nanohybrid thin film. Incubation was performed in a 4oC refrigerator for 30 min, 

followed by rinsing with the tris buffer. 

6.3. Result and Discussion 

6.3.1. Characterization of SWCNT-rGO nanohybrid on the GCE surface  

The morphologies of the individual rGO and SWCNT films and the SWCNT–rGO 

nanohybrid were characterized via FE-SEM. Figure 6.1A displays the SEM image of the rGO 

formed on the GCE surface, revealing a rippled-like surface structure, which is a typical feature 

of pristine graphene. Figure 6.1B depicts a FE-SEM image of SWCNTs, showing the GCE 

surface was homogeneously covered by the carbon nanotubes. Figure 6.1C shows the nanohybrid 

film, in which rGO sheets were uniformly dispersed throughout the SWCNTs. The typical 

aggregation and distinctive formation between individual rGO layers were inhibited in the 

SWCNT–rGO nanohybrid film due to the presence of the SWCNTs, leading to the enhancement 

of the specific surface areas and porosity. Figure 6.1D presents the energy dispersive X-ray 

(EDX) spectra of the SWCNT-rGO nanohybrid (red), as well as isolated SWCNTs (blue), and 

rGO (green). Their oxygen: carbon ratio was decreased in the following order: rGO  > SWCNT-

rGO > SWCNTs,   Indicating the oxygen functional groups of the GO was partially removed 

during the electrochemical reduction treatment.33 
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Figure 6. 1. SEM images of (A) rGO, (B) SWCNTs and (C) SWCNT-rGO nanohybrids; (D) 
EDX spectra of rGO (green), SWCNTs (blue) and SWCNT-rGO nanobybrid (red).  

 

In order to investigate the electrochemical behaviors of the SWCNT-rGO nanohybrid 

thin film, CV (Figure 6.2) was performed with the [Fe(CN)6]
3-/4-couple as the redox probe. The 

CVs of the GC electrode (blue), as well as those modified with SWCNT-rGO nanohybrid (pink), 

SWCNTs (sky blue), and rGO (red), were recorded in 2.5 mM K3Fe(CN)6 + 0.1 M KCl. The 
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Figure 6. 2. CV responses of a bare GC electrode (blue), a GC electrode modified with rGO 
(red), SWCNTs (sky blue) and SWCNTs-rGO nanohybrid (pink) recorded in a 0.1 M KCl 
solution containing 2.5 mM K3Fe(CN)6 at the scan rate of 20 mVs-1.  

separation (∆Ep) between the anodic (Epa) and cathodic (Epc) peak among the nanohybrid, 

SWCNTs and rGO remained ~55 mV but with significantly increased current response at the 

SWCNT-rGO nanohybrid as compared to the GCE that was modified with SWCNTs or rGO 

nanosheets alone. In contrast, a low current response with a large peak separation was observed 

at the bare GCE. The significant increase of the current response and the decrease of the peak 

separation show that the SWCNT-rGO nanohybrid provide a desirable platform with high 

conductivity and a large surface area for enzyme immobilization   

6.3.2. Structural studies of the immobilized ADH 

The immobilization method is an important factor, which determines the electron 

transfer rates between electrodes and the enzymes.34 Among various immobilization 

techniques, the entrapment of enzymes within the polymer matrix yielded higher electron 
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transfer compared to physisorbed enzymes.35 The polymer backbone supporting the 

methacrylate in MADQUAT were attached with non-covalent polar π interactions.36 The 

nanohybrid structure provides a unique π-π hydrophobic interaction to communicate with 

polymer and enzyme. MADQUAT is a cationic polymer, composed of cationic functional 

groups. These cationic functional groups interact with negatively charged amino acid chains of 

ADH in tris buffer, whose pH was higher than the isoelectric point of ADH (pI 5.4-5.8). The 

strong electrostatic self-assembly of MADQUAT with ADH makes it possible to design an 

advanced platform for ethanol detection. The conformational changes of the enzymes upon 

immobilization were investigated, in comparison to their native structures in aqueous media. 

Figure 6.3A shows the FTIR spectra of the pure ADH enzyme in aqueous media (a) (pH 8.2, tris 

buffer 0.1M) and the immobilized ADH (b). The analysis of the amide I band in the range of 

1600–1700 cm-1 (due to the C=O stretching vibration) makes it possible to study the effect of 

immobilization on the secondary structure of the protein.37 The amide I band consisted of several 

overlapping components that were assigned to different secondary structural elements. These 

individual components were identified from the second-derivative spectra. The bands at 1610–

1640 cm-1 and 1685–1695 cm-1 were assigned to β-sheets, at 1640–1650 cm-1 to random coils, at 

1650–1660 cm-1 to α-helix, and at 1660–1685 cm-1 to β–turns.38 In order to estimate the  



128 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 3. (A) FTIR spectra of ADH: free (a), and after being entrapped on the SWCNT-rGO 
nanobybrid film by MADQUAT (b). Deconvoluted FTIR spectra in the amide I region together 
with the respective best-fitted individual band components of the free (B) and entrapped (C) 
ADH 
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secondary structural composition of the enzyme, a curve fitting of the deconvoluted amide I 

region was performed through the software aforementioned in experimental section for ADH in 

the aqueous solution (Figure 6.3B) and the immobilized ADH (Figure 6.3C). The secondary 

structural information following the deconvolution of the amide I region obtained from Figures 

6.3B and 6.3C are presented in supplementary Table 6.1. As shown in Table 6.1, the free ADH 

in the aqueous solution had a high β-sheet (29%) content, in comparison to ɑ-helix (22%), 

followed by 25% randomly coiled structures, and 11% β-turns. The components derived from α-

helix structures were an excellent indicator of the desirable folding of the enzyme; the loss of this 

secondary structure typically leads to enzyme inactivation. As seen in Table 6.1, α-helix content 

present in the aqueous ADH (22%) and the immobilized ADH (21%) was almost identical, 

revealing the desirable folding of the enzyme after being entrapped on the SWCNT-rGO 

nanohybrid film with the assistance of the new polymer MADQUAT. Only a minor decrease of 

β-sheet from 25% to 23% and a small increase of β-turn content from 11% to 14% were 

observed following the immobilization.  The slight variances in secondary structural changes 

observed were likely related to transesterification activity expressed by the enzyme subsequent to 

its immobilization.39 To verify the positive association between both secondary structural panels, 

we further calculated the  
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Table 6.1. Secondary structure composition of alcohol dehydrogenase (ADH) as calculated by 
fitting the amide I region for the pure ADH in the aqueous solution (Figure 6.3B) and the 
immobilized ADH (Figure 6.3C). 

Band assignment Band position Area % 

ADH (cm-1) ADH+ Poly-methyl 
chloride (cm-1) 

ADH ADH+ Poly-methyl 
chloride 

Amino acid 
absorption 

1604,1614 1608,1614 13 10 

ß-sheet 1633, 1689 1635 29 23 

Random coils 1645 1646 25 23 

ɑ-helix 1658 1658 22 21 

ß-turns 1677 1675, 1686 11 14 

 

correlation coefficient (r) value; and the high r value (0.92) indicated that the structure of the 

immobilized enzyme was not significantly altered. 

6.3.3. Electrocatalytic behaviour of ADH onto SWCNT-rGO nanohybrid for ethanol 

detection 

Figure 6.4 presents the CVs of the GCE modified with MADQUAT entrapped ADH onto rGO 

(A), SWCNTs (B), SWCNT-rGO nanohybrid  (C) recorded in 10 mM NAD++ 0.1 M trish buffer 

in the presence of 50 mM ethanol (red solid line) and in the absence of ethanol (blue dashed line) 

at a scan rate of 20 mVs-1. The ADH immobilized on the SWCNT-rGO nanohybrid showed a 

distinct and much stronger NADH oxidation peak at ~0.41V in the presence of ethanol (Figure 

6.4C), in comparison to the ADH entrapped on SWCNTs (Figure 6.4B), whereas almost no 

oxidation peak was observed for the ADH entrapped on the rGO (Figure 6.4A).  The 

performance of physisorbed ADH on the SWCNT-rGO nanohybrid (green dashed line) has also 

been compared with the MADQUAT entrapped ADH on the SWCNT-rGO nanohybrid (red solid 

line) in Figure 6.4C, revealing that the MADQUAT entrapped ADH on the SWCNT-rGO 
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nanohybrid exhibited a significant improvement in performance over the physisorbed ADH. 

Figure 6.4D displays the direct NADH oxidation on the MADQUAT-SWCNT-rGO nanohybrid 

thin film without the enzyme in presence of 10.0 mM NADH in 0.1M tris buffer (pH 8.2), 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 4.  CV responses at scan rate of 20 mVs-1 of the GC electrodes modified with (A) 
ADH-rGO, (B) ADH-SWCNT and (C) ADH-SWCNT-rGO nanohybrid (entrapped ADH-red 
solid line); physisorbed ADH (green dashed line) in a 0.1M tris buffer containing 50 mM ethanol 
+ 10 mM  NAD+ and only 10 mM NAD+(blue dashed line). (D) CV responses of the SWCNT-
rGO without ADH in a 0.1M tris buffer in the absence of NADH (blue dashed line) and in the 
presence of 10 mM NADH (red solid line). 
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further confirming that the large well-defined peak appeared in Fig. 3C was due to the oxidation 

of NADH generated by the immobilized ADH during the ethanol oxidation. The mechanisms of 

ethanol oxidation catalyzed by ADH, which contains four different subunits that are arranged as 

two dimers albeit structurally similar (Scheme 1). Each subunit within the dimers encompasses a 

coenzyme (NAD+) binding domain, which is typical of the Rossmann fold (six-stranded parallel 

β-pleated sheets with two helices on both sides of the sheets) to which the coenzyme is bound at 

the terminal ends of the carboxyl. Each subunit also possesses a catalytic domain that contains 

zinc to which alcohol binds, and the substrates bind within the clefts  

Scheme 6. 1. (A) Tetramer structure of ADH; and (B) Active sites of the ADH enzyme. 

between the domains.40 Ethanol oxidation proceeds through the deprotonation of nicotinamide 

ribose by His-51, Ser-48 by nicotinamide ribose, and alcohol by Ser-48, in sequential order.41 

2+nnCys Cys
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The hydride transferring from the alkoxide ion to NAD+ leads to the formation of NADH and 

aldehyde or ketone being bound to NAD+ leads to the formation of NADH and aldehyde or 

ketone being bound to the zinc active site. ADH typically catalyzes ethanol oxidation via the 

following bi-bi mechanism:42 

E +A+B EA +B EAB EPQ EQ + P E + P + Q 

where E is the enzyme; A represents β-NAD+; B denotes the alcohol; whereas P and Q are the 

products of acetaldehyde and NADH. In our case, the overall reactions at the 

electrode/electrolyte interface may be described as follows: 

 

CH3CH2OH + NAD+                             CH3CHO + NADH + H+ 

NADH   NAD+ + H+ + 2e- 

The ADH immobilized on the SWCNT-rGO nanohybrid film effectively catalyzed the oxidation 

of ethanol to acetaldehyde and the conversion of NAD+ to NADH. The NAD+ was regenerated 

via the electrochemical oxidation of the formed NADH, where a two-electron transfer was 

involved. 

     To understand the effect of the amount of MADQUAT used for the entrapment of 

ADH on the SWCNT-rGO nanohybrid, five different concentrations (5.0, 20.0, 30.0, 50.0, and 

60.0 mg mL-1) of MADQUAT were used, while the ADH concentration was kept constant (5.0 

mg mL-1). Figure 6.5A presents the amperometric responses of the modified electrodes measured 

in a 20 µM ethanol + 10 mM NAD+ solution. The peak current was increased with the increase 

of the concentration of MADQUAT from 5.0 to 50.0 mg mL-1, which may be attributed to the 

increase of the electrostatic force of the polymeric cations and the enzymatic anions, thus 

lowering the zeta potential between ADH and MADQUAT. However, the current response was 

ADH 
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slightly decreased when the MADQUAT concentration was increased from 50.0 to 60.0 mg mL-

1,  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 5. (A) Effect of the concentration of MADQUAT used for entrapping ADH on the 
SWCNT-rGO/GCE on the peak current measured in a 0.1M tris buffer containing 20 µM ethanol 
and 10 mM NAD+. (B) Effect of pH (7.2, 8.2, 8.8, 9.5 and 10) on ADH-SWCNT-rGO/GCE in a 
0.1M tris buffer containing 20 µM ethanol and 10 mM NAD+; Eapp 0.5 V. 

 

which might result in imbalance of the cationic/anionic ratio between polymer and enzyme, thus 
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MADQUAT was chosen as the optimum concentration for the entrapment of the enzyme ADH. 

The effect of pH on the biosensor was investigated in 20 μM ethanol + 10 mM NAD+ solution. 

As shown in Figure 6.5B, the response was increased with the increase of the pH from 7.2 to 8.2; 

but it was decreased with the further increase of the pH from 8.8 to 10.0., indicating that 8.2 was 

the optimized pH.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 6.  (A) CVs of the ADH-SWCNTs-rGO/GCE recorded in 0.1 M tris buffer (pH 8.2) 
containing 50 mM ethanol and 10 mM NAD+ at different scan rates of 20, 40, 50, 60 and 70 
mVs-1. (B) Plot of anodic peak currents versus the scan rates obtained from Fig. 6.6A. 
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The effect of the scan rate on the electrochemical behavior of the MADQUAT entrapped 

ADH on the SWCNT-rGO nanohybrid was investigated in a 0.1 M tris buffer (pH 8.2) 

containing 50mM ethanol and 10mM NAD+.As shown in Figure 6.6A, the peak current due to 

the anodic oxidation of NADH was in elevated with the increase of the scan rate from 20 to 70 

mVs-1, whereas the peak potential gradually shifted toward more positive. The plot of anodic 

peak current versus the scan rate (Figure 6.6B) exhibited a linear relationship (R2 = 0.997), 

showing that the electrochemical oxidation was a surface-controlled process.  

6.3.4. Performance of the ethanol biosensor 

The analytical performance of the prepared ethanol biosensor was assessed using CV and 

amperometry. Figure 6.7A displays the CV responses to the successive addition of ethanol (1mM 

to 30 mM) into a 0.1M tris buffer (pH 8.2) containing 10 mM NAD+. The analytical performance 

of the prepared ethanol biosensor was assessed using CV and amperometry. Figure 6.7Adisplays 

the CV responses to the successive addition of ethanol (1mM to 30 mM) into a 0.1M tris buffer 

(pH 8.2) containing 10 mM NAD+. For clarification, the oxidation peak range of the CV was 

enlarged and is presented as an inset of Figure 6.7A, showing that the current was increased with 

the increase of the ethanol concentration. A linear increment of the current response with R2= 

0.986 was attained with the sensitivity of 0.26 µA mM-1as seen in Figure 6.7B. The limit of 

detection (LOD) was estimated to be 110 µM based on a signal-to-noise ratio of 3/b, where  is 

standard deviation of blank and b is slope value obtained through calibration curve. The wide  
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Figure 6. 7. (A) CV responses at 20 mVs-1 scan rate of the ADH-SWCNT-rGO/GCE in 0.1M 
tris buffer (pH 8.2) containing different concentrations of ethanol (1 – 30 mM) + 10 mM NAD+. 
(B) Calibration plot of the current responses derived from Figure 6.7A. (C) Amperometric 
responses of the optimized ADH-SWCNT-rGO/GCE to the successive addition of ethanol varied 
from 5 - 800 µM into a 0.1M tris buffer (pH 8.2)  + 10 mM NAD+(Eapp= 0.5V). (D) Calibration 
plot of the current responses derived from Figure 6.7C.  

 

detection range obtained through CV might be utilized for the serum level detection of ethanol, 

especially for road safety and medical purposes. According to the International Center for 

Alcohol Policies (ICAP), an average serum level of >17.4 mM is considered as unsafe for 
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driving in Canada and USA. Amperometric technique was employed to detect the comparatively 

low concentration range of ethanol. To optimize the applied electrode potential, four different 

electrode potentials including 0.40, 0.45, 0.50 and 0.55 V were evaluated for the amperometric 

detection of 50 µM ethanol in 0.1M tris buffer (pH 8.2) containing 10mM NAD+. The 

amperometric current response was increased with the increase of the potential from 0.40 to 

0.50V; however, the current response remained almost constant when the potential was further 

increased from 0.50 to 0.55 V. Therefore, 0.5V was chosen as the optimum potential for all the 

amperometric measurements as displayed in Figure 6.7C, where rapid response was observed 

after the addition of ethanol. The corresponding calibration plot is presented in Figure 6.7D, 

showing two linear regression ranges. The LOD value of 0.16µM with a sensitivity of 1.84 µA 

mM-1 was achieved in the concentration from 5 - 400 µM with R2= 0.998.  

The LOD, sensitivity and linear detection range obtained with this study was superior to 

those reported in the literature,15,44-49 as listed in supplementary Table 6.2. The amperometric 

response of ethanol at the concentration 400 µM gave a characteristic plateau current, showing 

the pattern of Michaelis−Menten kinetics as seen in Fig. 5D. The Michaelis-Menten constant 

(Km) of the enzymatic reaction was calculated using the Lineweaver−Burk equation:50 

                 

 

where Km is the Michaelis-Menten constant, Iss is the steady state current, Imax is the maximum 

current obtained and c is the concentration of the substrate (ethanol). The Km value calculated in 

this study for immobilized ADH on SWCNT-rGO nanohybrid was 0.088 mM. This value was 

much lower than those typically reported in the literature.34,48,51 All of the parameters obtained  

 



139 
 

Table 6.2. Comparison of the performance of various electrodes for the electrochemical sensing 
of ethanol reported in the literature. 

 

 

through different techniques indicated that the ADH-SWCNT-rGO biosensor exhibited a high 

enzymatic activity toward the ethanol detection over a wide range of concentrations, which 

makes it useful for various ethanol sensing applications. 

The ADH-SWCNT-rGO biosensor was further investigated for stability, interference with 

co-existing molecules, and real sample applications. The stability of the biosensor was tested 

through amperometric measurements in a 0.1M tris buffer (pH 8.2) containing 20 µM ethanol  

Electrode LOD (µM) Sensitivity 
(µA/mM cm²) 

Linear range 
(mM) 

References 

ADH-CNF/GCE 

ADH-PNB-
SWCNTs/GCE 

3 

50 

- 

- 

0.01-0.425 

0.1-3 

44 

45 

NiONPs-ADH-
Nafion/GCE 

6.4 0.0036 0.0064-6 46 

Nafion-ADH-
Graphene/GCE 

25 - 0.2-21 47 

ADH-Aucoll-
MWCNTs-
Teflon/GCE 

32 2.27 0.02-1 48 

ADH-IL-Graphene-
Chitosan/GCE 

5 - 0.025-0.3 49 

SWCNTs-
Polytyr(oxidized)/AD

H/Naf 

0.67 5.8 0.01-0.15  15 

 

ADH-SWCNT-rGO 
nanohybrids 

0.16 26.27 0.005 - 0.8 
(Amperommetry) 

1 – 30 (CV) 

This work 
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Figure 6. 8. (A) Stability test: relative amperometric current responses of the ADH-SWCNT-
rGO/GCE in 0.1M tris buffer containing 20 µM ethanol + 10 mM NAD+ (Eapp: 0.5V ). (B) 
Interference tests: amperometric injection of 20 µM ethanol (a), 1mM of each ascorbic acid (b), 
glutathione (c), glucose (d), uric acid (e) and 20 µM ethanol (f) at Eapp: 0.5 V in presence of 10 
mM NAD+ in 0.1 M tris buffer. 

 

and 10 mM NAD+ at a constant applied potential of 0.50 V over 4000 s. As seen in Figure 

6.8A, the relative current was decreased by ~8% throughout the experiment, showing that the 

fabricated biosensor possessed high stability toward the detection of ethanol. The selectivity of 

the biosensor with possible coexisting molecules such as ascorbic acid, glutathione, uric  acid 
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and glucose was investigated with 20 µM ethanol+ 10 mM NAD+  in presence of 1mM of each of 

these potential interfering molecules; app 0.50V (Figure 6.8B). As shown in Figure 6.8B, there 

were no significant changes in the current response, prior to and following the addition of 

interfering molecules, which confirmed that the proposed ADH-SWCNT-rGO biosensor 

possessed a highly selective response to ethanol. We also further examined the proposed 

biosensor to demonstrate its capacity for practical applications. The determination of ethanol in 

serum, wine and beer using the standard addition method is presented in Table 6.3. High 

recoveries in the range of between 93% - 105% were achieved through the actual sample  

     Table 6.3. Determination of ethanol in real samples by the optimized ADH-SWCNT-rGO/GCE 
biosensor. 

 

analysis, confirming that the developed biosensor is applicable for practical ethanol detection 

across a wide variety of samples. 

 

Sample Concentration 
added (mM) 

Concentration 
detected (mM) 

Recovery (%) RSD (%) 

 10.00 9.30 93.0 3.3 

Wine 20.00 19.80 98.9 2.4 

 30.00 29.91 99.7 4.1 

 10.00 9.82 98.2 1.9 

Beer 20.00 20.06 100.3 3.6 

 30.00 29.55 98.5 2.1 

 10.00 10.40 104.0 4.3 

Blood alcohol 20.00 20.30 102.0 4.7 

 30.00 31.00 105.0 1.6 
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6.4. Conclusion 

In this study, a novel biosensor platform has been designed based on the SWCNT–rGO 

nanohybrid with the assistance of the MADQUAT polymer for enzyme entrapment. The 

entrapped ADH was assessed for any conformational changes through secondary structure 

analysis, revealing that no structural change occurred in comparison to the free ADH. A 

significant synergistic enhancement of the SWCNT-rGO nanohybrid was confirmed, and the 

ADH entrapped by MADQUAT showed high activity for the detection of ethanol. The 

developed ADH-SWCNT-rGO biosensor exhibited high sensitivity with a remarkable low 

detection limit of 163 nM. The wide linear detection range, high stability and selectivity with a 

low Km value make this biosensor a promising candidate for ethanol sensing in both clinical and 

environmental settings. The SWCNT-rGO nanohybrid and MADQUAT used in this study not 

only provide an excellent platform for the ethanol detection, but will also have significant 

impacts in the field of the development of high-performance enzymatic biosensors for food, 

clinical and environmental applications. 
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Chapter 7: Integrated Bifunctional Electrochemcial Approach for 

Efficient Bacterial Disinfection* 

7.1. Introduction 

In recent years there has been an increasing awareness of the dwindling supply of clean potable 

water on a global scale. Although many improvements have been made to reduce the 

contamination of water systems and to increase access to clean drinkable water, myriad crises 

associated with the scarcity of clean potable water persist worldwide. It has been estimated that 

1.2 billion people still lack access to safe drinking water; millions of people die annually, 

including 3,900 children per day from diseases that are transmitted through contaminated 

water.1,2 The majority of water related issues are present in poverty stricken areas of the world 

including some regions of North America. Since the establishment of standardized chlorination 

for water disinfection, human populations have been protected from bacterial, as well as viral 

infections for more than 100 years. Mostly adopted current water treatment plans are suffering 

from high demand of chemical/energy consumption and have need of post-treatment to remove 

unnecessary chemical by-products.3 Chlorination comprises one of the most cost effective 

methods of disinfection; however, it can generate carcinogenic disinfection byproducts (DBPs) 

(e.g., trihalomethanes (THM) and N-nitrosodiethylamine (NDMA)) during the disinfection 

process.4-8 Concerning the safety issues related to chlorination, alternative safe green methods 

have attracted great interest for water disinfection. To overcome the formation of hazardous 

DBPs, ultraviolet (UV) disinfection and other physical methods might be employed as  
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alternatives for water disinfection; however, high energy consumption and the revival of treated 

bacteria following UV disinfection have constrained the widespread use of these techniques.9,10  

Photocatalysis and electrocatalysis have been gaining considerable attention owing to 

their promising applications in water disinfection and hazardous waste remediation.11 When 

photocatalysts absorb light, they generate electron-hole pairs, which react with water and 

dissolved oxygen to produce reactive oxygen species (ROS). These ROSs, such as hydroxyl 

radicals, peroxides, singlet oxygen, and superoxides, are strong oxidizing agents that can 

inactivate pathogens by damaging vital macromolecules.12 For photocatalytic treatment, titanium 

dioxide (TiO2) is considered to be one of the most promising photocatalysts due to its low cost, 

high photocatalytic activity, and chemical stability.13 

Rapid, energy efficient and green water disinfection technologies are urgently required to 

address the global challenges for clean potable water.14-16 With respect to these issues, 

researchers have been attempting to develop water treatment methods that are more economical 

and energy efficient than current techniques. We believe that we have taken the initial steps 

toward the development of a new approach for the treatment of water by integrating 

photochemistry and electrochemistry. The bifunctional electrode approach has been explored in 

our group for the remediation of nitrophenols,17 revealing that photocatalysts and electrocatalysts 

are combined in a cost-effective manner to improve the efficiencies of both the photochemical 

and electrochemical processes. The integrated dual processes in a single electrode improves the 

catalytic performance in a synergistic manner, as the applied potential not only activates the 

electrocatalyst but also reduces the recombination rate of the photo-generated electrons and 

holes.18 In the present study we utilized nanoporous TiO2 as the photocatalyst in combination 

with RuO2 nanoparticles as the electrocatalyst to design a highly efficient bifunctional electrode 
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for bacterial disinfection, where its disinfection kinetics has been studied in depth. The 

investigation of bacterial disinfection through this novel bifunctional electrode will advance the 

environmentally compatible attributes of photochemistry and electrochemistry to an entirely new 

level. 

7.2. Materials and Methods 

7.2.1. Design and characterization of bifunctional electrode 

 Nanoporous titanium dioxide (TiO2)/ruthenium oxide (RuO2) bifunctional electrodes 

(TiO2/Ti/RuO2) were fabricated through two steps: TiO2 nanoporous structures were grown on a 

titanium substrate via a three step anodization process.19 The anodization process was carried out 

in a cell that was designed with a two electrode system, a Ti plate (1.25 cm x 0.8 cm x 0.5 mm) 

as anode, and a Pt coil as cathode; it contained 0.3 wt% ammonium fluoride; NH4F(Sigma 

Aldrich) and 2wt% water in ethylene glycol (Sigma Aldrich) under an applied potential of 50V. 

The initial anodization was carried out for 5h. The as grown rough nanoporous layer was 

removed with masking tape; the same Ti plate was subsequently anodized for 2 h. The as 

prepared nanoporous layer was again removed by using masking tape, followed by a third 

anodization with a duration of 15 min. to fabricate highly ordered nanoporous TiO2. The newly 

formed nanoporous TiO2 plates were incubated at 450°C for 4 h to transform it to an anatase 

crystal structure. The anatase nanoporous TiO2 was then electrochemically reduced via a three 

electrode system ( Ag/AgCl as reference electrode, Pt coil as counter electrode, and nanoporous 

TiO2 as the working electrode) in 0.1 M H2SO4  under an applied negative current of – 5 mA cm-2  

for stable, reproducible, and high current performance. Ruthenium (III) chloride hydrate 

(RuCl3.x H2O; Sigma Aldrich) was employed as an electrocatalyst, which was coated onto a 

separate bare Ti substrate. A total of 5 coatings of the RuCl3.x H2O precursor solution were 
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painted onto the Ti substrate, followed by calcinations at 450 oC for 2 h in order to obtain the 

RuO2 nanoparticles. The bifunctional electrode was subsequently fabricated by interfacing the 

calcinated nanostructure RuO2 with the nanoporous TiO2 electrode. The synthesized nanoporous 

TiO2 and RuO2 were characterized by field-emission scanning electron microscopy (FE-SEM, 

Hitachi SU 70) combined with an energy dispersive X-ray (EDX) spectrometer (Oxford AZtec 

operated at 20 kV). The performance of bifunctional, nanoporous TiO2 and RuO2 electrodes were 

assessed through chronoamperometry. 

7.2.2. Preparation of bacterial culture 

 Escherichia coli (ATCCR11775TM) from the American Type Culture Collection were 

used as a bacterial suspension for all disinfection experiments. Nutrient broth (Sigma Aldrich) 

and Nutrient agar (Sigma Aldrich) were used as the growth media for the bacteria. All bacterial 

suspensions for the experiment were prepared from a nearly stationary phase (following 26 hrs of 

incubation in the broth at 37◦C). An initial bacterial population of 2.3 x 10-8 colony forming units 

per milliliter (CFU mL-1) was used for all experiments. 

7.2.3. Electrochemical treatment 

 The electrochemical treatment was carried out through a three electrode system, with 

Ag/AgCl as the reference electrode, a Pt coil as the counter electrode, and the as prepared 

bifunctional electrode as the working electrode. An electrochemical chronoamperometry 

technique with a constant applied potential of 1.2 V was utilized for the treatment process. The 

UV-visible light (ADAC SystemsTM Cure SpotTM 50) with an intensity of 7.4 mW cm-2 and 320-

450 nm wavelength was employed as the light source for the activation of nanoporous TiO2 . The 

light source was introduced into the electrochemical cell through an optic fibre cable. The 

distance between electrode surface and light source was fixed at 1 cm. The performance of 
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bifunctional electrode for the photocurrent generation was conducted in a 0.05 M sodium sulfate 

(Na2SO4) solution. All bacterial suspensions for disinfection experiments were prepared in 100 

mL of 0.05 M Na2SO4 with an initial bacterial concentration of 2.3 X 10-8 CFU mL-1. Further, 

the bifunctional disinfection mechanism was studied through different scavenging chemicals 

purchased from Sigma Aldrich; 10 mM each of sodium azide, sodium pyruvate, mannitol, and 

sodium thiosulfate was prepared, and electrochemical treatment was performed under the 

identical experimental conditions as described above.  All of the solutions required for our 

experiments were prepared using ultrapure water, purified by a Nanopure water system (18.2 

MΩ cm).  

7.2.4. Culturability estimation through spread plate method 

 To determine the culturable bacterial density during electrochemical treatment, 100 µl of 

each sample were collected at regular intervals (every 5 min) from treatment cell and serially 

diluted 1:10, from 10-1 to 10-7. The diluted samples (100 µl) were spread in triplicate on nutrient 

agar plates using the following standard microbiology procedure. Following overnight 

incubation at 37°C, the colonies were counted, and colony forming units per milliliter (CFU/mL) 

were calculated. 

7.2.5. Most-Probable Number (MPN) estimation and resuscitation of stressed E. coli 

 Non-pyrogenic sterilized 96 well cell culture microtiter plates (Corning Incorporated, 

NY, and USA) were used for the MPN analysis. A total of five replicates from each sample were 

created for five dilutions (100-10-4). Nutrient broth, following sterilization, was used as a MPN 

medium for bacterial growth. A total of 40 µL of each sample was dispensed in a well that 

contained 190 µL of nutrient broth.  Following overnight incubation at 37°C, the turbid well, 

with a referenced negative and positive control was considered as positive for bacterial growth. 
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If any survival strategy was adopted by E. coli during the electrochemical treatment, the viable 

but not culturable (VBNC) state of bacteria was assessed through the resuscitation of the treated 

sample in a nutrient broth containing 30 mM sodium pyruvate. The MPN analysis was 

performed as described above. The most probable number was determined through the MPN 

tables referenced from the American Public Health Association.20 

7.2.6. Estimation of viable bacteria with LIVE/DEAD BacLight 

 The LIVE/DEAD® BacLight™ bacterial viability kit (Molecular Probes, Invitrogen 

detection technologies) was used to assess the cell membrane integrity of the treated bacteria. 

Two fluorescent dyes, SYTO 9 (3.34 mM in DMSO) for green fluorescent and propidium iodide; 

PI (20 mM in DMSO), were utilized in a 1:2 ( SYTO 9:PI) ratio for bacterial cell staining. In a 

regular interval, 500 µL of each sample (prior to and following electrochemical treatment) were 

incubated with a 2 µL dye mixture for 15 min at room temperature in the dark. The incubated 

samples were then immediately filtered through 0.2 µm black membrane filters (Isopore™ 

membrane filters GTBP02500, Millipore). The membrane filters were transferred to glass slides, 

which were immediately analyzed through Laser Scanning Microscope Fluoview, version 4.3 

FV300 (Olympus FV300 CSLM), and a 60X Plan Apo NA-1.4; oil immersion lens. A HeNe 

Green (1 mW, 543 nm) laser, and an argon (10 mW, force air cooled, blue 488 nm) laser was 

used to excite the propidium iodide (ex/em 535/ 617 nm) and SYTO 9 (ex/em 480/500 nm), 

respectively. Bacteria with damaged cell membranes are considered as being ‘dead’ and those 

with integral membranes as ‘live’. Live/dead bio-volumes were calculated through PHLIP 

(Phobia Lasers Image Processing Software-the New Laser Scanning Microscope Image 

Processing Package).21 

7.2.7. Scanning electron microscopy (SEM) analysis 
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 The bacterial suspension (1000 µL) was filtered through a 0.22 μm Millipore filter 

(Millipore Corporation, Bedford, MA) via a sterile vacuum filtration unit. After being air dried, 

the bacterial sample on filter paper was fixed with 2.5% gluteraldehyde in PBS (Grade I, Sigma 

Aldrich) for 30 min. Once the bacteria were fixed on filter paper, they were subjected to a series 

of dehydration steps using 30, 50, 70, 80, and 100 % ethanol. The bacterial sample on the filter 

paper was subsequently dried by critical point drying, following a modified protocol.22,23 The 

prepared sample was then studied through field-emission scanning electron microscopy (FE-

SEM, Hitachi SU 70). 

7.2.8. Metabolomic analysis during electrochemical treatment 

 Samples (1000 µL) were taken at regular intervals during the electrochemical treatments 

and analyzed for total organic carbon (TOC) using a TOC analyzer (Shimazdu, TOC-L, Kyoto, 

Japan) and further processed for metabolome extraction. The extraction kit and procedure was 

adopted from the QproteomeTM Bacterial Protein Preparation Kit (QIAGEN, Hilden, Germany) 

with some modification. The protein content was measured using a Nanodrop instrument 

(Thermo Fisher Scientific, Massachusetts, USA) at a 280 nm wavelength, and metabolomes were 

analyzed through 1H NMR (NMR; Bruker AVANCE II 400 MHz, Billerica, MA, USA). After 

withdrawing sample from the treatment cell, it was initially frozen in liquid nitrogen and then 

followed the extraction procedure for protein sample analysis. The protein concentrations of the 

extracted samples (1µL) were measured through a Nanodrops instrument (Thermo Fisher 

Scientific, Massachusetts, USA) at a 280 nm wavelength. For NMR analysis, we followed the 

same QproteomeTM Bacterial Protein Preparation Kit procedure without using Benzonase 

Nuclease, to avoid nucleic acid digestion. The extracted samples were then freeze-dried in a 

Labconco Freezone (Kansas City, MO, USA) freeze dryer for 2 days to ensure the complete 
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removal of water residues. Subsequently, the dried samples were dissolved in 500 µL D2O with 

tetramethylsilane (TMS) as an internal standard. Thus, the prepared samples were then analyzed 

for one dimensional (1D) 1H NMR analysis through nuclear magnetic resonance (NMR; Bruker 

AVANCE II 400 MHz, Billerica, MA, USA) at room temperature in the  Lakehead University 

Instrumentation laboratory.  

7.2.9. Data Processing of NMR analysis 

 The spectra obtained through 1H NMR analysis were processed using Spin Works 

(version 4) software (University of Manitoba, Winnipeg, Canada). The free induction decay 

(FID) obtained during 1D NMR analysis was employed for data analysis through SpinWorks. 

Prior to determining the assigned chemical shift (ppm), all spectra were subjected to manual 

phase and baseline correction. Spectra were edited for 1Hz line broadening (LB) and Gaussian 

function with 2 bins width. Following the manual calibration in reference to an internal standard 

(TMS), all of the assigned positions of the spectra chemical shifts were selected through 

SpinWorks software. The signal positions were then used to search through the Escherichia coli 

Metabolome Database (ECMDB, http://www.ecmdb.ca) for potential metabolites that might be 

present in the extracted sample.24,25 The peak assignment for particular metabolites were further 

verified through the freely available Biocyc (http://biocyc.org) database.26 

7.2.10. Statistical analysis of NMR data 

The processed 1H NMR spectra were analyzed to compare individually assigned 

chemical shifts (ppm) among the samples, which were collected during the bifunctional 

treatment at different time intervals. All of the statistical analyses; correlation matrix, principle 

component analyses, (PCA) and 3D plots were calculated through XLSTAT version 2016.5 

software (University of California, Berkeley, USA). 
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7.3. Results and Discussion 

7.3.1. Characterization of the bifunctional TiO2/Ti/RuO2 electrode.  

The electrode surface was characterized through field-emission scanning electron microscopy 

(FE-SEM). Highly ordered nanoporous TiO2 structures, each approximately 150 nm in diameter, 

were formed as shown in Figure 7.1A. Each nanopore contained 3-4 smaller nanopores, which 

were embedded within the structure. These secondary nanopores greatly enhanced the catalytic 

activity due to a considerable increase in the surface area of the electrode. In order to fabricate 

the bifunctional electrode, the RuO2 coating on the Ti substrate was prepared through the thermal 

decomposition of RuCl3.x H2O. Following thermal decomposition, the uniform RuO2 

nanoparticles of 10-20 nm in diameter were observed, as seen in Figure 7.1B. These dispersed 

nanoparticles greatly increased the surface area of electrode which ultimately, in combination 

with nanoporous TiO2, provided an excellent bifunctional platform with extremely high activity 

in contrast to the individual platforms on their own. The fabricated electrode underwent further 

analysis via an energy dispersive X-ray (EDX) spectrometer to verify the nanoporous TiO2 

structure (red) and RuO2 layer (blue), as depicted in Figure 7.1C. The O: Ti intensity ratio was 

found to be 2:1, which strongly supported the formation of nanoporous TiO2 structures. 

Similarly, the EDX spectra of the RuO2 layer on the Ti substrate revealed distinct ruthenium and 

oxygen peaks, which further confirmed the formation of the RuO2 layer through thermal 

decomposition.  
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Figure 7. 1. SEM images of the (A) Nanoporous TiO2; (B) RuO2  on titanium substrate; EDX 
spectrum (C) Nanoporous TiO2 (red) and RuO2 (blue); (D) Amperometric responses on 
TiO2/Ti/RuO2 (red),  TiO2 (blue) and RuO2 (pink) in 0.05 M Na2SO4, pH 7.0, at a 1.2 V applied 
potential.    

 

The three electrodes (bifunctional TiO2/Ti/RuO2, TiO2/Ti, and RuO2/Ti) were further 

investigated for their activity in 0.05 M Na2SO4 through amperometry under an applied potential 

of 1.2 V. A comparison of the current responses of these electrodes is presented in Figure 7.1D. 

As expected, the RuO2/Ti electrode exhibited a higher electrochemical current (2.45 mA cm-2) 

than the TiO2/Ti electrode (dashed line; 0.90 mA cm-2)). However, under UV-visible light, a high 

photocurrent (11.45 mA cm-2) was generated by the same TiO2/Ti electrode. The TiO2/Ti/RuO2 

bifunctional electrode greatly enhanced the current response (20.55 mA cm-2) over the individual 
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electrodes under UV-visible light due to the synergistic effects of the integration of the 

nanoporous TiO2 photocatalyst and the nanostructured RuO2 electrocatalyst in a single electrode.  

 

7.3.2. Bacterial disinfection efficiency 

 The efficiencies of the three electrodes (RuO2/Ti, TiO2/Ti, and TiO2/Ti/RuO2) in 

removing culturable E. coli were compared in Figure 7.2A. The effects of the 

photoelectrochemical treatment on E. coli with an initial concentration of 2.3 X 10-8 CFU/mL in 

100 mL of 0.05 M Na2SO4 was studied over 60 min through the spread plate method. The 

combined TiO2/Ti/RuO2 electrode demonstrated excellent performance for E. coli disinfection as 

compared to individual TiO2/Ti and RuO2/Ti electrodes. A 100% bacterial log reduction of 8.3 

was achieved via the nanoporous TiO2/Ti/RuO2 electrode within 30 min of treatment, whereas 

only a 3.79 log reduction (45.66%) was achieved through its counterpart (TiO2/Ti) (spread plate 

method shown in Figure 7.3). The performance of RuO2/Ti was very poor in comparison to the 

performance of other two electrodes under identical experimental conditions. A control 

experiment was also conducted to elucidate whether the electrolytes and UV-visible light on 

their own imparted any bactericidal effect. A very negligible level of bacterial log reduction was 

observed through the control experiment. The bifunctional electrode that we utilized here had 

excellent bactericidal properties in comparison to other comparable electrodes. The calculated 

bacterial disinfection rate of the nanoporous TiO2/Ti/RuO2 electrode was 0.62 min-1 (R2= 0.986) 

under UV visible light, with ˃ 99.999%  
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Figure 7. 2. (A) Culturable cell density reduction in logarithm of E. coli (initial count 2.3 x 108 
CFU / mL or Log CFU /mL of 8.3) through the spread plate method on nutrient agar plate 
through bifunctional (TiO2/Ti/RuO2), nanoporous titanium electrode (TiO2/Ti), electrocatalyst 
(RuO2/Ti), and control; (B) ROSs scavenger experiments in bifunctional inactivation system 
(initial bacterial concentration of logarithm 8.3 CFU/ mL): no scavenging chemicals (a), 10 mM 
of each  sodium azide (b) mannitol (c), sodium pyruvate (d), sodium thiosulfate (e); (C) 
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Disinfection kinetics of E. coli on TiO2/Ti/RuO2, TiO2/Ti, and RuO2 under identical applied 
conditions. ‘C’ is the concentration of the E. coli following the electrochemical treatment, 
and ‘Co’ is the initial concentration of E. coli prior to treatment. 

 

Figure 7. 3. Assessment of disinfection efficiency through spread plate method 

 

bacterial removal within 20 min of treatment, as compared to an only 0.28 min-1 and 0.14 min-1 

disinfection rate with the TiO2/Ti and RuO2/Ti electrodes (Figure 7.2C). The combinatory 

approach, which integrated the photocatalysts and electrocatalysts into a single electrode, 

demonstrated a significant improvement in performance in contrast to various disinfection 

strategies described in literature, in terms of time and energy consumption.27-29 The mechanism 

behind the bacterial disinfection by TiO2/Ti/RuO2 was investigated through a series of reactive 

oxygen species (ROS) scavenging experiments (Figure 7.2B). Figure 7.2B depicts the ROS 

scavenging efficiencies of different known scavengers, which were assessed through a spread 
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plate method. A negligible bacterial log reduction was observed subsequent to the addition of 10 

mM sodium thiosulfate followed by sodium pyruvate, mannitol, and sodium azide. It was 

observed that the bactericidal effect of nanoporous TiO2/Ti/RuO2 following the addition of 

scavenger chemicals was in the order of sodium thiosulfate ˂ sodium pyruvate ˂ mannitol ˂ 

sodium azide. The reversal of the bacterial log reduction achieved by the bifunctional electrode 

through the addition of sodium thiosulfate, revealed that the major ROS species generated during 

the electrochemical treatment were hydroxyl radicals (•OH) and hydrogen peroxide (H2O2). 

Furthermore, there was increased bactericidal activity of the bifunctional electrode following the 

complete treatment with the addition of sodium pyruvate (3.8 log reduction) followed by 

mannitol (5.4 log reduction) and sodium azide (8.3 log reduction), which indicated that H2O2 

was the primary ROS, followed by •OH and 1O2 for bactericidal activity.30 

7.3.3. Bacterial membrane integrity 

 Significant E. coli cell membrane damage during the bifunctional photoelectrochemical 

treatment was studied using LIVE/DEAD® BacLight™ stains. Among the two fluorescent dyes 

used for the stain, SYTO-9 stains only intact cell membrane whereas propidium iodide (PI) will 

stain only damaged cell membranes. As shown in Figure 7.4A, prior to the photoelectrochemical 

treatment almost all of the E. coli cells were stained with SYTO-9 (green fluorescence), which 

indicated intact cell membranes, which was also verified by SEM analysis (Figure 7.4E). 

Immediately following 5 min of electrochemical treatment, a dramatic increase of PI stained (red 

fluorescence) bacterial cells was observed (Figure 7.4B). The PI stained red fluorescent bacteria 

increased steeply following 30 min of treatment, as shown in Figure 7.4C, which indicated 

significant damage to the bacterial cell membranes, which was also supported by SEM analysis,  
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as shown in Figure 7.4F. The decreasing live biovolume vs increasing dead biovolume through 

the continuous photoelectrochemical treatment as calculated by PHLIP analysis is shown in  

Figure 7. 4. Bacterial cell viability estimation using LIVE/DEAD® BacLight™ stain through 
confocal scanning laser microscopy during bifunctional treatment: A) 0 min, B) after 5 min, C) 
after 30 min, D) Biovolume count with PHLIP analysis; SEM analysis of E. coli: E) 0 min, F) 
after 30 min of treatment.

Time (min)
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Figure 7.4D. The LIVE/DEAD® BacLight™ stains and biovolume calculation suggested that a 

certain number of live bacteria were present even after 30 min of treatment, which was shown to 

be negative by the spread plate method. We assumed that there were two reasons behind the 

presence of live bacteria even after staining with LIVE/DEAD® BacLight™ stains. Initially, the 

limit of detection (LOD) through the spread plate method is ˂ 100 CFU/mL for 1/10 dilutions;31 

hence, it might be due to lower number of bacteria than the threshold that was present in the 

sample, or due to a bacterial survival strategy, which isolated them from the stressed 

environment through the transformation to a viable but non-culturable (VBNC) state.32 We 

further investigated if any live bacteria remained through most probable number (MPN), by 

suspending sample in a nutrient broth with and without presence of 30 mM sodium pyruvate.  

7.3.4. Most probable number (MPN) determination 

 The MPN was calculated for the samples (after showing a negative result through the 

spread plate method) at 30-70 min of treatment, as shown in Table 1. Two sets of 96 well 

microtiter plates; one set of nutrient broth, and another set of nutrient broth with addition of 30 

mM of sodium pyruvate for resuscitation; were used to determine bacterial cell viability. As seen 

in Table 1, average MPN has been calculated from triplicate sets of positive number microtiter 

plates prior to and following resuscitation. A significant variation in MPN numbers was observed 

following resuscitation with 30 mM sodium pyruvate (Figure 7.5). The supplementation of the 

nutrient broth with 30 mM sodium pyruvate in the microtiter plate yielded a positive reaction by 

resuscitating H2O2-damaged E. coli cell membranes.33,34 An MPN of 210 was observed 

following 30 min of treatment, after which there was a significant decline to 8.6 after 40 min of 

treatment. Almost nil MPN was observed after 50 min of electrochemical treatment, whereas 5.4 
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A

Resuscitated

B

MPN was observed after resuscitation in the same sample. No single positive number was 

observed for resuscitation of the sample after  

Table 7.1. Resuscitation of E. coli from the VBNC state during bifunctional treatment as 
observed in 96 well microtiter plates and average MPN calculation per 100 mL 

 

 

Figure 7. 5.  MPN assay through microtiter plate following 30 min of binfunctional treatment for 
2.3 X 108 CFU mL-1 E. coli: A) nutrient broth; B) nutrient broth supplemented with 30 mM 
sodium pyruvate. 

Time of 
treatment 

(minutes) 

                       Nutrient broth (well) Nutrient broth enriched with 30 mM 
sodium pyruvate (well) 

Average MPN Standard error 
(n=3) 

Average MPN Standard error (n=3) 

30 210 6.3  480 6.3 

40 8.6 4.1  18.2 4.1 

50 0.66 -  5.4 1.6 

60 0 -  0 - 

70 0 -  0 - 
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60 min of electrochemical treatment. Our results indicated that the VBNC strategy of E. coli 

during photoelectrochemical treatment did not exist for a longer time. Complete bacterial, 

including VBNC, removal was achieved following 60 min of electrochemical treatment. 

7.3.5. Assessment of biomolecule leakage during bifunctional treatment 

The damage to cell membranes during the photoelectrochemical treatment was 

investigated via SEM and confocal laser microscopy. Heavy damage to cell membranes was 

observed during the course of the photoelectrochemical treatment as shown in Fig. 3. Moreover, 

the impact of bacterial cell destruction was studied through the leakage of various biomolecules. 

This biomolecule leakage was determined based on the total organic carbon (TOC) content and 

protein concentrations. The TOC change during the photoelectrochemical treatment was 

measured. As shown in Fig. 4A, the TOC content was sharply increased at the onset of the 

treatment, which continuously increased until the 30-minute treatment. Thereafter, a steady 

concentration was maintained until 40 min, which was then observed to sharply decrease after 50 

min of the treatment, which indicated the onset of the mineralization of the metabolites that were 

released from the damaged bacterial cells, due to the photoelectrochemical treatment process.35,36 

Protein leakage during the course of the bifunctional treatment was determined by measuring the 

protein concentration from extracted bacterial samples at different time intervals through 

Nanodrops,37,38 as depicted in Figure 7.6B. The figure shows a major drop in protein 

concentration following 20 min of treatment, which further decreased during the course of the 

bifunctional treatment.  

A bacterial metabolomics study was conducted through 1D 1H (proton) NMR to 

understand the detailed mechanism of E. coli inactivation during the bifunctional treatment. The 

NMR spectrum was used proton signals to elucidate structural characteristics of specific 
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Figure 7. 6.  Biomolecule leakage during the bifunctional treatment: A) Total organic carbon 
(TOC) determination; B) Protein concentration determination. 

 
 
metabolites through chemical shifts. For this study, we analysed the NMR spectra of samples for 

different time intervals during the electrochemical treatment, as shown in Figure 7.7. We further 

analyzed the NMR spectra (assigned chemical shifts)  
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Figure 7. 7.  1H NMR spectra of metabolomes present in sample at different time intervals. 

for the sample to illustrate spectral variability through principle component analysis (PCA), as 

shown in Figure 7.8A, the major factors F1 and F2 contributed almost 63.02%, followed by the 

minor factors F2 and F3 (Figure 7.8B), which contributed only 41.62% of the total variability 

among the spectra collected from the electrochemically treated samples. Significant spectral 

changes were observed from the onset of treatment, to 10 min, and following the treatment time, 

which was verified by the correlation association between the spectra of treated samples, as 

presented in Table 2. 
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Figure 7. 8.  Principle Component Analysis (PCA) of major discriminated factor (F1:F2; A and 
F2:F3; B) based on 1H NMR spectrum of initial (0 min) followed by 10, 20, 30, 40 and 50 min 
treated sample of E. coli metabolites derived through XLSTAT. 

 
Table 7.2. Correlation matrix (Pearson (n)) calculated during PCA analysis from 1H NMR 
spectrum obtained through different treated E. coli samples. 

 

Variables Initial 10 minutes 20 minutes 30 minutes 40 minutes 50 minutes 

Initial 1 -0.037 -0.363 -0.439 -0.245 -0.340 

10 minutes -0.037 1 0.368 -0.197 -0.144 -0.299 

20 minutes -0.363 0.368 1 -0.109 -0.123 -0.248 

30 minutes -0.439 -0.197 -0.109 1 0.668 0.162 

40 minutes -0.245 -0.144 -0.123 0.668 1 0.325 

50 minutes -0.340 -0.299 -0.248 0.162 0.325 1 
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Each metabolite possesses a unique 1H NMR spectroscopic fingerprint with a spectral 

intensity that relies on concentrations and intermolecular interactions.39,40 To investigate E. coli 

metabolomics, we further explored these NMR spectra for possible metabolic signatures that 

might have been released during the electrochemical treatment. All of the assigned spectral peaks 

were processed through the 1D NMR search tool of the ECMDB database. A total of 106 

metabolites (Figure 7.9) were determined for the six collected samples. As can be seen in Figure 

7.9, a total of 38 primary metabolites were determined from the initial sample, and all other 

metabolites were altered in accordance with the treatment time. Major metabolite loss was 

observed following 30 min of electrochemical treatment, as 17 vital metabolites were not 

detected in the sample. As the result of lacking major metabolites, the majority of E. coli cells 

lost their ability to grow in culture medium after 30 min of electrochemical treatment, which was 

also confirmed by their inability to grow in NA media through the spread plate method. We 

noticed a series of metabolic changes in E. coli that it employs to adapt to a stressed 

environment. Accumulation of glycogen; reserved carbohydrates, o-phosphoserine; an important 

component for glutathione synthesis (an antioxidant) and pseudouridine following 10 min of 

electrochemical treatment pointed toward the oxidative stress response of E. coli.41-43 Major 

metabolite loss was observed following 30 min of electrochemical treatment, as 17 vital 

metabolites were not detected in the sample. As the result of lacking major metabolites, the 

majority of E. coli cells lost their ability to grow in culture medium after 30 min of 

electrochemical treatment, which was also confirmed by their inability to grow in NA media 

through the spread plate method. Vital metabolic pathways i.e tricarboxylic acid (TCA) cycle, 

DNA synthesis, peptidoglycan layer, and the outer and inner membranes of E. coli were virtually  
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Figure 7. 9.  Plot of metabolites identified through 1H NMR analysis during 0, 10, 20, 30, 40, 
and 50 min following treatment of E. coli sample (based on ECMDB data base). 
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paralyzed due the lack of key metabolites. The lack of key metabolites such as lipoamide, 

thiamine pyrophosphate, and flavin adenine dinucleotide (as a prosthetic group of pyruvate 

dehydrogenase complex in the TCA cycle); thymidin-5-triphosphate (as a precursor of DNA 

synthesis), uridine diphosphate galactose, and uridine diphosphate N-acetlylglucosamine (as a 

precursor for the synthesis of lipopolysaccharide and peptidoglycan); lipoproteins (as major 

constituents of both the outer and inner membranes), might responsible to induce the state of cell 

death in E. coli.44-47    

7.4. Conclusion 

An innovative bifunctional strategy for microbial disinfection was investigated by utilizing 

the synergistic enhancement of the integrated nanoporous TiO2 photocatalyst and the 

nanostructured RuO2 electrocatalyst. The prepared novel bifunctional electrode exhibited a rapid 

(100%) bacterial log reduction within a 30-minute photoelectrochemical treatment, with a 

disinfection rate of 0.62 min-1 (R2 = 0.986) in comparison to ~45% (disinfection rate - 0.28 min-1) 

and 20.6% (0.14 min-1) bacterial log reduction using the nanoporous TiO2 and RuO2 electrodes, 

respectively. Further, we studied any bacterial survival strategy that might have been adopted 

during the photoelectrochemical treatment through an E. coli resuscitation experiment, and 

LIVE/DEAD staining suggested that no VBNC bacteria survived following 50 min of treatment. 

The bifunctional electrode exhibited excellent activity over existing electrodes for bacterial 

disinfection in terms of energy consumption and bactericidal efficiency. In this study, only 1.2 V 

of energy was required to drive the generation of ROS on the surface of the nanoporous 

TiO2/Ti/RuO2 bifunctional electrode, which is so low that a renewable energy source may be used 

to power the system. 
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 Chapter 8: Conclusion and Future work 

8.1 Conclusion  

The primary aim of this thesis was to investigate new and efficient nanomaterials based 

electrochemical methods for bioanalysis and bacterial disinfection. In this work, we utilized 

mainly carbon-based nanomaterials and composites for sensor/biosensor purposes, and TiO2 

nanotubes/RuO2 for bacterial disinfection purposes. Carbon-based nanomaterials and composites 

were employed in the design of highly sensitive electrochemical sensors for the detection of 

biologically and pharmaceutically important compounds. Carbon and its derivatives possess 

excellent electrocatalytic properties for modified sensors, such as enhanced detection sensitivity, 

electrocatalytic effects, high conductivity, and reduced fouling. These superior attributes endow 

SWCNTs, rGO, and their nanocomposites (SWCNT-rGO) with significant advantages for 

enhanced various sensing and biosensing applications. Among the carbon based nanomaterials 

tested in this study, SWCNT-rGO nanocomposites were shown to be an excellent platform for 

incorporation into the core architectures of future sensor/biosensor designs. Carbon 

nanomaterials and nanohybrids thereof may play a critical role in the future development of 

advanced electrochemically based point of care (POC) diagnostics. Bacterial contamination 

constitutes one of the major problems in the distribution of potable water. Due to their green 

nature, electrochemical methods are attracting tremendous attention for water disinfection. We 

have utilized a novel bifunctional approach which rapidly and efficiently remove bacterial 

pathogens from water. Here, we utilized the synergistic effects of photocatalysts (TiO2 nanotubes 

array) and electrocatalysts (RuO2), which were combined in a single electrode.  

In Chapter 4, we developed the simple one step simultaneous reduction and deposition of 

reduced graphene oxide on the electrode surface. A very sensitive graphene based 
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electrochemical sensor for acetaminophen detection was successfully carried out in this chapter. 

We showed a very low detection limit and wide linear detection range to cover acetaminophen 

induced hepatotoxicity. Furthermore, we successfully detected acetaminophen in a serum sample 

with a very high recovery rate.  

In Chapter 5, we evaluated a reduced graphene oxide (rGO) based electrochemical sensor for the 

detection of individual valacyclovir, and simultaneous detection with acetaminophen. In this study, we 

explored various parameters of graphene materials i.e. optimized concentration and deposition cycle for 

optimal catalytic activity on acetaminophen and valacyclovir. We successfully developed a highly 

sensitive, stable, and reproducible electrochemical sensor. The optimized rGO/GCE sensor 

demonstrated very high electrocatalytic activity for the simultaneous oxidation of acetaminophen 

and valacyclovir. The developed rGO/GCE sensor revealed an extremely low detection limit 

with excellent selectivity for isolated valacyclovir and its combination with acetaminophen, 

which had been reported in the literature. Due to very low fabrication costs, the developed sensor 

has great potential for use in the pharmaceutical industry and hospital laboratories for quality 

control and clinical drug monitoring. 

In Chapter 6, we developed a novel facile and effective enzyme entrapment platform 

using a special cationic polymer, poly (2-(dimethylamino) ethyl methacrylate) (MADQUAT) on 

a single-walled carbon nanotube and reduced graphene oxide (SWCNT-rGO) nanohybrid thin 

film. In this study, we developed a new strategy for the immobilization of enzymes utilizing 

strong electrostatic affinity between MADQUAT as cationic polymer and negatively charged 

biomolecules. The entrapped ADH was assessed for any conformational changes through 

secondary structure analysis, which revealed that no structural changes occurred in comparison 

to the free ADH. The significant synergistic enhancement of the SWCNT-rGO nanohybrid was 

confirmed, and the ADH entrapped by MADQUAT showed high activity for the detection of 
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ethanol. The developed ADH-SWCNT-rGO biosensor exhibited high sensitivity with a 

remarkably low detection limit of 0.16 μM. The wide linear detection range, high stability, and 

selectivity with a low Km value make this biosensor a promising candidate for ethanol sensing in 

both clinical and environmental settings. The SWCNT-rGO nanohybrid and MADQUAT 

employed in this study not only provided an excellent platform for ethanol detection, but will 

also have significant impacts in the field, toward the development of high performance 

enzymatic biosensors for food, clinical, and environmental applications.  

In Chapter 7, we studied a novel electrochemical bifunctional approach for microbial 

disinfection utilizing the synergistic enhancement of photocatalysts (nanoporous TiO2) and 

electrocatalysts (RuO2) in a single platform. The anodic potential bias applied through the 

bifunctional electrode efficiently suppressed electron-hole recombination on the photocatalysts, 

while catalyzing the influx of ROS production. In addition, the anodic potential bias enhanced 

the generation of hydroxyl radicals at the electrocatalyst surface for water splitting, which 

significantly assisted with improving the performance of the bifunctional electrode. The 

bifunctional electrode exhibited a rapid (100%) bacterial log reduction within 30 min of 

electrochemical treatment in comparison to ̴ 45% and 20.6% bacterial log reduction through 

nanoporous TiO2 and RuO2 electrodes, respectively. We further studied any bacterial survival 

strategies and metabolomic analysis during the bifunctional treatment. The resuscitation 

experiment conducted in this study suggested that no VBNC bacteria survived for longer than the 

treatment exposure period (50 min of treatment). The metabolomic analysis conducted in this 

study further revealed that the bifunctional treatment significantly instigated the leakage of major 

metabolites subsequent to 30 min of treatment, and induced inevitable mass bacterial death due 

to the lack of key metabolites to drive vital biochemical pathways. Protein leakage and TOC 
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mineralization, following 30 min of treatment, further suggested the promising performance of 

the bifunctional (TiO2-Ti-RuO2) electrode for bacterial disinfection. The nanoporous TiO2-Ti-

RuO2 bifunctional electrode exhibited excellent activity over existing electrodes for bacterial 

disinfection in terms of energy consumption and bactericidal time. In this study, only 1.2 V of 

energy was required to drive the generation of ROS on the surface of the nanoporous TiO2-Ti-

RuO2 bifunctional electrode, which was sufficiently low that a renewable energy source could 

power the system. 

The electrochemical sensors/biosensors proposed in this thesis have great potential to be 

used in pharmaceutical quality control, clinical drug monitoring, and bioavailability testing for 

therapeutic purposes. The successful development of highly sensitive electrochemical 

approaches for analytical and water treatment devices utilizing a variety of nanomaterials, have 

desirable manufacturing qualities, such as low cost and quick archetype turnaround times. 

Furthermore, novel approaches have been utilized for the electrochemical biosensing of ethanol 

and water treatment. Novel approaches, such as alcohol dehydrogenase entrapment via cationic 

polymers on a nanohybrid substrate and bifunctional bacterial catalysis for water disinfection, 

have strong potential as new electrochemical application paradigms.  

8.2 Future Work  

In this thesis, we developed the facile preparation and deposition of reduced graphene 

oxide (rGO) on an electrode surface through electrochemical reduction. The developed 

electrochemical sensors were utilized for the sensitive detection of acetaminophen, valacyclovir, 

and combinations thereof. These pharmaceutical drugs have great market value and huge 

investments in research and development. We have shown here a wide linear range and very low 

detection limit of acetaminophen, valacyclovir, and their mixture. The further exploration of 
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nanomaterials or graphene based nanocomposite materials might assist in reducing the oxidation 

potential of both drugs toward the development of energy efficient electrochemical sensors. 

Graphene based electrochemical sensors also have great potential to be utilized for the detection 

of other clinically relevant biomolecules and biomarkers. In future, we intend to design these 

sensors for the electrocatalytic oxidation of other clinically relevant compounds.   

Further exploring the potential of rGO for electrocatalytic activity, we have studied its 

nanocomposite behaviour with single walled carbon nanotubes (SWCNTs) on acetaminophen, 

valacyclovir and ethanol biosensing. We have studied biocompatibility behaviour of rGO-

SWCNTs nanohybrid film and utilized this platform for the enzyme entrapment. Enzyme 

entrapment is one of the primary techniques for the fabrication of electrochemical biosensors; 

however, enzyme leakage and sluggish substrate-enzyme electron transfer are major drawbacks. 

A novel enzyme entrapment strategy utilizing cationic polymers has been utilized in this study 

for the successful development of an alcohol dehydrogenase based electrochemical biosensor. 

We employed alcohol dehydrogenase as model enzyme for entrapment, and used this biosensor 

for the detection of ethanol. In the future, we aim to use same entrapment strategy for variety of 

bioreceptor molecules for the sensitive detection of other disease biomarkers.    

Electrochemical bacterial disinfection is an emerging green water purification method, while 

TiO2 nanomaterials have been extensively utilized for photoelectrochemical catalysis. A novel 

bifunctional approach was used here for the efficient removal of bacteria from water. We utilized 

TiO2 nanotubes as photocatalysts and RuO2 as electrocatalysts in a single electrode system, for 

the successful and rapid removal of bacteria from water. We have studied the bacterial 

disinfection efficiency of bifunctional electrode for E. coli. Further exploration of bifunctinal 

catalysis is needed to study the disinfection efficiency on water borne pathogens. The 
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performance and efficiency of TiO2 nanotube can be enhanced by reducing its band gap. It would 

be interesting to further explore the novel metal nanoparticles to dope with TiO2 nanotube which 

can significantly reduce the TiO2 band gap. Once the band gap of the TiO2 nanotube is reduced, 

visible light may be used to activate the photocatalyst, thereby greatly reducing the power 

consumption of the system. Further explorations of highly active electrocatalysts as a component 

of bifunctional catalysis may assist with increasing its efficiency by enhancing ROSs production. 

We also aim to investigate the effects of the electrochemical treatment on electrocatalysts to 

enhance their activity in bacterial disinfection.  
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