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 ABSTRACT 

The analysis of pathogens in foods is of critical importance to ensure consumer safety and 

quality assurance, as contaminants pose serious risks to public health. Mycotoxins are naturally 

occurring carcinogenic toxins that arise from specific strains of fungi as they contaminate food. 

They are found in a wide variety of grains, cereals, and dairy products, causing cancer in both 

humans and animals. Thus, there is a growing demand for simple, sensitive and inexpensive 

sensors for mycotoxin detection in lieu of conventionally employed large-scale 

instrumentation. In this study, the development of electrochemical sensors for the detection of 

aflatoxin B1 (AFB1), zearalenone (ZEN) and ochratoxin A (OTA) in foods was investigated 

and presented as three case studies, respectively.  

 

In the first case study, an ultrasensitive aptasensor was developed for the indirect detection of 

AFB1 in the presence of a ferri/ferrocyanide ([Fe(CN)6]
3-/4-) redox probe solution. The sensor 

was constructed by immobilizing an anti-AFB1 aptamer (Apt) to a carboxylated multiwalled 

carbon nanotube (cMWCNT) and iron oxide (Fe3O4) nanoparticle (NP) composite using a 

glassy carbon electrode (GCE). This resulted in the development of the GCE/cMWCNTs-

Fe3O4 NP/Apt sensor. An electrochemical response was exhibited from AFB1 applying cyclic 

voltammetry (CV), electrochemical impedance spectroscopy (EIS), and differential pulse 

voltammetry (DPV), respectively, utilizing a [Fe(CN)6]
3-/4- redox probe prepared in phosphate-

buffered saline (PBS) solution with reference to the Ag/AgCl reference electrode under 

optimized conditions. DPV findings reported very low limits of detection (LOD) and 

quantification (LOQ) of 0.43 fg mL-1 and 1.44 fg mL-1 respectively in comparison to current 

literature, over a calibration range of 0.50 fg mL-1 to 5.00 fg mL-1. For real sample analysis, 

excellent spike recoveries from 95% to 105% were obtained for corn and rice flour. Density 

functional theory (DFT) was used to propose a reaction scheme by ascertaining the electronic 

properties of the redox-active functional groups of AFB1. This supported the experimental 

anodic response findings of DPV. 

 

The second case study focused on how PEGylated Fe3O4 NPs and cMWCNTs fabricated on a 

GCE could be used for the design of an electrochemical sensor for ZEN analysis. The 

qualitative and quantitative analyses of ZEN were completed using CV, EIS and DPV, 

respectively, under optimized conditions in a sodium phosphate buffer solution. The developed 

sensor reported significantly low LODs and LOQs of 0.34 fg mL-1 and 1.12 fg mL-1 
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respectively, over a calibration range of 1.00 fg mL-1 to 10.00 fg mL-1 by DPV. Excellent spike 

recoveries ranging from 92% to 106% were obtained for rice and corn flour. The Monte Carlo 

(MC) adsorption simulation studies predicted the strong interaction of ZEN with the 

constructed sensor.  

 

In the final case study, an OTA electrochemical sensor was designed using a nickel metal-

organic framework (Ni-MOF) and carboxylated reduced graphene oxide (cRGO) on a GCE. 

The detection of OTA was achieved under optimized conditions in PBS solution with the 

developed GCE/Ni-MOF/cRGO electrode, employing CV, EIS and DPV as electrochemical 

tools. Applying DPV, the sensor reported very low LODs and LOQs of 3.29 fg mL-1 and 10.97 

fg mL-1 respectively, over a calibration range of 10.00 fg mL-1 to 90.00 fg mL-1. Regarding 

real sample analysis, excellent spike recoveries from 95% to 105% were obtained for corn and 

rice flour. Molecular dynamics (MD) studies predicted that the Ni-MOF exhibited a strong 

electrostatic interaction with the OTA analyte, in agreement with the experimental findings. 

 

The synthesized nanomaterials (cMWCNTs-Fe3O4 NP, PEG-Fe3O4 NPs/cMWCNTs, and Ni-

MOF/cRGO) utilized in this study were characterized by an array of techniques, including 

single particle inductively coupled plasma-mass spectrometry (spICP-MS), transmission 

electron microscopy (TEM), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy 

(EDS), scanning electron microscopy (SEM), multidetector asymmetrical flow field-flow 

fractionation (AF4), and Fourier transform infrared spectroscopy (FTIR). 

 

Finally, computational modelling studies were undertaken to establish a synergy with the 

experimental approaches employed in each case study. These methodologies included DFT, 

docking studies, MC adsorption and MD simulations, which were aimed at predicting and 

assessing the atomic and molecular interactions between the mycotoxins and their respective 

electrode systems.  

 

Keywords: Aflatoxin B1, zearalenone, ochratoxin A, cyclic voltammetry, electrochemical 

impedance spectroscopy, differential pulse voltammetry, density functional theory, docking 

studies, Monte Carlo adsorption, molecular dynamics 
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 CHAPTER 1 - INTRODUCTION 

This chapter provides a background of the study regarding mycotoxin analysis. 

Correspondingly, the current analytical approaches regarding the detection of mycotoxins in 

foods are discussed. This is followed by the aim, objectives, and a brief outline of the thesis. 

 

1.1) Background and problem statement 

Aflatoxin B1 (AFB1), zearalenone (ZEN) and ochratoxin A (OTA) are mycotoxins widely 

found in maize, rice, wheat and other agricultural products (Giannioti et al. 2023). They are 

known to exhibit severe carcinogenic effects in both humans and animals (Oufensou et al. 

2023). Consequently, several analytical techniques have been evaluated for mycotoxin 

quantification regarding food safety and quality control. Current methods include thin-layer 

chromatography (TLC) (Salisu et al. 2021), gas chromatography-mass spectrometry (GC-MS) 

(Na et al. 2022), high-performance liquid chromatography (HPLC) (Singh and Mehta 2020) 

and immunoassay analyses (Yadav et al. 2021). Although these techniques are very useful, each 

has notable drawbacks, such as being costly to operate, time-consuming, and requiring high-

level expertise (Fan et al. 2023). Hence, the introduction of electrochemical sensors can be seen 

as a way to overcome these challenges.  

 

The recent rise in the application of electrochemical sensors has attracted interest due to their 

advantages, such as simplicity, low cost, wide linear range, and good sensitivity and selectivity 

(Otero and Magner 2020). The two most common methods are cyclic voltammetry (CV) and 

differential pulse voltammetry (DPV). Based on a redox transformation, they measure how a 

target analyte and its recognition element react to a redox change (Cesewski and Johnson 2020). 

In addition, the frequent employment of aptamers and nanomaterials, including nanoparticles 

(NPs), polymers, metal-organic frameworks (MOFs), and carbon materials such as multiwalled 

carbon nanotubes (MWCNTs) and graphene oxide (GO), has gained momentum in recent years 

regarding pathogen and toxin analyses in sensor construction (Cheng et al. 2021). 

Consequently, these materials have been employed to modify working electrodes for signal 

amplification to improve the conductivity, catalytic response, and detection performance of 

electrochemical sensors (Yang et al. 2022; Rahimizadeh et al. 2023). 



2 

 

 

Aptamers are short, single-stranded DNA or RNA oligonucleotides that can form stable 

complexes with specific target molecules. They exhibit advantages such as having a wide 

target range (from metal ions to cells), low toxicity, simple modification and synthesis, and 

stability under diverse environmental conditions (Sun et al. 2023a). Magnetic Fe3O4 NPs have 

been known to play a key role in electrochemical sensor development due to their high surface 

area, superparamagnetic property, ease of preparation, high adsorption ability, 

biocompatibility, and high electrical conductivity (Socas-Rodríguez et al. 2020; Shalali, 

Cheraghi and Taher 2022). On the other hand, poly(ethylene glycol) (PEG) has been employed 

to successfully quell agglomeration states in Fe3O4 NPs as capping agents and promote 

biocompatibility for sensor applications (Sarkar et al. 2016; Vallabani and Singh 2018; 

Antarnusa et al. 2022). Further, the functionalization of MWCNTs using carboxyl groups is 

well-known to have properties that exhibit outstanding conductivity and enhanced electrode 

electrocatalytic activity (Sun et al. 2022a). This process also results in the cMWCNTs having 

improved solubility and dispersity as opposed to pristine MWCNTs, and coupled with the 

intercalation of NPs, further increases their applicability for use in electrochemical sensor 

development (Hloma, Uwaya and Bisetty 2022). Further, metal-organic frameworks (MOFs) 

have been utilized in sensor development owing to their unique properties such as high 

porosity, active functional sites, and attractive morphologies (Mohan et al. 2023). It has also 

been reported that the combination of MOFs with carbon-based materials, like GO, is likely to 

improve analyte sensitivity by enhancing electrical properties and thus facilitating good 

electron transfer (Mokhtar et al. 2022). 

 

Finally, state-of-the-art in-silico techniques such as Monte Carlo (MC) adsorption, molecular 

docking, molecular dynamics (MD) and density functional theory (DFT) calculations have 

been employed for the exploration and validation of experimentally observed behaviour that 

may otherwise not be possible through traditional analytical techniques. Computer simulations 

allow for theoretical principles to propose areas of interest to which experimental techniques 

may be applied, including the potential to support sensing studies (Arodola et al. 2020; 

Lephalala et al. 2020; Naidoo et al. 2020; Naidoo et al. 2021; Hloma, Uwaya and Bisetty 

2022). 

 

This research was conducted as case studies to contribute to the development of electrochemical 

sensors for AFB1, ZEN and OTA, respectively.  
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1.2)  Aim and objectives 

Aim 

To develop highly selective and sensitive electrochemical sensors for the detection of AFB1, 

ZEN and OTA in real food samples. 

 

Objectives 

• To synthesize Fe3O4 NPs, PEGylated Fe3O4 NPs and Ni-MOF, as well as construct their 

composites (cMWCNTs-Fe3O4 NP, PEG-Fe3O4 NP/cMWCNTs and Ni-MOF/cRGO) for 

mycotoxin sensor development. 

• To perform characterization studies on the synthesized NPs, MOF and their developed 

composites using single particle inductively coupled plasma-mass spectrometry (spICP-

MS), X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy (EDS), scanning 

electron microscopy (SEM), multidetector asymmetrical flow field-flow fractionation 

(AF4), and Fourier transform infrared spectroscopy (FTIR). 

• To develop an aptasensor for AFB1 detection by immobilizing the selective aptamer onto 

the surface of a glassy carbon electrode (GCE) modified with the developed cMWCNTs-

Fe3O4 NP nanocomposite.  

• To develop electrochemical sensors for ZEN and OTA detection by immobilizing PEG-

Fe3O4 NP/cMWCNTs and Ni-MOF/cRGO nanocomposites onto GCE, respectively. 

• To optimize and measure the performance of the designed sensors toward AFB1, ZEN and 

OTA detection, respectively, by performing standard (CV and electrochemical impedance 

spectroscopy (EIS)) and real sample analyses (DPV).  

• To identify the redox reactive sites, predict adsorption phenomena, and assess the 

intermolecular interactions of the analytes with the fabricated electrode surfaces using 

computer experiments involving DFT, molecular docking, MC and MD simulations, 

respectively. 
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1.3) Thesis outline 

This thesis is divided into five chapters. Following the introduction, further chapters are 

divided as follows:  

 

Chapter 2 - Literature Review  

The chapter describes the literature survey of the project regarding the ubiquity and 

toxicological concerns posed by the AFB1, ZEN and OTA mycotoxins, respectively. Also, the 

current analytical approaches to deal with mycotoxin detection are discussed.  

 

Chapter 3 – Materials and Methods  

This chapter entails a description of the materials and methods employed in both the 

experimental and computational studies of this work.  

 

Chapter 4 – Results and Discussion 

This chapter details the results and discussion of the work in a case-study format as follows: 

• Case Study I – A novel MB-tagged aptasensor for aflatoxin B1 detection in food using 

Fe3O4 NPs substantiated with in-silico modelling (Figure 1.1) 

 

Figure 1.1. Schematic representation of aptasensor employed for AFB1 detection in this study. 
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• Case Study II – A novel electrochemical sensor for the detection of zearalenone in food 

matrices using PEGylated Fe3O4 NPs supported by multidetector AF4 and in-silico studies 

(Figure 1.2) 

 

Figure 1.2. Schematic representation for ZEN detection employed in this study. 

 

• Case Study III – A nickel MOF-based electrochemical sensor for ochratoxin A detection 

in food supported by in-silico studies (Figure 1.3) 

 

Figure 1.3. Schematic representation of OTA sensing employed in this study. 

 

Chapter 5 – Summary, Conclusions and Recommendations 

This chapter entails the summary, conclusions and future recommendations of this work. 

 

References  

A list of references cited throughout the thesis.  
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 CHAPTER 2 - LITERATURE REVIEW 

The purpose of this chapter is to provide an overview of the prevalence of AFB1, ZEN and 

OTA mycotoxins in foods. It is also discussed how they may impact the health of humans and 

animals. Finally, advances made regarding current analytical approaches suited to the analysis 

of the aforementioned mycotoxins are discussed. 

 

2.1) Mycotoxins in foods 

Mycotoxins are naturally occurring secondary metabolites produced by toxigenic microfungi, 

which include the Aspergillus, Fusarium, Penicillium, and Stachybotrys species (Malir et al. 

2023). These fungi are known to grow in and contaminate various food sources such as bread, 

vegetables, cereals, nuts, fruits, and liqueur (Jafarzadeh et al. 2023). They possess thermal and 

chemical stability across various food processing stages, ranging from pre-harvest to storage 

(Hamad et al. 2023). An estimated US$932 million in worldwide annual financial losses in 

agricultural products have been reported due to mycotoxin exposure (Neuenfeldt et al. 2023). 

Mycotoxins afflict severe pathological disorders in human and animal health, exhibiting effects 

such as carcinogenicity, hepatotoxicity, neurotoxicity, nephrotoxicity, and immunotoxicity (El-

Sayed et al. 2022). To date, over 400 types of mycotoxins have been identified, with aflatoxin 

B1, zearalenone, and ochratoxin A recognized as among the most common and potent affecting 

agriculture, economics and public health on a global scale (Yang et al. 2022). As per these 

concerns, several analytical approaches have been evaluated for the highly sensitive and 

selective detection of mycotoxins to monitor and ensure food quality and safety. 

2.2) Mycotoxin detection strategies 

2.2.1) Chromatography 

Chromatography is a family of analytical techniques characterized by the separation of 

components carried by a mobile phase through a stationary phase for qualitative and 

quantitative analyses (Coskun 2016). Most methods employed for mycotoxin detection include 

chromatographic techniques such as thin-layer chromatography (Teixeira et al. 2011; Pradhan 

and Ananthanarayan 2020), high-performance liquid chromatography (Öncü Kaya et al. 2019; 

Saini and Abdel-Rehim 2020; Koch, Mauch and Riedel 2022), gas chromatography-mass 

spectrometry (Pack et al. 2020), and liquid chromatography-mass spectrometry (Lv et al. 

2021). While these techniques are accurate, reproducible and sensitive, they have drawbacks 
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such as complicated sample preparation procedures, inhibition of on-site detection, and long 

analysis times (Harpaz et al. 2022). 

2.2.2) Enzyme-linked immunosorbent assay 

ELISA is a biochemical method used to screen and quantify analytes by enzymatic interactions 

of washed species for subsequent colorimetric measurements (Zhang and Vrient 2020). The 

technique boasts significant advantages over chromatographic methods, such as simpler 

sample preparation and requiring lower volumes (Maggira et al. 2022), and as such has been 

widely employed in mycotoxin analyses (Kononenko et al. 2022; Tian et al. 2022; Chavez et 

al. 2023; Feng et al. 2023; Yoshinari et al. 2023). Although ELISA is promising, it still holds 

considerable disadvantages, such as the requirement of highly skilled personnel, expensive 

equipment and differing measurement uncertainties (Rayappa et al. 2021). 

 

Thus, recently, interest has surged towards the development of methodologies to address the 

limitations of these conventional techniques for the sensitive detection of mycotoxins. 

2.2.3) Electrochemical sensors 

An electrochemical sensor can be defined as a detection device that transduces electrochemical 

responses from an analyte into electrical signals for qualitative and quantitative analyses based 

on voltammetric, conductometric, potentiometric and impedance methods (Dhinakaran et al. 

2020; Qian et al. 2021). At present, many varied types of sensors are applied for mycotoxin 

analysis, including electrochemical aptasensors, magnetic nanoparticle-based sensors and 

metal-organic framework-based sensors.  

 

Electrochemical aptasensors employ aptamers, which are short, single-stranded DNA or RNA 

oligonucleotides that show specific binding affinities for targets such as amino acids, proteins, 

drugs and other molecules. They are viewed as more efficient alternatives to antibodies as they 

exhibit advantages such as superior shelf life, simple production and straightforward chemical 

modification protocols (Hasanzadeh et al. 2018; Odeh et al. 2020). Nanoparticles play critical 

roles in sensors regarding participation in detection reactions, catalysis, improved electron 

transfer, labelling and receiver stabilization (Huang, Zhu and Kianfar 2021). MOFs exhibit 

unique inherent properties such as good thermal stability, a large surface area, adjustable 

chemical functionalities and tuneable surface properties (Kajal et al. 2022). Polymers feature 

powerful characteristics for sensor design, such as strong adherence to electrode surfaces, the 
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Current analytical techniques employed for AFB1 detection include thin-layer chromatography 

(Pradhan and Ananthanarayan 2020), high-performance liquid chromatography (Saini and 

Abdel-Rehim 2020), and immunochemical analyses (Yadav et al. 2021). Even though these 

techniques are very useful, electrochemical sensors have recently seen a rise in popularity due 

to their numerous benefits, including ease of use, low cost, fast response, high selectivity and 

sensitivity, portability, and the potential for on-site monitoring (Beitollahi et al. 2020) (Table 

2.1). In addition, the use of aptamers has surged in various therapeutic, diagnostic, and 

analytical applications since they were first described in 1990 (Qian et al. 2022a). 

Electrochemical aptasensors combine the advantages of electrochemical sensing with those of 

aptamer technology. Different types of AFB1 aptasensors have been reported in the literature; 

Abnous et al. (2017) employed a gold electrode coated with complementary DNA strands 

based on a 𝜋-shaped structure; a macroporous MoS2-AuNPs film was used as a support for 

tetrahedral DNA structures by Peng et al. (2018); and Wang et al. (2021) developed an 

aptasensor based on iron porphyrin organic porous material loaded with gold nano-bipyramids. 

While the unique multi-strand structural arrangements of these studies provide advantages such 

as mechanical rigidity and structural stability through DNA hybridization of complementary 

base pairs between the aptamer and support strands, the overall electrode construction 

protocols employed involve expensive chemical entities and therefore can be seen as costly 

and difficult to replicate for on-site monitoring. On the other hand, the employment of solely 

single-stranded DNA with affordable electrode signal enhancers, such as carbon-based 

nanomaterials may provide an efficient and cost-effective alternative protocol. Further, 

methylene blue is a commonly used redox tag to facilitate electron transfer between MB and a 

given electrode, with the efficiency being dependent on the selected aptamer (Chen and Wang 

2020; Wang and Zhao 2020). 
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Table 2.1. Current electrochemical sensors for AFB1 detection in foods. 

 Sample LOD %Recovery Reference 

Aptasensor Corn, rice, chilli 

powder 

 

Nuts, corn, 

soybeans 

 

Corn, wheat, oats 

 

Peanuts, peanut 

butter, peanut oil 

 

Peanuts, walnuts, 

almonds 

 

4.56 ng mL-1 

 

 

0.01 nM 

 

 

0.02 ng mL-1 

 

0.33 pg mL-1 

 

 

0.45 pg mL-1 

91-110 

 

 

88-95 

 

 

95-107 

 

98-106 

 

 

95-110 

Vijitvarasan, Cheunkar 

and Oaew (2022) 

 

Ong et al. (2023) 

 

 

Pan et al. (2022) 

 

Lv et al. (2023) 

 

 

He et al. (2023) 

Magnetic NP-

based sensor 

Beer, barley 

 

 

Corn, wheat 

 

Animal feed 

 

Peanuts 

 

Peanut oil 

 

6.12 μg L-1 

 

 

0.05 μg kg-1 

 

0.45 pg mL-1 

 

0.90 pg mL-1 

 

0.40 pg mL-1 

94-97 

 

 

70-91 

 

92-101 

 

96-120 

 

97-115 

Pezeshkpur, Tadayon 

and Sohrabi (2023) 

 

Lin et al. (2023a) 

 

Hong et al. (2021) 

 

Becheva et al. (2019) 

 

He et al. (2020) 

 

MOF-based 

sensor 

Wheat flour 

 

 

Walnuts 

 

Beer 

 

Milk, corn, rice 

 

Rice, corn flour 

8.30 × 10-4 ng mL-1 

 

 

5.39 fg mL-1 

 

6.70 × 10-7 ng mL-1 

 

0.35 ng mL-1 

 

31.0 ng L-1 

98-106 

 

 

88-106 

 

96-103 

 

90-104 

 

96-104 

Jahangiri–Dehaghani, 

Zare and Shekari (2022) 

 

Lv et al. (2022) 

 

Wang et al. (2019) 

 

Jia et al. (2020) 

 

Meng, Gan and Tian 

(2022) 

 

 

2.4) Zearalenone 

Zearalenone (Figure 2.2) is a non-steroidal estrogenic mycotoxin produced by the Fusarium 

fungi species widely found in mouldy maize, wheat, and rice, as well as other cereal and dairy 

products (Yan et al. 2022b). Its resistance to environmental changes and heat treatments during 

food storage and processing raises health concerns regarding ZEN exposure (Han et al. 2022). 

The rapid conversion of ZEN to its zearalenol metabolites in the gastrointestinal tract occurs 

shortly after ingestion in animals (Rogowska et al. 2022). Constituting a phenol ring in its 

structure similar to that of the 17β-estradiol hormone, competition occurs with these 

endogenous hormones for estrogen receptor binding sites, which in turn affect the function of 
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Table 2.2. Current electrochemical sensors for ZEN detection in foods. 

 Sample LOD %Recovery Reference 

Aptasensor Corn oil 

 

Corn flour 

 

Corn flour 

 

Corn 

 

Corn powder 

0.21 pg mL-1 

 

29.3 ng kg-1 

 

0.39 pg mL-1 

 

0.0064 ng mL-1 

 

3.10 × 10-12 mol L-1 

 

94-106 

 

N/A 

 

93-105 

 

95-119 

 

83-98 

 

Yao et al. (2022) 

 

Zhao et al. (2022a) 

 

Chen et al. (2022d) 

 

Guo et al. (2023c) 

 

Liao et al. (2023) 

 

Magnetic NP-

based sensor 

Maize, wheat 

 

Beer, wine 

 

Corn, beer 

 

Corn, rice, oats 

 

Wheat flour 

 

0.06 μg kg-1 

 

0.001 ng mL-1 

 

0.98 ng mL-1 

 

0.22 pg mL-1 

 

0.38 μg kg-1 

82-118 

 

96-111 

 

99-102 

 

95-105 

 

82-120 

Hua et al. (2022) 

 

Chen et al. (2021) 

 

Liu et al. (2020a) 

 

Jiang et al. (2021) 

 

Lin et al. (2023b) 

 

MOF-based 

sensor 

Maize 

 

Maize, wheat 

 

Almonds 

 

Beer, corn, peanut 

 

Corn flour, corn 

oil, oat flour 

1.37 fg mL-1 

 

0.36 pg mL-1 

 

7.44 nM 

 

3.50 fg mL-1 

 

0.0035 ng mL-1 

94-103 

 

95-109 

 

92-110 

 

96-106 

 

85-101 

He and Yan (2020) 

 

Sun et al. (2022b) 

 

Zhang et al. (2023) 

 

Duan et al. (2022) 

 

Li et al. (2023) 

 

 

2.5) Ochratoxin A 

Ochratoxin A (Figure 2.3) is a common mycotoxin produced by the Aspergillus and 

Penicillium fungi species widely found in food commodities such as wheat, maize, nuts, coffee, 

beer, and cocoa (Wang et al. 2022c). It exhibits robust stability in conditions that are humid 

and ambient in temperature, presenting challenges regarding grain harvesting, storage, 

processing and transportation (Liu et al. 2022d). The nephrotoxic nature of OTA has been 

characterized by cellular damage due to oxidative stress, apoptosis, and DNA fragmentation 

based on its affinity toward proximal tubule epithelial cells in humans and animals (Khoi et al. 

2021). In addition, it has also been reported that OTA exhibits carcinogenic, teratogenic, 

hepatoxic and immunosuppressive effects, leading it to be classified as a group 2B carcinogen 

by the IARC (Chen et al. 2022b).  
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Table 2.3. Current electrochemical sensors for OTA detection in foods. 

 Sample LOD %Recovery Reference 

Aptasensor Malt 

 

Wine, grape juice, 

wheat 

 

Corn, wheat, rice 

 

Grape juice 

 

 

Soybeans, grapes, 

milk 

1.00 pg mL-1 

 

0.05 ng mL-1 

 

 

3.40 pg mL-1  

 

0.40 pg mL-1 

 

 

30.0 pM 

90-96 

 

95-107 

 

 

98-105 

 

98-108 

 

 

83-101 

Hou et al. (2023) 

 

Guo et al. (2022a) 

 

 

Guo et al. (2023a) 

 

Wang et al. 

(2023b) 

 

Wang et al. 

(2022a) 

 

Magnetic NP-based 

sensor 

Cornmeal 

 

Wine, beer 

 

Wine 

 

Wheat, corn, wine 

 

Coffee 

N/A 

 

14.0 nM 

 

0.42 pg mL-1 

 

0.13 ng mL-1 

 

0.10 ng mL-1 

91-99 

 

97-109 

 

99-104 

 

85-108 

 

93-99 

Wang et al. (2020) 

 

Hu et al. (2022) 

 

Gao et al. (2022) 

 

Wu et al. (2023) 

 

Kunene et al. 

(2020) 

 

MOF-based sensor Wine 

 

Corn, orange juice 

 

 

Wheat, corn 

 

Wine, corn 

 

 

Corn flour 

 

 

 

10.0 pg mL-1 

 

0.29 pg mL-1 

 

 

0.28 ng mL-1 

 

14.0 fg mL-1 

 

 

4.30 × 10-3 ng mL-1 

91-105 

 

92-97 

 

 

82-112 

 

96-104 

 

 

96-110 

Li et al. (2018b) 

 

Huang et al. 

(2023) 

 

Wei et al. (2023) 

 

Zhang, Xu and 

Qiang (2020) 

 

Jahangiri–

Dehaghani, Zare 

and Shekari (2023) 

 

Further, an understanding of the electrochemical methods underlying the employed sensors is 

required regarding the qualitative and quantitative analyses of this work. 

2.6) Electrochemical methods 

Electrochemical methods are based on probing an electrochemical reaction between the target 

analyte and its recognition element (Cesewski and Johnson 2020). The instrumentation is based 

on a three-electrode system (Figure 2.4) that constitutes a working electrode, an auxiliary 

electrode and a reference electrode that facilitates the varying of an applied potential to detect 

and evaluate a current response from an electroactive species dissolved in an electrolyte 

solution (Gosser 1993). Recently, much attention has been gained due to their potential for on-
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site monitoring, low cost, simplicity, fast response, high sensitivity, and high specificity (Moro 

et al. 2020; De Rycke et al. 2021; Caglayan, Şahin and Üstündağ 2022; Duan et al. 2022; Niazi 

et al. 2022; Sohrabi et al. 2022a; Yan et al. 2022a). Of these methods, voltammetric and 

impedimetric measurements are the most commonly employed in mycotoxin sensing (Evtugyn 

and Hianik 2019). As such, the methods employed in this study include cyclic voltammetry, 

electrical impedance spectroscopy, and differential pulse voltammetry. 

 

Figure 2.4. Schematics of three-electrode system used in electrochemical measurements. 

 

2.6.1) CV 

CV is a widely applied electrochemical technique that provides experimental insights into the 

kinetic properties of a given chemical system by investigating its oxidation and reduction 

processes (Marken, Neudeck and Bond 2010). It holds a plethora of applications in a diversity 

of fields such as chemistry, neuroscience, electrical engineering, materials science, cell 

biology, condensed-phase physics and photonics (Espinoza et al. 2019; Chavan et al. 2022; 

Hattori, Matsuda and Seki 2022; Ratautaite et al. 2022; Shinoda, Takase and Shimizu 2023). 

 

In a typical CV analysis (Figure 2.5), if an initial applied potential (first switching potential) 

is scanned in a positive direction of increasing voltages, it is said to induce a cathodic current 

peak response from the electroactive species being investigated (Kissinger and Heineman 

1983). This phenomenon occurs as a result of the working electrode reaching a potential 

negative enough for it to act as a strong reductant, causing the analyte to gain an electron from 

it (reduction). This process continues until the concentration of the reduced species near the 
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𝐸𝑝𝑎 and 𝐸𝑝𝑐 may also be represented by the following equations: 

 

 
𝐸𝑝𝑎 = a +

2.303𝑅𝑇

(1 − 𝛼)𝑛𝐹
log 𝜐 

(2.2) 

 

 
𝐸𝑝𝑐 = b −

2.303𝑅𝑇

𝛼𝑛𝐹
log 𝜐 

(2.3) 

 

where n is the number of electrons transferred, 𝛼 the transport coefficient, R the universal gas 

constant (J K-1 mol-1), T the temperature (K), and F the Faraday’s constant (C mol-1) (Thomas 

et al. 2015). 

Finally, the peak current is described by the Randles-Sevcik equation for a reversible system: 

 𝑖𝑝 = (2.69 × 105)𝑛3 2⁄ 𝐴𝐶𝐷1 2⁄ 𝜐1 2⁄  (2.4) 

where 𝑖𝑝 is the peak current (A), 𝐴 the active electrode surface area (cm2), 𝐶 the concentration 

(mol cm-3), D the diffusion coefficient (cm2 s-1) and 𝜐 the scan rate (V s-1). 

2.6.2) EIS 

Electrochemical impedance spectroscopy is a powerful technique capable of characterizing the 

interfacial electrical properties between materials and conducting electrodes, such as in 

heterogeneous cells (Macdonald and Johnson 2018). Consequently, EIS is critical in 

understanding the processes behind sensor recognition events typical of varying components, 

including nucleic acids, metal oxide nanoparticles, polymers and carbon-based nanomaterials 

(Magar, Hassan and Mulchandani 2021). In addition to sensors, it is commonly employed in 

applications dealing with power source evaluations and corrosion analysis (Braz et al. 2022; 

Brett 2022; Wei et al. 2022). 

 

The technique is based on applying a small electrical stimulus to the electrode interface of the 

electrochemical system, such as a single-frequency voltage, and measuring the response of the 

corresponding current (Macdonald and Johnson 2018). Mathematical Fourier transformation 

treatment of the resulting sinusoidal alternating current response is then applied, reducing the 

complicated time-based equations into a form analogous to Ohm’s law for direct current. 

Integrating the complex number plane, the impedance is calculated from the current and 

voltage emanating from the phase shift (real number component) and amplitude (imaginary 

number component) of the resulting current waveform at the applied frequency. 
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2.7.1) Magnetic nanoparticles 

Magnetic nanoparticles commonly consist of magnetic elements such as iron, cobalt and nickel 

and their chemical compounds (Ganapathe et al. 2020). They are widely used in separation 

technology, protein immobilization, catalysis, medical and environmental sciences, and the 

food industry (Liu et al. 2020b; Chubarov 2022; Mohamed Noor et al. 2022; Patil and Rathod 

2022; Verma et al. 2022; Wang et al. 2022e; Yilmaz et al. 2022). The polymorphs include 

magnetite (Fe3O4), which is black, maghemite (𝛾-Fe2O3), which is yellow, and hematite (𝛼-

Fe2O3), which is red, depending on the crystalline structure (Voss et al. 2020). In particular, 

Fe3O4 NPs are increasingly attracting interest as they exhibit low toxicity, facile 

functionalization and high biocompatibility (Wang et al. 2023a). Moreover, Fe3O4 NPs exhibit 

significant characteristics such as high electrical conductivity, high magnetic susceptibility and 

superparamagnetism, which favours their employment as key components in sensing 

applications (Socas-Rodríguez et al. 2020). 

2.7.2) Metal-organic frameworks 

MOFs are regarded as highly porous crystalline materials constituting metal ions or clusters 

interconnected with organic linkers (Marimuthu et al. 2022). They have remarkable intrinsic 

properties such as thermal and chemical stability, tunable pore size and high surface area 

(Mallakpour, Nikkhoo and Hussain 2022). As such, the use of MOFs has surged in a diversity 

of applications such as drug delivery, gas storage, solar cells, batteries, and sensors (Chu, Sun 

and Cui 2022; Demir Duman et al. 2022; Guo et al. 2022b; Sohrabi et al. 2022b; Uğur, Gencer 

Imer and Gülcan 2022). In particular, Ni-MOF with trimesic acid linkage has been found to 

exhibit strong optical, structural and electrical properties well suited for sensor development 

(Murad et al. 2022). 

2.7.3) Carbon-based nanomaterials 

Recent interest has surged regarding the application of carbon-based NMs due to their 

numerous properties, such as high electrical and thermal conductivity, large surface area, 

unique optical and mechanical properties, and small size (Díez-Pascual 2021). Hence, they 

boast several applications in fields such as solar energy storage, catalysis, pollutant 

elimination, gas storage and sensors (Azara, Belbessai and Abatzoglou 2022; İnada, Arman 

and Safaei 2022; Liu et al. 2022b; Singhal et al. 2022; Cai et al. 2023). They can be divided 
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into specific types depending on their spatial dimensions, such as fullerenes, carbon nanotubes 

and graphene (Pan et al. 2019). In addition, the carboxylation of multi-walled carbon 

nanotubes and reduced graphene oxide allows for significant improvement regarding solvent 

dispersibility, which promotes the homogenous mixing of electrode materials for enhanced 

sensor performance (Kobets et al. 2019; Wang et al. 2022g). 

2.7.4) Synthesis of nanomaterials 

The selected nanomaterial synthesis approach is critical for controlling desired properties such 

as morphologies, surface charges, dimensions and physicochemical attributes for sensor 

construction (Qian et al. 2021). The synthesis of NMs is classified into two main approaches, 

namely the top-down and bottom-up methods (Indiarto et al. 2022). The former is defined by 

the transformation of bulk material into nano-sized dimensions, while the latter involves 

building material from the smallest dimensions and coalescing into larger forms from the atom 

up (Saleh 2021). Of these approaches, bottom-up synthesis is preferred owing to the 

disadvantages denoted by the top-down method, such as difficulties in obtaining proper particle 

shape and size (Abid et al. 2022). Among the bottom-up methods, the co-precipitation process 

is preferred over the chemical deposition method owing to advantages such as achieving more 

frequency in obtaining fine and uniform particle sizes, and better homogeneity of the species 

distribution (Hachem et al. 2022). In addition, this method holds advantages over green 

synthesis, which tends to exhibit low yield and poor chemical stability (Dikshit et al. 2021). 

Thus, the application of the co-precipitation method is found to control the dimensions of NMs 

to occur in the nano-size range of 1-100 nm, the properties of which are reported to enhance 

the conductivity and overall performance of sensors (Elahi and Rizwan 2021). 

2.8) Characterization methods 

2.8.1) AF4 

Asymmetrical Flow Field-Flow Fractionation is an elution-based method most popular for the 

fractionation and characterization of NPs by hydrodynamic size (Contado 2017). The 

technique is characterized by the separation of an analyte induced by an external flow field 

applied perpendicular to the direction of the sample flow through a thin channel (Wahlund and 

Giddings 1987). AF4 is employed in a plethora of fields such as biotechnology, environmental 
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chemistry, pharmaceutics and polymer technology (Shakiba et al. 2022; Bai et al. 2023; Guo 

et al. 2023b; Qu et al. 2023; Ventouri et al. 2023). 

 

The separation takes place in the channel consisting of non-porous and porous plates with a 

thin spacer in between clamped together (Wahlund and Giddings 1987; Cölfen and Antonietti 

2000) (Figure 2.8). The porous plate is made up of a membrane that is supported by a frit, 

together called the accumulation wall. The sample, carried by a laminar flow of solvent, enters 

through the tip of the channel (tip flow). This stream exhibits a parabolic flow profile and the 

resulting perpendicular crossflow. The latter is induced by the tip flow channelling through the 

permeable accumulation wall. Against the longitudinal channel flow, a counterflow of solvent 

(focus flow) is introduced independently to focus the sample, promoting an increase in signal 

resolution and a reduction of peak band broadening; this is due to the subsequent equilibration 

of the diffusional and Brownian forces (relaxation or focus step). Simultaneously, the sample 

particles are pushed by the crossflow toward the accumulation wall, at which point diffusion 

and crossflow strength partition the particles. Subsequently, the focus flow is turned off, and 

the separated sample species proceed through the channel. The laminar profile of the channel 

flow ensures that smaller particles are carried away by the central parabolic high-velocity 

streamlines and are eluted first, followed by the larger particles forced slowly along by the 

low-velocity streamlines at the accumulation wall. Ultimately, the sample particles are 

separated by hydrodynamic diameter and are ascendingly eluted.  

 

Subsequently, the separated particles flow to the multi-angle light scattering detector. The 

principle of MALS entails the use of an incident laser to illuminate the centres of the sample 

particles, at which point the scattered light intensities are measured by multiple surrounding 

detectors situated at different angles for the determination of particle size and molar mass 

(Figure 2.9) (Lohrke, Briel and Mäder 2008). As such, for a monodispersed suspension of 

spherical particles, it is observed that the intensity of scattered light varies smoothly with the 

angle of scattering. This trend tends to occur in the variation of angles in the range between 0° 

and 180° (Zimm 1948; Cowie and Arrighi 2007). The calculated particle size limitations 

include below 10 nm and above 200 nm depending on the wavelength of the incident laser, 

shape-factor fit approximations and optical properties of the particles (Korgel, van Zanten and 

Monbouquette 1998; Podzimek 2011). Essentially, the scattered light intensity is determined 

as a response by the Rayleigh-Gans approximation (Wyatt 2014) to elucidate the radius of 

gyration of a given sample for particle size distribution analysis. 
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Figure 2.8. Working principle of AF4 separation, adapted from Postnova Analytics GmbH, Germany 

(Postnova 2017). 

 

 

Figure 2.9. Light scattering principle of MALS detector, adapted from Postnova Analytics GmbH, 

Germany (Postnova 2017). 

 

2.8.2) SpICP-MS 

Conventionally, inductively coupled plasma-mass spectrometry in batch mode has been 

employed in a plethora of fields such as food, environmental and life sciences, forensics and 

pharmaceutics, which perform trace element measurements at very low concentrations (Olesik 

1991; Wilschefski and Baxter 2019; Balaram, Rahaman and Roy 2022; Nawrocka et al. 2022; 

da Silva and Arruda 2023; Ruffolo et al. 2023). On the other hand, recently, interest in 
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applications of single particle ICP-MS has surged, where it is employed for the detection and 

size characterization of nanomaterials in aqueous dispersions (Montaño et al. 2016). 

 

The sample is introduced in dispersion form, following which the analyte is subsequently 

nebulized, desolvated, atomized, and ionized in contact with the argon-based high-temperature 

plasma (Montaño et al. 2016). Thereafter, the target ions are extracted from the plasma 

interface and then separated under vacuum by the mass spectrometer using the particles’ mass-

to-charge ratio (m/z). Consequently, the instrument detects charges of particles equivalent to 

one; thus, m/z is taken as identical to the atomic mass of the particle. In spICP-MS, this is 

considered a signal pulse event. Finally, an electron multiplier detector counts the ions, after 

which results are obtained and interpreted in the data management software. 

 

The mass-based diameter, d, of a spherical particle is represented by:  

 

 
𝑑 = (

6𝑞𝑐𝑜𝑙𝑡𝑑𝑡𝜂𝑛𝑒𝑏𝑐𝑇𝑖

0.5994𝜋𝜌
)

1/3

 
(2.5) 

 

where 𝑞𝑐𝑜𝑙 is the nanoparticular colloidal sample flow rate, 𝑡𝑑𝑡 the dwell time, 𝜂𝑛𝑒𝑏 the 

nebulizer transport efficiency and 𝜌 is the particle density (Dan et al. 2015). 

2.8.3) XRD 

X-ray diffraction is an analytical approach used to provide crystalline information about the 

structure of materials at an atomistic level (Vydrina et al. 2023). Its wide range of analysis 

includes material science applications in cement, plastics, clays and minerals, and carbon-

based materials, metals, and alloys (Khan et al. 2020). Recently, the characterization of 

electrode materials using XRD has gained prominence in the field of electrochemical sensor 

development (Bölükbaşı et al. 2022; Chen et al. 2022c; Ghalkhani and Sohouli 2022; Rezvani 

Jalal et al. 2022; Ali et al. 2023). 

 

The premise of the technique is based on the interaction of the sample atoms with an incident 

X-ray laser (Elton and Jackson 1966; Bunaciu, Udriştioiu and Aboul-Enein 2015). Upon 

contact with the electromagnetic radiation of the X-ray beam, the electrons of the sample atom 

are forced into a receptive vibration, at which point the atom emits radiation of the same 

frequency. An arbitrary angle of scattered radiation is selected for measurement, where each 

element exhibits a characteristic XRD spectrum response. 
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The experiment follows the satisfaction of the conditions for Bragg’s law (Elton and Jackson 

1966; Bunaciu, Udriştioiu and Aboul-Enein 2015): 

 

 𝑛𝜆 = 2𝑑 sin 𝜃 (2.6) 

 

where n is an integer, 𝜆 the wavelength of the X-ray, d the interplanar spacing exhibiting the 

diffraction, and 𝜃 the diffraction angle. 

Finally, the crystalline sizes of a given material can be calculated from their XRD peaks of 

maximum intensity using the Debye-Scherrer equation: 

 

 
𝐷 =

𝑘𝜆

𝛽 cos 𝜃
 

(2.7) 

 

where D is the crystalline size, k the shape factor, 𝜆 the X-ray wavelength and 𝛽 the full width 

at half maximum intensity (Sivagami and Asharani 2022). 

2.8.4) SEM, TEM and EDS 

Scanning and transmission electron microscopy are primary techniques used to pictorially 

determine the morphological characteristics of samples from a plethora of fields ranging from 

biological media and environmental contaminants to energy storage and conversion materials 

(Li et al. 2022; Parker et al. 2022; Zachman et al. 2023). On the other hand, energy-dispersive 

X-ray spectroscopy, utilized for qualitative elemental analysis, is often used in tandem with 

the aforementioned microscopy techniques for a similarly diverse application range (Bahmani 

and Mostofinejad 2022; Mashtalyar et al. 2022; Mo et al. 2022; Patel et al. 2022; Zhang et al. 

2022b). 

 

The basic principle of electron microscopy is exhibited by the irradiation of a given sample by 

highly focused electron beams under vacuum conditions (Inkson 2016). From this point, 

response signals emitted from the sample are collected by detectors in correlation with the 

electron beam incident location, forming a corresponding image. In addition, the key 

differences between SEM and TEM are more related to the energy expended by the designated 

instrument, with the former focused on surface imagery while the latter provides more 

penetrative intrinsic structural information. In fact, the X-rays released due to the transition of 

energy levels of electrons from bombarded sample atoms are observed to denote specific 
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energy responses characteristic of individual elements; this information is subsequently plotted 

to form the corresponding EDS spectrum of the sample. 

2.8.5) FTIR 

Fourier transform infrared spectroscopy is commonly applied to qualitatively determine the 

characteristic functional groups of a given compound in fields such as forensic science, 

pharmaceutics, food and beverages, and environmental science (Alkhuder 2022; Sabbagh et 

al. 2022; Zhang et al. 2022a; Ebada et al. 2023; Paul et al. 2023).  

 

FTIR is based on the absorption of electromagnetic radiation by chemical bonds present in a 

given sample (Ismail, van de Voort and Sedman 1997). This occurs in the infrared spectrum, 

prompting vibrational and rotational energy response transitions at a molecular level. These 

responses exhibit characteristic spectra representative of specific functional groups, thus 

denoting the molecular “fingerprint” of a given sample. Consequently, FTIR has thus been 

widely utilized for the characterization of materials used in electrochemical sensor construction 

(Nallusamy and Sujatha 2021; Iftikhar et al. 2022; Karadurmus et al. 2022; Rahman et al. 

2023; Singhal and Khan 2023). 

2.9) Computational methods 

2.9.1) DFT 

The applications of density functional theory for chemists were first explicitly described in the 

Kohn, Becke and Parr (1996) paper almost thirty years ago, where contributions pertaining to 

important concepts such as electronegativity, hardness and chemical reactivity index were 

highlighted. The theory itself centres around electronic density distribution emanating from 

principles derived from electronic ground state structure supported by appropriate energy 

functional approximations. From a computational viewpoint, the empirical elucidation of 

chemical phenomena, including electrical polarizability and excitation energy, proves 

profitable in promoting synergistic outlooks relating to experimental and computational 

chemistry (Honarparvar, Kanchi and Bisetty 2019; Ayyappa et al. 2021; Kanchi et al. 2021; 

Xing et al. 2022; Roohi and Pouryahya 2023). 
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2.9.2) Molecular docking 

The underlying principle of molecular docking centres on ascertaining the best possible 

structural configuration between a relatively large receptor molecule and a smaller ligand 

compound by applying spatially cognisant in-silico algorithms (Trott and Olson 2010). Many 

works in the reported literature focus in-depth on docking studies regarding protein-ligand 

interactions for drug design and associated efforts (Gnanaraj et al. 2022; Danel et al. 2023; 

Daoui et al. 2023), however, its potential for use outside this niche area is promising, such as 

in sensor applications (Mehmandoust et al. 2022; Bouali et al. 2023; Kunene et al. 2023). 

2.9.3) MC simulation 

The original molecular chemistry Monte Carlo simulation article by Metropolis et al. (1953) 

describes the process of investigating the energetic properties of individual interacting particles 

within a system of predefined thermodynamic conditions. The concept lies in probing the 

probability of a single particle moving to a new state (or remaining in its original position) 

relative to its neighbour in a given canonical ensemble, which depicts thermal equilibrium akin 

to ambient temperature laboratory conditions. The calculation is then repeated for the next 

individual particle, which naturally involves the mathematical application of Monte Carlo 

integration over simulated periodic configurational space (Mize et al. 2022; Attarki et al. 2023; 

de Jesús González and Rangel Vázquez 2023). 

2.9.4) MD simulation 

The molecular dynamics method was developed to understand the behaviour of a large number 

of interacting molecules in a given system at equilibrium and non-equilibrium conditions, as 

first approached by Alder and Wainwright (1959). The calculation allows for the study of 

molecular energy relaxation phenomena and kinetic property investigations pertaining to the 

intrinsic motions of a many-body simulation. The implementation of periodic configurational 

space caters for the representation of a real-life macroscopic system while keeping the number 

of molecules investigated per unit cell constant (Khosrowshahi et al. 2022; Zeng et al. 2022; 

Hu et al. 2023). 
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 CHAPTER 3 – MATERIALS AND METHODS 

This chapter entails a description of the materials and methods employed in both the 

experimental and computational studies of this work. The synthesis and characterization of 

different nanomaterials, along with the fabrication of the electrochemical sensors for each case 

study are presented. 

 

3.1) Experimental methods 

3.1.1) Chemicals and materials 

The anti-AFB1 aptamer employed in the study was procured from Whitehead Scientific (Cape 

Town, South Africa) with the following base pair sequence: 5’-

TGGGGTTTTGGTGGCGGGTGGTGTACGGGCGAGGG-3’ (Goud et al. 2017). The 

aptamer was modified for study as follows: 5’- Amino C6, 3’- MB azide. Ultrapure water (18.2 

MΩ cm−1 resistivity at ambient temperature) was prepared by a Milli-Q Advantage A10 Water 

Purification System (Millipore, Amsterdam, Netherlands). NovaChem Surfactant 100 solution, 

a special mix of ionic and non-ionic detergents for Field-Flow Fractionation (FFF) applications 

was purchased from Postnova Analytics (Landsberg, Germany). Iron (III) chloride (FeCl3) 

(≥99.9%), ammonium hydroxide (NH4OH) solution (28.0% – 30.0%), sodium sulphite 

(Na2SO3) (≥98.0%), nickel (II) nitrate hexahydrate (Ni(NO3)2∙6H2O) (≥99.0%), trimesic acid 

(≥95.0%), hydrochloric acid (37%), PEG-4000 (molecular weight 4000 g mol-1), ethanol 

(≥99.9%), acetonitrile (≥99.9%), methanol (≥99.9%), carboxylated reduced graphene oxide 

(cRGO), carboxylic acid functionalized multi-walled carbon nanotubes (cMWCNTs), 

dimethylformamide (DMF) (≥99.9%), magnesium chloride (MgCl2) (≥98.0%), potassium 

dihydrogen phosphate (KH2PO4) (≥99.0%), potassium chloride (KCl) (99.0% – 100.5%), 

sodium hydrogen phosphate (Na2HPO4) (≥99.0%), sodium chloride (NaCl) (≥99.0%), 

potassium ferricyanide (C6FeK3N6) (≥99.0%), potassium ferrocyanide trihydrate 

(C6FeK4N6∙3H2O) (98.5% – 102.0%), sodium dihydrogen orthophosphate (NaH2PO4) 

(≥99.0%), boric acid (H3BO3) (≥99.5%), sodium tetraborate (Na2B4O7) (99%), sodium 

hydroxide (NaOH) (≥98.0%), N-Hydroxysuccinimide (NHS) (98.0%), 1-[3-

(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC) (≥99.0%), 4-

Morpholineethanesulfonic acid monohydrate (MES) (≥99.0%), aflatoxin B1 (AFB1), 

zearalenone (ZEN) and ochratoxin A (OTA) were procured from Merck (Johannesburg, South 
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Africa). All chemicals used in this study were analytical grade. Commercially available corn 

flour and rice flour were sourced locally for real sample analysis. 

3.1.2) Instrumentation 

Single particle ICP-MS analysis was performed on a PerkinElmer NexION 2000 ICP-MS 

(Perkin Elmer, Shelton, USA) using the Syngistix Nano Application software module. Here, 

the particle size distribution information was obtained for the synthesized Fe3O4 NPs. The 

transport efficiency (particle frequency method) was determined using 30 nm, 60 nm and 90 

nm Au NP standards. Dissolved Fe standard concentrations of 5 𝜇g L-1, 10 𝜇g L-1, 20 𝜇g L-1 

and 50 𝜇g L-1 were used for particle size calibration. Instrumental conditions were optimized 

for the maximum sensitivity of Fe54 (Appendix 1, Appendix 2) (ISO 2017). TEM studies were 

undertaken with an FEI T20 instrument equipped with a LaB6 emitter (Tecnai, FEI) for Fe3O4 

NPs shape determination. An AF4 system (model AF2000 Multiflow, Postnova Analytics, 

GmbH, Germany) equipped with UV-vis (SPD-M20A, Shimadzu, GmbH, Germany) and 

MALS (PN3621, Postnova Analytics GmbH, Germany) detectors was used for the 

determination of the particle size distribution and shape of PEG-Fe3O4 NPs. XRD analyses 

were performed using a Bruker D8 Advanced Diffractometer to ascertain the crystalline 

structural characteristics of the electrode materials used in the study. SEM analyses were 

performed using a Mira3 RISE Scanning Electron Microscope (Tescan, Czech Republic), while 

EDS measurements were conducted using an energy-dispersive X-ray spectrometry Oxford X-

max 20 mm2 detector and INCA software. FTIR spectra were recorded from 4000 to 400 cm-1 

on a Cary 630 FTIR Spectrometer (Agilent Technologies, Santa Clara, USA). All 

electrochemical measurements were performed with a Metrohm AUTOLAB, PGSTAT 302 

with a 663A Computrace. The instrument employs an electrochemical cell that utilizes a three-

electrode system consisting of unmodified and modified GCEs as the working electrode, 

Ag/AgCl (3M KCl) as a reference electrode, and platinum wire as the counter electrode, 

operated with NOVA (v2.1.4) software. The electrochemical cell was purged with nitrogen 

gas for 30 s prior to each measurement to ensure oxygen interference removal. A layer-by-

layer fabrication approach was implemented where bare and modified electrodes were each 

immersed in separate 10 mL aliquots of specific buffer solutions for respective mycotoxin 

quantification analyses. 
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3.1.3) Synthesis of Fe3O4 NPs 

The chemical synthesis of Fe3O4 NPs was undertaken as adapted from Qu et al. (1999). Briefly, 

a 2:1 molar concentration ratio mixture of FeCl3 (in 2 M HCl) to Na2SO3 (aqueous) in addition 

to a dilute aqueous NH4OH solution was mixed and stirred vigorously to form a black 

precipitate. This product was eventually settled and separated by a permanent magnet, with the 

supernatant discarded. Thereafter, the precipitate was washed several times with ultrapure 

water, with a portion left wet for subsequent PEGylation as described in the next section. 

3.1.4) PEGylation of Fe3O4 NPs 

In this method, an equivalent mass of PEG-4000 and as-prepared wet Fe3O4 NPs were mixed 

with ultrapure water in a 1:2 g/mL ratio. The mixture was then stirred for 1 hr and subsequently 

sonicated for 30 min using a 150 W ultrasonic bath (3 L capacity, Labotec, Durban, South 

Africa). Thereafter, the supernatant was removed after 5 min of centrifugation at 3000 rpm, 

and the product was then washed with ultrapure water for the removal of any unreacted PEG. 

Finally, a black powder was obtained after drying at room temperature (Mukhopadhyay et al. 

2012; Antarnusa and Suharyadi 2020). 

3.1.5) Synthesis of Ni-MOF 

The synthesis of Ni-MOF was adapted from Sel et al. (2015). Briefly, independent aqueous 

solutions of trimesic acid (adjusted to pH 7.0) and Ni(NO3)2∙6H2O prepared from equivalent 

masses were mixed and stirred vigorously to form a light green precipitate. The product was 

then washed repeatedly with ultrapure water and once with ethanol, after which a light green 

powder was obtained after oven-drying at 80℃ for 12 hrs. 

3.1.6) Preparation of working solutions 

All working solutions were prepared in ultrapure water unless otherwise stated. 

3.1.6.1) Preparation of phosphate-buffered saline solution 

A 1 x PBS solution was prepared by mixing dissolved salts of MgCl2, KH2PO4, KCl, Na2HPO4 

and NaCl in a volumetric flask at a pH of 7.4. 
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3.1.6.2) Preparation of sodium phosphate buffer solution 

In a volumetric flask, 0.1 M sodium phosphate solution was prepared by mixing dissolved salts 

of Na2HPO4 and NaH2PO4 at pH 7.4. 

3.1.6.3) Preparation of [Fe(CN)6]-3/-4 redox probe solution 

A 1 mM [Fe(CN)6]
-3/-4 redox probe solution was prepared using C6FeK3N6 and 

C6FeK4N6∙3H2O made up to mark in a PBS solution at pH 7.4. 

3.1.7) Preparation of aptamer binding buffer 

The aptamer employed in the study was prepared in a binding buffer of PBS solution at pH 

7.4. 

3.1.8) Aptamer immobilization on modified electrode 

Prior to the aptamer immobilization, the -COOH groups of the cMWCNTs on the modified 

electrode surface were required to be activated for their binding to the amino-C6 linker (5’) of 

the aptamer by peptide bond formation. This was achieved by using EDC (100 mM) and NHS 

(100 mM) prepared in MES buffer (100 mM, pH 6.5) for 1 hr.  

 

Thereafter, 10 𝜇L of the aptamer solution (2.5 𝜇M) was further deposited on the electrode and 

allowed to incubate for 1 hr. At this stage, the modified electrode surface was rinsed with the 

binding buffer to remove excess unbound aptamer and was subsequently ready for 

electrochemical analyses. 

3.1.9) Preparation of electrode and modification by nanocomposites 

Prior to electrode modification, the GCE surface was polished using alumina powder, activated 

with a 50% methanol solution, and finally rinsed with ultrapure water. After being oven-dried 

for 2 min at 50℃ and left to cool at room temperature, the electrode was ready to be modified. 

For this process, the respective nanocomposite was dissolved and homogenized in DMF to 

form a thick paste; this was then drop-cast on the GCE surface and left to dry and cool as 

mentioned for subsequent electrochemical analyses. 
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3.1.10)   Electrochemical analyses 

For the first case study regarding AFB1, the electrochemical characterization of the electrodes 

used in the study was conducted using CV and EIS in the aforementioned 1 mM [Fe(CN)6]
-3/-

4 redox probe solution. This was performed for the investigation of the electron transport 

properties of the electrodes. A scan rate of 0.025 V s-1 was applied for CV at a potential window 

from -0.2 V to 1.0 V, while an applied constant potential of 0.2 V (frequency from 100 kHz to 

0.1 Hz, amplitude of 0.01 V) was utilized for EIS. The applied voltages for EIS were selected 

from the 𝐸°′ potentials obtained from the corresponding CV voltammograms (Eq. (2.1)). DPV 

was implemented for the quantitative analysis of AFB1 on the developed GCE/cMWCNTs-

Fe3O4 NP/Apt sensor. An indirect sensing method was utilized whereby the response of the 1 

mM [Fe(CN)6]
-3/-4 solution was evaluated with respect to standard additions of AFB1. Using 

DPV, this was performed under optimal conditions, which include a scan rate of 0.025 V s-1, a 

potential window of 0.0 V to 0.4 V, a modulation amplitude of 0.025 V, a step voltage of 0.005 

V, deposition time of 60 s, and a deposition voltage of -0.8 V. 

 

Regarding the second case study for ZEN, the electrochemical characterization of the 

electrodes was conducted using CV at a scan rate of 0.025 V s-1 and EIS with an applied 

constant potential of 0.2 V, respectively, in a 1 mM [Fe(CN)6]
-3/-4 redox probe solution. 

Thereafter, CV was employed to optimize the electrochemical sensitivity of the employed 

electrodes towards ZEN within a potential window of -0.6 V to 0.2 V at a scan rate of 0.025 V 

s-1 in a 0.1 M sodium phosphate buffer. For the corresponding EIS analysis, a constant potential 

of -0.2 V was applied. DPV was implemented to assess the effect of the deposition voltage and 

deposition time on the peak current of ZEN on the constructed GCE/PEG-Fe3O4 

NP/cMWCNTs sensor. In addition, the quantitative analysis of ZEN, using DPV, was 

performed under optimal conditions with a scan rate of 0.100 V s-1, a potential window of -0.5 

V to 0.2 V, a step voltage of 0.005 V, a modulation amplitude of -0.025 V, a deposition voltage 

of 0.2 V, and a deposition time of 60 s. 

 

Finally, in the third case study regarding OTA analyses, CV and EIS measurements of 1 mM 

[Fe(CN)6]
-3/-4 redox probe solution were conducted for the electrochemical characterization of 

the employed electrodes. A scan rate of 0.025 V s-1 was applied for CV, while an applied 

constant potential of 0.2 V was utilized for EIS. Thereafter, CV was employed to optimize the 

electrochemical sensitivity of the electrodes towards OTA within a potential window of -0.2 
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V to 1.0 V at a scan rate of 0.025 V s-1 in a PBS solution. For the corresponding EIS analysis, 

a constant potential of 0.5 V was applied. DPV was implemented to assess the effect of the 

deposition voltage and deposition time on the peak current response of OTA on the developed 

GCE/Ni-MOF/cRGO sensor. In addition, using DPV, the quantitative analysis of OTA was 

performed under optimal conditions with a scan rate of 0.025 V s-1, a potential window of 0.1 

V to 0.7 V, a step voltage of 0.005 V, a modulation amplitude of -0.025 V, a deposition voltage 

of -1.4 V, and a deposition time of 0 s. 

3.1.11)   Preparation of real samples 

In this procedure, 1 g of the corn flour or rice flour sample was mixed with 10 mL of organic 

solvent (pure acetonitrile for AFB1; pure methanol for ZEN and OTA) and subsequently 

filtered with Whatman No. 1 filter paper. Afterwards, 1 mL of the extracted solvent was diluted 

with 10 mL of the respective quantitative buffer solution. The solutions prepared for each corn 

flour and rice flour sample were then spiked with known concentrations of the mycotoxin 

standard for spike recovery analyses by the standard addition method in triplicate. 

3.2) Computational methods 

3.2.1) DFT 

DFT computations were performed on the 3D-optimised AFB1 structure in the presence of 

acetonitrile and gaseous form using the B3LYP functional and the 6-31G** basis set (Burke 

2012; Lehtola 2019). Analyses based on the highest occupied to lowest unoccupied molecular 

orbital (HOMO-LUMO) transitions were undertaken to assess the electronic properties of the 

predicted redox sites pertaining to the analyte. All calculations were performed using the 

Maestro (v12.8) computer program (Maestro 2021). 

3.2.2) Molecular docking 

Docking studies were performed on the optimized AFB1 and aptamer structures to predict the 

active binding site between the two compounds using the Autodock Vina software (Morris et 

al. 1998; Rao and Olson 1999; Dym et al. 2002; Trott and Olson 2010). The simulation was 

based on the utilization of the empirical force field and the Lamarckian Genetic Algorithm, 

employing free energy calculations for conformational predictions (Morris et al. 2009; Arodola 
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et al. 2020). Various conformations of the potential AFB1-aptamer docked structure were 

generated, with the model exhibiting the highest absolute binding affinity selected. 

3.2.3) MC simulation 

MC simulations were performed to assess and interpret the ZEN analyte interactions at an 

atomistic level. Initially, the ZEN (adsorbate) and GCE/PEG-Fe3O4 NP/cMWCNTs (substrate) 

compounds were constructed conforming to the standard library of parameters of the Material 

Studio software package developed by BIOVIA (Biovia 2016). Thereafter, the MC analysis, 

using the Adsorption Locator module in the MS software, was performed to search for the 

lowest energy (most energetically stable) conformations and subsequently locate the best 

adsorption site for the ZEN adsorbate onto the final electrode substrate surface. For all 

simulations, a UNIVERSAL force field (Rappe et al. 1992) was applied, and the charges were 

assigned using the “use current” method. The summation method for the electrostatics and the 

van der Waals interactions were both set to “atom-based” and the quality of the calculations 

was set to “ultra-fine”. 

3.2.4) MD simulation 

MD simulations were performed to assess and interpret how Ni-MOF and the OTA analyte 

interacted at the molecular level. Accordingly, 10 OTA adsorbates with a single Ni-MOF cage 

structure were prepared using the AL module and the standard library of parameters of the MS 

software package (Biovia 2016). For all simulations, a UFF (Rappe et al. 1992) was applied, 

and the charges were assigned using the “use current” method. The summation method for the 

electrostatics and the van der Waals interactions were both set to “atom-based” and the quality 

of the calculations was set to “ultra-fine”. 
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 CHAPTER 4 – RESULTS AND DISCUSSION 

In this chapter, the results of the fabricated electrochemical sensors for the detection of AFB1, 

ZEN and OTA are presented. Also outlined in this chapter are the accompanying computational 

studies, which aim to supplement and correlate the experimental data for the respective case 

studies. 

4.1) Case Study I: A novel MB-tagged aptasensor for aflatoxin B1 detection in food 

using Fe3O4 NPs substantiated with in-silico modelling 

This study used an MB-tagged anti-AFB1 aptamer that was immobilized onto a Fe3O4 NP-

grafted cMWCNTs nanocomposite for the ultrasensitive detection of AFB1. Firstly, the 

cMWCNTs-Fe3O4 NP layer was loaded onto a GCE as a conductive platform for the developed 

aptasensor. Next, a peptide bond was formed between the –COOH and -NH2 groups of the 

cMWCNTs and the 5’- Amino C6 end of the aptamer, respectively, by EDC coupling, where 

the C6 chain served as both an anchor and spacer to allow for mobility of the ssDNA. 

Consequently, the binding of AFB1 to the aptamer facilitated electron transfer through its 3’- 

MB azide end, the analytical response of which was elucidated by indirect sensing through a 

[Fe(CN)6]
-3/-4 redox probe buffer medium using DPV. Finally, DFT was used to propose a 

reaction scheme by ascertaining the electronic properties of the redox-active functional groups 

of AFB1 to support the experimental anodic response findings of DPV, while molecular 

docking studies were performed to assess the intermolecular interactions of the AFB1-aptamer 

conjugate system. 

 

4.1.1) Characterization 

4.1.1.1) SpICP-MS 

SpICP-MS was employed to determine the PSD of the synthesized Fe3O4 NPs (Figure 4.1a) 

used in the construction of the electrochemical sensor. It was found that a mean diameter of 

approximately d = 20 nm with a PSD of around 10 nm to 50 nm was evaluated. In addition, 

the shape of the Fe3O4 NPs was determined to be spherical, as inferred from the TEM imagery 

(Figure 4.1b). Finally, these findings confirm that the synthesized Fe3O4 NPs occur in the 

nano-size range of 1-100 nm, the properties of which are reported to improve the overall 

conductive performance of the sensor (Elahi and Rizwan 2021). 
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Figure 4.1. (a) SpICP-MS PSD and (b) TEM image of synthesized Fe3O4 NPs. 

 

4.1.1.2) XRD 

The XRD spectra of the Fe3O4 NPs, cMWCNTs and the cMWCNTs-Fe3O4 NP composite for 

the structural characterization of the employed electrode materials are represented in Figure 

4.2a. With regard to Fe3O4 NPs, it is observed that the Miller indices for all six peaks (220; 

311; 400; 422; 511; 440) are identical to the spectra depicted in reported literature (Zheng et 

al. 2006; El Ghandoor et al. 2012; Wei et al. 2012). On the other hand, for cMWCNTs, its 

spectrum exhibiting a distinguished broad peak (002) followed by a smaller, sharp one (100) 

is also characteristic and similar to reports from other studies (Abdullah and Zulkepli 2015; 

Kumar et al. 2016; Sen et al. 2016). In terms of the nanocomposite, the reduced intensity of 

the characteristic peaks of Fe3O4 NP confirms the presence of an interaction with cMWCNTs, 

while the characteristic peak of the cMWCNTs (002) is observed to have been suppressed in 

the spectra. Consequently, as the cMWCNT-Fe3O4 NP composite is prepared in a mass ratio 

of 3: Fe3O4 NPs to 1: cMWCNTs, it is found that the Fe3O4 NP spectra significantly mask 

those obtained by cMWCNTs in the mixture. Finally, the crystalline sizes of Fe3O4 NP, 

cMWCNTs and cMWCNTs-Fe3O4 NP were calculated to be 14.86 nm, 2.46 nm and 14.12 nm, 

respectively, from their XRD peaks of maximum intensity using the Debye-Scherrer equation 

(Eq. (2.7)). These findings confirm the primarily crystalline nature of the nanomaterials used 

in the construction of the electrochemical sensor. 
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4.1.1.3) EDS and SEM 

In Figure 4.2b, the EDS spectra show the different types of elements that make up the electrode 

nanomaterials. For the Fe3O4 NPs, the significant presence of Fe and O atoms is representative 

of their primary chemical constituents. On the other hand, the minor indications of Cl and C 

would originate from precursor salts and trace impurities encountered during synthesis. In 

reference to cMWCNTs, the significant prevalence of C confirms its composition, while that 

of O would infer the presence of carboxyl groups. Finally, the composite nature of cMWCNTs-

Fe3O4 NP is denoted by its spectrum depicting counts of Fe in addition to the C and O atoms 

similarly observed for cMWCNTs. These results confirm the successful synthesis of the 

nanocomposite employed for electrode modification.  

 

The SEM imagery depicting the morphologies of the Fe3O4 NPs, cMWCNTs and cMWCNTs-

Fe3O4 NP electrode materials is represented in Figure 4.2c-e. Figure 4.2c shows the spherical 

geometry of agglomerated Fe3O4 NPs, as confirmed by the aforementioned TEM image 

(Figure 4.1b), while the nanotube structures of cMWCNTs are revealed in Figure 4.2d. 

Finally, the intercalation of cMWCNTs with Fe3O4 NPs is depicted in Figure 4.2e for the 

cMWCNTs-Fe3O4 NP nanocomposite. 
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GCE/cMWCNTs-Fe3O4 NP (ipa = 58.0 𝜇A) layer. This may emanate from the intercalated 

superparamagnetic Fe3O4 NPs inducing an electrostatic field within the cMWCNTs, resulting 

in the strong conductivity exhibited by the cMWCNTs-Fe3O4 NP composite (Al-Bagawi, 

Bayoumy and Ibrahim 2020). The addition of the aptamer further improved the conductivity 

for the subsequent GCE/cMWCNTs-Fe3O4 NP/Apt (ipa = 68.8 𝜇A) electrode; this can be 

attributed to the peptide bond formation between the carboxyl groups of the cMWCNTs and 

the amine groups from the amino-C6 linker (5’) of the aptamer, facilitating stronger electrode 

anchorage and enhanced electron transfer. The active surface area, A (cm2), was determined 

for each electrode layer using the Randles-Sevcik equation (Eq. (2.4)). The trends in terms of 

increase in A were observed as follows: GCE (4.084 × 10−5 cm2) < GCE/Fe3O4 NP 

(4.992 × 10−5 cm2) < GCE/cMWCNTs (4.629 × 10−4 cm2)  < GCE/cMWCNTs-Fe3O4 NP 

(5.264 × 10−4 cm2) < GCE/cMWCNTs-Fe3O4 NP/Apt (6.245 × 10−4 cm2).  

 

The Nyquist plot for the EIS analysis, based on the data fitting of the respective Randles 

equivalent circuits (Figures 4.3c-d), is shown in Figure 4.3b. For the GCE and GCE/Fe3O4 

NP layers, a semi-circle is depicted, indicative of the electron transfer rate between the 

electrode and redox probe being slower than the bulk diffusion rate of the electrolyte solution 

(kinetic control). In addition, at the end of the semi-circle, a 45° straight line is observed, 

representative of the prevalence of the aforementioned electrolyte bulk diffusion rate (diffusion 

control). The kinetic control can be explained by the presence of a double-layer charge barrier 

in-between the electrode and redox probe media, while the diffusion control is representative 

of Warburg impedance. On the other hand, with regard to the Nyquist plot of the 

GCE/cMWCNTs layer, a drastic overall suppression in impedance is noted. This can be 

attributed to the innately strong conductivity of the cMWCNTs, which facilitates an even 

quicker electron transfer response. This depressed impedance trend is further extended upon 

the addition of the Fe3O4 NPs and subsequently the aptamer for the GCE/cMWCNTs-Fe3O4 

NP and GCE/cMWCNTs-Fe3O4 NP/Apt electrodes, respectively. The 𝜒2 and corresponding % 

error (< 100%) values of the circuit parameters (Table 4.1) validate the successful fitting of 

the impedance data. The decrease in electron transfer resistance (Rct) values from GCE to 

GCE/cMWCNTs-Fe3O4 NP/Apt (Table 4.1) supports the trend-wise improvement in electron 

transfer, which directly corresponds to the increase in anodic signal response reported in the 

CV analysis. Thus, the GCE/cMWCNTs-Fe3O4 NP/Apt layer was selected for further AFB1 

method optimization because it had the strongest anodic current response. 
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Table 4.2. Comparison of the analytical performance of developed sensor with other aptasensors for 

AFB1 detection. 

Analyte Detection Strategy Scheme LOD Reference 

AFB1 SERS MNP@Ag-PEI-Apt-Cy5 0.45 pg mL-1 (He et al. 2023) 

 Fluorescence MB-dsDNA 0.36 ng mL-1 (Zhan et al. 

2023) 

 Fluorescence GO/AuNPs/Apt 0.10 pg mL-1 (Dadmehr et al. 

2023) 

 Electrochemistry Thi-rGO/CS/Apt-cDNA 0.33 pg mL-1 (Lv et al. 2023) 

 SERS AuNP dimers/Mxenes/Apt  0.60 pg mL-1 (Wu et al. 

2022) 

 Electrochemistry GCE/cMWCNTs-Fe3O4 

NP/Apt 

0.43 fg mL-1 Current work 

 

 

4.1.2.5) Real sample analysis 

In order to assess the practicality of the developed aptasensor with regard to real samples, spike 

recoveries of the AFB1 analyte were determined at different concentrations in corn flour and 

rice flour by indirection quantification as above by the standard addition method. The overall 

AFB1 percentage recoveries in both products were excellent in the range of 95% to 105%, 

with low percentage relative standard deviations (%RSD < 10%) also noted, as per Table 4.3. 

Table 4.3. Recoveries of AFB1 in real samples using developed aptasensor (n = 3). 

Sample Spiked  

(fg mL-1) 

Found  

(fg mL-1) 

%Recovery %RSD 

Corn flour 0.50 0.47 95.18 1.71 

1.00 1.05 104.84 1.55 

1.50 1.48 98.39 0.55 

     

Rice flour 

 

0.50 0.49 99.88 0.46 

1.00 1.01 101.41 3.15 

1.50 1.47 97.96 7.48 

 

4.1.2.6) Reproducibility, repeatability, storage stability and interference studies 

With regard to the reproducibility study, five identically modified electrodes denoted a %RSD 

of 8.01% (Figure 4.8a). On the other hand, for the repeatability study using a single electrode 

(n = 5), the %RSD was reported to be 0.17%. In terms of storage stability (electrodes stored at 

4℃), the analysis revealed a decrease of 1.21% in anodic current after the second week and 
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Figure 4.9. HOMO-LUMO depictions of AFB1 in (a) acetonitrile and (b) gaseous media as determined 

using DFT (B3LYP/6-31G**). 

With regard to the HOMO states, it is observed that when activated by the presence of 

acetonitrile, the AFB1 terminal furan 8,9 double bond becomes susceptible to electron transfer 

(Figure 4.9a), as opposed to the gaseous form (Figure 4.9b), where the absence of electron 

cloud lobes is noted. Further, with both the LUMO states very similar, the simulation predicts 

that the overall transfer of electrons is facilitated through resonance 𝜋 orbital bonding within 

the aromatic rings and alkene bonds of AFB1. The closeness and negativity of the HOMO-

LUMO band gap energy value for AFB1 in acetonitrile, in comparison to the gaseous phase, 

support the energetically favourable redox reaction occurring. Lastly, a proposed reaction 

scheme based on the electron transfer from AFB1 in acetonitrile to the MB azide redox probe 

at the terminal 3’ position of the aptamer, in accordance with the experimental voltammetry 

findings, is depicted in Figure 4.10. 
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Figure 4.10. Proposed redox reaction scheme of AFB1 in acetonitrile with aptamer for DPV sensing. 

 

4.1.3.2) Molecular docking 

Molecular docking was used to ascertain the direct interaction between the 5’- Amino C6-

TGGGGTTTTGGTGGCGGGTGGTGTACGGGCGAGGG-MB azide-3’ aptamer and the 

AFB1 analyte. Several combinations of the aptamer and AFB1 were simulated, with the 

configuration having the highest absolute binding affinity (Appendix 3, Appendix 4) being 

selected for interpretation, as depicted in Figure 4.11. 

 

From the insert, it is observed that the prominent modes of affinity stem between the cytosine 

(C) and guanine (G) bases of the aptamer and the aromatic rings, O and H atoms, from AFB1, 

respectively. In addition, it is clear that H bonds, together with 𝜋 interactions, form the basis 

of the AFB1-aptamer conjugation. Practically, it can be suggested that it is the motion of the 

aptamer from “free-moving” to “constrained” upon the capture of AFB1 that inhibits the rate 

of the transfer of electrons. This can be suggested to explain the decrease in current signal 

response occurring upon fixed additions of AFB1 in the DPV quantitative study (Figure 4.7). 
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Figure 4.11. A 3D (a) and 2D (b) representation of the binding of AFB1-aptamer interactions. 

 

4.1.4) Conclusion 

A sensitive analytical range was exhibited by the GCE/cMWCNTs-Fe3O4 NP/Apt sensor, with 

low LOD and LOQ values reported (0.43 fg mL-1 and 1.44 fg mL-1, respectively). The 

developed aptasensor was used to detect AFB1 in real samples, exhibiting excellent spike 

recoveries (95% to 105%) for corn and rice flour. The nano-scaled size of the Fe3O4 NPs (d ≈ 

20 nm) was confirmed by spICP-MS to ensure the enhancement of electrode conductivity for 

sensor construction. DFT computations predicted that the 8,9-furan ring was the most active 

site for electron transfer for the proposed AFB1 redox reaction mechanism with the MB tag of 

the aptamer. Molecular docking simulations inferred that the capture of AFB1 by the aptamer 

suppressed the anodic current response observed experimentally after each analyte addition in 

DPV analysis. Finally, the employment of Fe3O4 NPs with cMWCNTs has been deduced to 

enhance aptamer immobilization and the overall electrochemical sensor performance for AFB1 

detection. 
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4.2) Case Study II – A novel electrochemical sensor for the detection of zearalenone in 

food matrices using PEGylated Fe3O4 NPs supported by multidetector AF4 and in-

silico studies 

The previous case study focused on the development of an aptasensor for the detection of AFB1. 

But in this study, an electrochemical sensor was developed incorporating a nanocomposite that 

uses the core-shell properties of the synthesized PEG-Fe3O4 NPs to its advantage by trapping 

the ZEN between the entangled polymeric chains that wrap around the spherical Fe3O4 NPs. 

Further, the superparamagnetic properties of the nano-sized Fe3O4 NPs bolstered by their Fe2+/3+ 

states, induce an electrostatic field that attracts the ZEN, promoting a higher electron transfer 

in DPV sensing. Finally, the incorporation of PEG as a binding agent for ZEN detection was 

viewed as a cheaper alternative to current biomarkers while maintaining analyte sensitivity.  

 

4.2.1) Characterization 

4.2.1.1) Multidetector AF4 

The PSD of the synthesized PEG-Fe3O4 NPs was determined using multidetector AF4, with 

the measurement of the radius of gyration (rg) determined by employing the MALS detector at 

19 angles (MALS 12° to 164°). In reference to Figure 4.12, a clear separation between the 

void (tr = 6 min) and sample peak (tr = 20 min) is noted. In addition, a population of particles 

within a single peak is eluted. With regard to the characterization of the NPs, it is observed 

that a PSD of rg = 10 nm to 60 nm is obtained together with an average rg at peak height (tr = 

20 min) of 31 ± 1 nm (n = 3), with spherical geometry elucidated (Appendix 5). The AF4-UV 

(𝜆 = 405 nm) recovery of the PEG-Fe3O4 NPs was acceptable (Appendix 6) as per the ISO/TS 

21362:2018 standard guidelines (ISO 2018), with an average of 86 ± 4% (n = 3). These 

findings confirm that the synthesized PEG-Fe3O4 NPs occur in the nano-size range of below 

100 nm. 
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4.2.2) Electrochemical analyses 

4.2.2.1) Electrode characterization using redox probe 

The charge transfer capabilities of the employed bare and modified GCEs were assessed using 

CV at a scan rate of 0.025 V s-1, and EIS at a fixed applied potential of 0.2 V, in 1 mM 

[Fe(CN)6]
3-/4- solution (Figure 4.14a-b).  

 

In Figure 4.14a, it is observed that both the bare GCE (ipc = -4.6 𝜇A) and GCE/PEG-Fe3O4 

NP (ipc = -5.2 𝜇A) electrode layers appear to have suppressed the overall electrochemical 

responses in their reaction paths. On the other hand, a six-fold current increase is reported for 

GCE/cMWCNTs (ipc = -28.2 𝜇A). The GCE/PEG-Fe3O4 NP/cMWCNTs electrode layer shows 

a further rise in current response (ipc = -40.9 𝜇A). This trend can be attributed to the presence 

of carboxyl groups on the surface of the cMWCNTs ends and defect sites (Norizan et al. 2020), 

which facilitate quicker reaction kinetics. In addition, the dispersive properties of PEG allow 

for the interaction of Fe3O4 NPs with cMWCNTs, thus merging the conductive abilities of 

these nanomaterials. For each electrode layer, the area surface coverage, A (cm2), was 

evaluated using the Randles-Sevcik equation (Eq. (2.4)) for freely diffusing electrode-

adsorbed redox species at 25 ℃. A comparative trend in terms of respective electrode active 

surface areas for each layer was elucidated, whereby the layer with the highest A facilitated the 

highest charge transfer due to exhibiting the most contact with the electro-active redox probe 

species. The trends in increments of A were observed as follows: GCE (4.175 × 10−5 cm2) < 

GCE/PEG-Fe3O4 NP (4.720 × 10−5 cm2) < GCE/cMWCNTs (2.560 × 10−4 cm2)  < 

GCE/PEG-Fe3O4 NP/cMWCNTs (3.712 × 10−4 cm2).  

 

For EIS (Figure 4.14), the Randles equivalent circuits in Figure 4.14c-d were used to fit the 

data to the Nyquist spectra presented in Figure 4.14b. The corresponding percentage error (< 

100%) and 𝜒2 values of the circuit parameters (Table 4.4) validated the successful fitting of 

the impedance data. The observed semi-circle arcs (Figure 4.14b) are representative of redox 

species that are under kinetic control, meaning that the rate of the transfer of electrons between 

the redox probe and the electrode surface is slower than the rate of the bulk diffusion of the 

electrolyte solution. This can be taken into account by factors indicative of electrode surface 

imperfections (uneven surface, containing jags, etc.), which are represented by the constant 

phase element on the Randles circuit (Macdonald and Johnson 2018). The increase in size in 

the impedance arc from layer GCE to GCE/PEG-Fe3O4 NP can be attributed to the PEG coating 
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slowing down electron flow between the Fe3O4 NPs and the GCE electrode surface. Also, 

competition between the Fe2+ and Fe3+ ions present in both the redox probe and Fe3O4 NPs 

may increase the presence of an ionic electrode-redox probe interfacial double layer in the 

electrochemical cell. The increase in Rct values from GCE to GCE/PEG-Fe3O4 NP further 

elucidates this trend (Table 4.4), of which the two layers are fitted in [R([RW]Q)] Randles 

equivalent circuits (Figure 4.14c). On the other hand, a significant drop in impedance is 

observed for GCE/cMWCNTs (see insert), which can be explained by the presence of carboxyl 

groups increasing the dispersibility and hydrophilicity of MWCNTs in polar solvents. An even 

lower impedance response for GCE/PEG-Fe3O4 NP/cMWCNTs can be attributed to PEG, 

together with the aforementioned carboxyl groups of the cMWCNTs, facilitating an improved 

physical mixture of the nanocomposite in terms of the resulting electrode paste material. The 

corresponding decreased trend in Rct values elucidates this reduction in resistance to charge 

transfer (Table 4.4). In [R(R[QC])] Randles equivalent circuits, the GCE/cMWCNTs and 

GCE/PEG-Fe3O4 NP/cMWCNTs electrode layers were fitted (Figure 4.14d). Consequently, 

the GCE/PEG-Fe3O4 NP/cMWCNTs layer was selected for further optimization having the 

strongest cathodic current response. 

 

Finally, CV was used to find out how the change in scan rate (0.01 V s-1 to 0.10 V s-1) affected 

the redox peaks of the 1 mM [Fe(CN)6]
3-/4- redox probe solution at the GCE/PEG-Fe3O4 

NP/cMWCNTs layer (Figure 4.15a). Figure 4.15b shows that there is a linear relationship 

between the peak currents (ip) and square roots of scan rates (𝜐1/2) with R2 = 0.9927. This 

suggests that the redox process is diffusion-controlled.  
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Figure 4.18. Line graphs of (a) deposition voltage optimization and (b) deposition time optimization 

for DPV of 0.50 ng mL-1 ZEN prepared in sodium phosphate buffer with GCE/PEG-Fe3O4 

NP/cMWCNTs electrode. 

 

4.2.2.3) Evaluation of electrode performance towards ZEN  

The electrochemical performance of the electrodes was assessed for ZEN sensitivity using CV 

at 0.025 V s-1 and EIS (applied potential of -0.2 V) in a 0.50 ng mL-1 ZEN solution prepared 

in sodium phosphate buffer, as shown in Figure 4.19. 

 

For CV analysis, in reference to Figure 4.19a, for layers GCE and GCE/PEG-Fe3O4 NP, it is 

found that the suppression of current flow occurs due to the lack of any significant analyte 

response electrochemically. On the other hand, for GCE/cMWCNTs, an improvement in 

current strength is noted, and a peak is distinguished, especially for the cathodic reaction (Epc 

= -0.2 V). A further increase in current response is noted for GCE/PEG-Fe3O4 NP/cMWCNTs. 

The magnitudes of cathodic current responses (Epc = -0.2 V) are observed as follows: GCE (-

0.16 𝜇A) > GCE/PEG-Fe3O4 NP (-0.13 𝜇A) < GCE/cMWCNTs (-18.4 𝜇A) < GCE/PEG-

Fe3O4 NP/cMWCNTs (-30.0 𝜇A). Consequently, the GCE/PEG-Fe3O4 NP/cMWCNTs layer 

having the response with the highest absolute magnitude was selected for further method 

development for ZEN analyses. 

 

With regard to the EIS analysis, as depicted in Figure 4.19b, the behaviour of GCE and 

GCE/PEG-Fe3O4 NP is supported by the exceedingly arced impedance responses and high Rct 

values (Table 4.5). On the other hand, the relatively small impedance signals obtained for 

GCE/cMWCNTs and GCE/PEG-Fe3O4 NP/cMWCNTs are distinguished in the insert, with an 
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Table 4.6. Comparison of the analytical performance of developed sensor with other analytical 

techniques for ZEN detection. 

Analyte Detection Strategy LOD References 

Zearalenone Aptasensor 0.39 pg mL-1 (Chen et al. 2022d) 

 Immunoassay 0.15 pg mL-1 (Hao et al. 2022) 

 UHPLC-MS/MS 0.02 ng mL-1 (Li et al. 2018a) 

 Molecularly imprinted 

polymer 

18.00 ng mL-1 

 

(Du et al. 2019) 

 DNA tweezer 0.04 ng mL-1 (Chen et al. 2022a) 

 DPV 0.34 fg mL-1 Current work 

 

4.2.2.5) Real sample analysis 

To assess the real-life applicability of the developed sensor, rice flour and corn flour were 

analyzed to determine spike recoveries of the ZEN analyte at different concentrations. The 

overall percentage recoveries for ZEN in both products were excellent in the range of 92% to 

106%, with low percentage relative standard deviations (%RSD < 10%) noted as well, as per 

Table 4.7. 

Table 4.7. Recoveries of ZEN in real samples using modified electrode (n = 3). 

Sample Spiked  

(fg mL-1) 

Found  

(fg mL-1) 

%Recovery %RSD 

Rice flour 1.00 0.97 97.35 0.84 

2.00 2.09 104.67 1.15 

3.00 2.89 96.34 0.60 

4.00 4.05 101.18 0.06 

     

Corn flour 1.00 1.05 105.11 5.19 

2.00 1.86 92.95 7.96 

3.00 3.13 104.06 4.35 

4.00 3.96 99.03 1.07 

 

4.2.2.6) Repeatability, reproducibility, storage stability and interference studies 

For the repeatability study (n = 5), the %RSD was reported to be 0.61%. In addition, a 

reproducibility study was undertaken using five different electrodes modified in the same way, 

with the %RSD for the electrodes reported to be 3.68% (Figure 4.21a). In terms of storage 

stability (electrode stored at 4℃), the analysis was performed three times over a period of 21 

days, where the decrease in cathodic current response was noted to be 5.24% after the second 

week and 6.10% after the third. Finally, an interference study was conducted using DPV 





62 

 

transitional Fe2+/Fe3+ states, which intrinsically facilitate electrophilicity. The GCE acts as a 

base to support the rest of the layers, with the carboxyl groups from the cMWCNTs providing 

further energetic potential anchorage. 

 

 

Figure 4.22. Monte Carlo simulation of ZEN (shown in yellow) interacting with GCE/PEG-Fe3O4 

NP/cMWCNTs electrode scheme. 

 

The energy distribution of the system looks further into ZEN interacting with each component 

of the electrode. Each electrode layer was treated as a substrate with ZEN as the adsorbate; the 

energetics are detailed in Table 4.8. 

 

A trend is noticed upon the additions of cMWCNTs, Fe3O4 NP, and PEG to the GCE base layer 

with regard to decreasing adsorption energies (Table 4.8); this lowering of energy is 

characteristic of the energetic stabilization (hence adsorption) of the ZEN analyte with the 

respective electrode layers, indicative of a strong interaction (Naidoo et al. 2021; Hloma, 

Uwaya and Bisetty 2022; Uwaya and Bisetty 2023). 
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Table 4.8. Energy distribution (kcal mol-1) of ZEN on the layer-by-layer scheme of the GCE/PEG-

Fe3O4 NP/cMWCNTs electrode. 

Substrate Total 

Energy 

Adsorption 

Energy 

Rigid 

Adsorption 

Energy 

Deformation 

Energy 

GCE -46.87 -20.13 -20.33 0.19 

GCE/Fe3O4 NP -198.38 -171.65 -220.98 49.34 

GCE/PEG-Fe3O4 NP -272.09 -245.35 -307.68 62.33 

GCE/PEG-Fe3O4 NP/cMWCNTs -400.93 -374.19 -495.07 120.88 

 

4.2.4) Conclusion 

The developed electrochemical sensor exhibited a sensitive analytical range with low LOD and 

LOQ values reported (0.34 fg mL-1 and 1.12 fg mL-1, respectively) along with excellent spike 

recoveries (92% to 106%) for real sample analysis. The size characterization and distribution 

of the nano-sized (rg ≈ 31 nm) PEG-Fe3O4 NPs confirmed by multidetector AF4 contributed 

to the high charge transfer in DPV sensing of ZEN. Lastly, MC simulations predicted that ZEN 

interacted the strongest with the GCE/PEG-Fe3O4 NP/cMWCNTs electrode scheme, as 

elucidated by the lowest adsorption energy obtained (EAds = -374.19 kcal mol-1). 
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4.3) Case Study III – A nickel MOF-based electrochemical sensor for ochratoxin A 

detection in food supported by in-silico studies 

The previous work dealt with the development of an electrochemical sensor for ZEN using PEG 

as a trapping mechanism with spherically shaped Fe3O4 NPs. In this case study, however, an 

electrochemical sensor incorporating a Ni-MOF with cRGO applied to a GCE was developed 

(GCE/Ni-MOF/cRGO) for the detection of OTA in foods. Further, the affinity of the network 

of interconnected functional groups of trimesic acid to OTA allowed for efficient analyte 

capture into the porous cavity of the MOF. Finally, the conductive properties of the Ni-O metal-

oxide clusters in Ni-MOF, together with the core graphitic attributes of cRGO, allowed for 

improved electron transfer and enhancement of the sensitivity in DPV for OTA analysis. 

 

4.3.1) Characterization 

4.3.1.1) FTIR 

The FTIR spectra of Ni-MOF, cRGO and the Ni-MOF/cRGO composite depicting their 

functional groups are represented in Figure 4.23. With regard to Ni-MOF, it is observed that 

a characteristic peak for Ni-O likely present from the Ni(II) precursor salt is obtained at around 

1513 cm-1, while C-O and C=C stretching from the trimesic acid organic linker are indicated 

by peaks around 1204 cm-1 and 1353 cm-1 respectively. For cRGO, the C=O peak around 1737 

cm-1 confirms the presence of carboxyl groups. Finally, pertaining to the Ni-MOF/cRGO 

spectrum, it is elucidated that both the aforementioned Ni-O and C=O characteristic peaks are 

prevalent in the composite, along with O-H stretching around 3000 cm-1 for all three electrode 

layers. These findings confirm the successful preparation of the nanocomposite used in the 

construction of the electrochemical sensor. 
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4.3.2) Electrochemical analyses 

4.3.2.1) Electrochemical properties of bare and modified electrodes 

The charge transfer capabilities of the modified electrodes were investigated in a layer-by-layer 

sequence using CV at a scan rate of 0.025 V s-1, and EIS at a fixed applied potential of 0.2 V, 

respectively, in 1 mM [Fe(CN)6]
3-/4- redox probe solution (Figure 4.25a-b). 

 

With reference to the CV analysis (Figure 4.25a), it is observed that the GCE/Ni-MOF/cRGO 

(ipa = 27.2 𝜇A) electrode layer anodic current response is multiple factors greater than those of 

GCE (ipa = 5.2 𝜇A), GCE/Ni-MOF (ipa = 0.2 𝜇A), and GCE/cRGO (ipa = 2.7 𝜇A). In addition, 

a positive shift in the anodic peak potential value to 0.5 V of this composite layer in comparison 

to the previous electrodes is noted. These observations can be attributed to the interaction 

between Ni-MOF and cRGO as a conductive platform, facilitating enhanced electron transfer. 

The active surface area, A (cm2), was determined using the Randles-Sevcik equation (Eq. (2.4)) 

for each electrode layer. The trends in terms of increase in A were elucidated as follows: 

GCE/Ni-MOF (1.815 × 10−6 cm2) < GCE/cRGO (2.451 × 10−5 cm2)  < GCE (4.720 ×

10−5 cm2) < GCE/Ni-MOF/cRGO (2.469 × 10−4 cm2).  

 

In terms of EIS, the Randles equivalent circuits in Figure 4.25c-d were applied to the Nyquist 

plots presented in Figure 4.25b. It is observed that all electrode layers exhibit some degree of 

diffusion-controlled redox transfer based on the depiction of roughly 45° straight lines from 

each plot. With regard to the GCE/Ni-MOF/cRGO electrode, a significant overall suppression 

in impedance is observed in comparison to the other layers. This is in accordance with the 

decrease in Rct values obtained (Table 4.9), directly corresponding to the increase in current 

response as reported in the CV analysis. Thus, the GCE/Ni-MOF/cRGO layer was selected for 

further optimization because it had the strongest anodic current response. 

 

Finally, the influence of scan rate variation (0.01 V s-1 to 0.10 V s-1) on the response of 1 mM 

[Fe(CN)6]
3-/4- solution applying the GCE/Ni-MOF/cRGO electrode was determined using CV 

(Figure 4.26a). In addition, a linear relationship between the peak currents (ip) and square 

roots of scan rates (𝜐1/2) with a regression of R2 = 0.9929 was denoted (Figure 4.26b), 

suggesting a diffusion-controlled redox process; this is in agreement with the findings 

discussed in EIS. 
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Table 4.11. Comparison of the analytical performance of developed sensor with other analytical 

techniques for OTA detection. 

Analyte Detection Strategy LOD Reference 

OTA Immunoassay 0.16 ng mL-1 (Yi et al. 2023) 

 Molecularly imprinted polymer 0.675 ng mL-1 (Dou et al. 2023) 

 DNA tweezer 0.032 ng mL-1 (Chen et al. 2022a) 

 Aptasensor 1.03 pg mL-1 (Wang et al. 2022b) 

 Electrochemistry 3.29 fg mL-1 Current work 

 

4.3.2.5) Real sample analysis 

To assess the applicability of the developed sensor, samples of corn flour and rice flour were 

analyzed to determine the recoveries of the OTA analyte spiked at different concentrations. 

The overall OTA percentage recoveries in both products were excellent in the range of 95% to 

105%, with low percentage relative standard deviations (%RSD < 10%) also noted, as per 

Table 4.12. 

Table 4.12. Recoveries of OTA in real samples using developed sensor (n = 3). 

Sample Spiked  

(fg mL-1) 

Found  

(fg mL-1) 

%Recovery %RSD 

Corn flour 10.00 9.99 99.86 0.70 

20.00 20.12 100.61 0.41 

30.00 30.67 102.22 1.26 

     

Rice flour 

 

10.00 9.51 95.06 3.51 

20.00 20.96 104.78 3.13 

30.00 29.40 98.01 0.66 

 

4.3.2.6) Reproducibility, repeatability, storage stability and interference studies 

Five identically modified electrodes yielded a %RSD of 6.05% in the reproducibility study 

(Figure 4.31a). With regard to the repeatability study, using a single electrode (n = 5), the 

%RSD was reported to be 6.75%. In terms of storage stability (electrodes stored at 4℃), the 

analysis revealed a decrease of 8.41% in anodic current after the second week and 9.80% after 

the third, where the study was performed three times over a period of 21 days. Finally, an 

interference study was conducted using DPV whereby the analytical detection of OTA was 

found to be dominant over that of ZEN and AFB1 in the same concentrations (10.00 fg mL-1 

OTA, ZEN and AFB1) in a solution containing all three mycotoxins (Figure 4.31b). 
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4.4) Conclusion 

A sensitive analytical range was exhibited by the developed electrochemical sensor. with low 

LOD and LOQ values reported (3.29 fg mL-1 and 10.97 fg mL-1, respectively), along with 

excellent spike recoveries (95% to 105%) for real sample analysis. CV studies for the GCE/Ni-

MOF/cRGO electrode response reported a significant enhancement of anodic current for OTA, 

which was supported by the reduction in resistance to charge transfer elucidated by EIS 

analysis. Finally, MD simulations predicted a strong electrostatic interaction between the OTA 

analyte and Ni-MOF, corresponding to the experimental voltammetry findings supporting the 

sensitivity of the constructed sensor for OTA detection. 
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 CHAPTER 5 – SUMMARY, CONCLUSIONS AND FUTURE 

RECOMMENDATIONS 

This chapter presents the summary, conclusions and future recommendations of this work. 

 

5.1) Summary 

The development of electrochemical sensors for AFB1, ZEN and OTA respectively, was 

successfully fulfilled for the detection of mycotoxins in foods. 

 

In the first case study, an ultrasensitive electrochemical aptasensor for AFB1 analysis was 

constructed using carboxylated multiwalled carbon nanotubes (cMWCNTs) and iron oxide 

(Fe3O4) nanoparticles (NPs) on a glassy carbon electrode (GCE). The peptide bond formation 

by EDC coupling between the aptamer and cMWCNTs-Fe3O4 NP composite exhibited a strong 

anodic redox response from AFB1 using cyclic voltammetry (CV) in this study. Applying 

differential pulse voltammetry (DPV), the GCE/cMWCNTs-Fe3O4 NP aptasensor exhibited 

very low limits of detection (LOD) and quantification (LOQ) of 0.43 fg mL-1 and 1.44 fg mL-

1, respectively, over a calibration range of 0.50 fg mL-1 to 5.00 fg mL-1. For the actual sample 

analysis, excellent spike recoveries of 95% to 105% were obtained for corn and rice flour. 

Single particle ICP-MS (spICP-MS) confirmed the average mass-based diameter of the 

synthesized Fe3O4 NPs to be in the nano-range (d ≈ 20 nm), the properties of which are 

essential for the facilitation of strong electron transfer in DPV sensing. Density functional 

theory (DFT) and molecular docking studies predicted the sensing mechanism and supported 

deductions based on the AFB1 capture by the employed aptamer, respectively. 

 

Regarding the second case study, the impact of PEGylated Fe3O4 NPs interacted with 

carboxylic acid functionalized multiwalled carbon nanotubes (PEG-Fe3O4 NPs/cMWCNTs) 

was investigated for the design of an electrochemical sensor for ZEN analysis. Results showed 

that the nanocomposite-enhanced electrode exhibited a strong cathodic redox response of ZEN 

using CV. The developed sensor provided significantly low LODs and LOQs of 0.34 fg mL-1 

and 1.12 fg mL-1, respectively, over a calibration range of 1.00 fg mL-1 to 10.00 fg mL-1 by 

DPV. Excellent spike recoveries of 92% to 106% were obtained for real samples of rice and 

corn flour. The multidetector Asymmetrical-Flow Field-Flow Fractionation (AF4) 

measurements on the synthesized PEG-Fe3O4 NPs verified their nano-sized dimensions (rg ≈ 

31 nm), contributing to the exceptionally high charge transfer in DPV sensing. The Monte 
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Carlo (MC) adsorption simulation studies demonstrated that the ZEN/PEG-Fe3O4 

NP/cMWCNTs electrode interaction was the strongest on the GCE surface.  

 

Finally, the third case study entailed the development of an electrochemical sensor for OTA 

analysis using a nickel metal-organic framework (Ni-MOF) with carboxylated reduced 

graphene oxide (cRGO) on a GCE. Results showed that the nanocomposite-enhanced electrode 

exhibited a strong anodic redox response of OTA using CV. Applying DPV, the GCE/Ni-

MOF/cRGO sensor provided significantly low LODs and LOQs of 3.29 fg mL-1 and 10.97 fg 

mL-1, respectively, over a calibration range of 10.00 fg mL-1 to 90.00 fg mL-1. Regarding real 

sample analysis, excellent spike recoveries from 95% to 105% were obtained for corn and rice 

flour. Molecular dynamics (MD) studies predicted that the Ni-MOF exhibited a strong 

electrostatic interaction with the OTA analyte, supporting experimental findings. 

5.2) Conclusions 

Case Studies I, II and III involved the analyses of AFB1, ZEN and OTA respectively in foods. 

Various electrochemical sensor methodologies for the quantification of each mycotoxin in rice 

and corn flour samples were developed. In Case Study I, the detection of AFB1 was based on 

the development of an MB-tagged aptasensor supported by the cMWCNTs-Fe3O4 NP 

composite electrode layer. On the other hand, for Case Study II, the developed electrochemical 

sensor highlighted entangling polymeric chains of PEG acting as a trapping mechanism for 

ZEN analysis within the synthesized PEG-Fe3O4 NPs. With regards to Case Study III, the 

affinitive analyte loading, and innate conductive properties of Ni-MOF were utilized for the 

sensing of OTA. Very low LOD and LOQ values, along with excellent spike recoveries were 

reported for all three case studies. Finally, the employed computational methodologies 

predicted and validated strong intermolecular interactions between the analytes and the 

fabricated electrode surfaces. 

5.3) Future recommendations 

The following recommendations may be considered based on the findings of the study: 

• Implementation of screen-printed electrodes for the development of on-site sensors. 

• Increasing the number and variation of samples for testing. 

• Exploring complex sample matrix analysis outside food applications. 
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• Employment of more computational studies extended to assess the conformational 

profile of the nanocomposites of the different fabricated sensors. 

This study contributes toward food quality control and regulatory frameworks for the 

prevention of mycotoxin exposure to human and animal health in South Africa. 
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 APPENDICES 

 

Appendix 1. Operating conditions of the spICP-MS system for Fe3O4 NP analysis. 

Instrument settings 

ICP-MS sample inlet flow 0.32 mL min-1 

ICP-MS dwell time 50 μs 

ICP-MS scan time 60 s 

Profile Standard  

RPq 0.50  

Properties of target particle 

Elemental composition of target particle Fe3O4  

Mass fraction 72 % 

Ionization efficiency 100 % 

Particle density 5.20 g cm-³ 

Calibration data 

Transport efficiency 4.19  

 

 

 

Appendix 2. Concentration vs intensity calibration plot using 5 𝜇g L-1, 10 𝜇g L-1, 20 𝜇g L-1 and 50 𝜇g 

L-1 Fe standards for spICP-MS. 
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Appendix 3. Binding affinities of various AFB1-aptamer interaction configurations. Structure 1 

(Appendix 4) was selected for subsequent analysis. 

Structure Binding affinity (kcal mol-1) 

1 -10.1 

2 -10.0 

3 -9.5 

4 -9.3 

5 -9.3 

6 -9.2 

7 -9.1 

8 -9.1 

9 -9.1 

 

 

 

Appendix 4. (a) Selected molecular docking depiction of the AFB1-aptamer interaction (AFB1 in 

yellow) (b) 3D surface map of the simulation. 

 






