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Abstract 

 

Nano-Engineered Electrochemical Aptasensors for Label-free 

Detection of Cryptosporidium, Cadmium and Arsenic in Water  

Indiphile Nompetsheni 

 

Water is an essential resource for human survival, agriculture, and livestock. However, 

over the past thirty years, the World Health Organization has reported growing 

concerns about the impact of environmental pollution on water quality. Water quality 

is deteriorating due to contamination from microbes and heavy metals. Among the 

major microbial and potential heavy metals in water are Cryptosporidium (Crypto), 

cadmium (Cd2+) and arsenic. Crypto is an intestinal protozoan parasite that has 

become a significant cause of cryptosporidiosis, a gastrointestinal disease that can 

affect healthy adults and may be fatal for children and individuals with weakened 

immune systems. In contrast, Cd2+ and arsenic are amongst the most toxic and 

harmful metal ions found in the environment. These metals are highly mobile and can 

accumulate and spread throughout ecosystems. When ingested, they cause various 

health issues, including cardiovascular diseases, acute poisoning and cancer. These 

contaminants pose serious risks to aquatic species and the ecosystem at large. Early 

diagnostic methods for detecting Crypto, Cd2+, and arsenic were developed using 

microscopy, molecular, and spectroscopic techniques. However, these methods often 

yield false-negative results, are time-consuming, lack sensitivity and specificity, and 

have low detection limits. Crypto, arsenic, and Cd2+ pose a challenge to delivering safe 

drinking water due to their low concentrations in large volumes. Consequently, there 

is a need to develop portable, sensitive, and selective methods for detecting Crypto, 

arsenic, and Cd2+ at trace levels. This work develops a novel carbon quantum dot 
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titanium dioxide (CQD-TiO2), Mil101(Fe)-CQD-TiO2 based-aptasensor platform 

capable of label-free simultaneous detection of Crypto and heavy metals at trace 

levels in phosphate buffer solutions and real water samples. The electrocatalysts used 

in this work were synthesized using precipitation and hydrothermal methods. Various 

characterization techniques, such as High-resolution transmission electron 

microscopy (HR-TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy 

(XPS), were employed to confirm the structural and morphological properties of the 

synthesized materials. The electrochemical properties of the modified electrodes were 

studied using cyclic voltammetry (CV), Electrochemical impedance spectroscopy 

(EIS), square-wave voltammetry (SWV), and Chronopotentiometry (CP), revealing 

enhanced reaction kinetics and improved stability. The use of various electrocatalysts 

as aptamer vehicles on the electrode surface has significantly improved the 

performance of aptasensors, resulting in greater selectivity, higher accuracy, and lower 

detection limits. As a result, a CQD-TiO2-based aptasensor platform was developed 

for detecting Crypto, achieving a detection limit of 0.0024 ng L-1, and a sensitivity of 

0.27 mA µM-1. In another study, an electrochemical aptasensor platform based on 

Mil101(Fe)-CQD-TiO2 ternary composite achieved a detection limit of 0.001 ng L-1 for 

Crypto with a sensitivity of 0.529 mA µM-1. The aptasensor demonstrated excellent 

performance in detecting Cd2+ and arsenic, achieving low detection limits of 0.073 ng 

L-1 for Cd2+ and 0.092 ng L-1 for arsenic, with sensitivities of 0.127 mA µM-1 and 0.0065 

mA µM-1. All developed aptasensor platforms demonstrated limits of detection within 

the limits reported in the literature. Thus, GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA 

platform showed a low limit of detection, demonstrating high sensitivities and 

selectivity compared to conventional techniques. The aptasensor platforms showed 

acceptable recovery rates when tested with real water samples and demonstrated 
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good stability, reproducibility, and selectivity. These aptasensors have significant 

potential for integration with microfluidic and on-chip technology, enabling the early 

detection of pathogens and trace metals. 
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1.1 Overview  

 

This chapter summarises the adverse effects of contaminated water on human health, 

the marine environment, ecosystems, and animals. It also highlights the danger of 

consuming contaminated water with heavy metals and pathogens, which can lead to 

serious health issues such as kidney dysfunction, cardiovascular diseases, diarrheal 

diseases, gastrointestinal diseases, and nervous system damage. Furthermore, the 

chapter discusses the problems associated with heavy metals and Cryptosporidium 

(Crypto) in water, as well as traditional methods for quantifying and monitoring these 

pollutants, such as PCR, ICP-MS, and UV-Vis. Moreover, it examines the application 

of electrochemical biosensors, particularly aptasensors, as alternatives to traditional 

methods. The nanomaterials proposed as electrode modifiers, such as carbon 

quantum dot (CQD), titanium dioxide (TiO2), and metal organic frameworks 

Mil101(Fe), are also discussed.  

 

1.2. Introduction 

 

Access to clean drinking water has become a global concern 1 due to environmental 

contamination 2. According to reports by the World Water Council, approximately 1.2 

billion people lack access to clean drinking water because of contaminated water 

sources 3. Population growth 4, rapid urbanisation 5, industrialization 6, agricultural 

expansion, etc, have all contributed to this problem 7. As a result, the availability of 

clean drinking water has been significantly limited, with a variety of contaminants, 

including pharmaceuticals 8, pesticides 9 viruses, pathogens 10 and potentially heavy 

metals 11. Nowadays, research has emerged on monitoring parasites and potentially 

heavy metals due to their association with waterborne disease. Pathogen and heavy 

metal contamination pose serious health risks to humans, animals, and aquatic 

species 12. Among the pathogens in water that negatively impact the environment is 

Cryptosporidium (Crypto).  

Crypto is a unicellular parasitic protozoan belonging to the phylum Apicomplexa. This 

zoonotic parasite was first discovered by Tyzzer in 1907 and was first detected in 
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humans in 1976 13. Crypto can infect various vertebrate animals with genotype names 

designated after the strain’s host specificity. Infection in humans is most caused by 

Cryptosporidium (C) hominis or the cattle genotype C. parvum; however, other 

species, such as C. meleagridis, C. felis, and C. canis, rarely cause human infection 

14. The infection starts with the utilization of profoundly contagious material, and this 

parasite accomplishes its existence in just one host, where it replicates both asexually 

and sexually 15. Oocysts of Crypto are shed in the tiny digestive tract, expelled in vast 

numbers, and replicate in the surrounding environment, repeating the cycle in a 

different host. The oocysts resist standard biological disinfection procedures, such as 

chlorination, because they are encased in a thick outer shell, which allows them to 

persist in the environment and facilitate transmission through contaminated food and 

water 16. The infection can be transmitted in two ways: directly (from animal to animal 

or from animal to person) and indirectly (through contaminated water, for example, by 

drinking recreational waters and consuming contaminated food 17. These routes are 

well-explained in Figure 1. The most recognised environmental routes of transmission 

are water and food 18.  

 

 

 

Figure 1: Shows the transmission pathways of Crypto. 
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On the other hand, heavy metals primarily enter the environment through several 

highly contaminated routes, including agricultural runoff, the food chain, contaminated 

fertilisers, water, industrial activities, and acid mine drainage 19 . Exposure to heavy 

metals has serious consequences for the ecosystem 20. The most toxic and harmful 

elements often found in water supplies include lead, arsenic, cadmium and mercury 

21. In this study, we examine the quantification of cadmium and arsenic 22. Research 

indicates that the toxicity of arsenic varies by form. Arsenic exists primarily in two 

forms: organic arsenic and inorganic arsenic, which includes arsenite (III) and 

arsenate (V) 23. Consuming water contaminated with both cadmium ions and arsenic 

can lead to numerous health risks, including kidney dysfunction, cancer, impaired lung 

function, heart problems, and damage to the central nervous system 24. Water quality 

standards have established acceptable limits for both arsenic and cadmium ions in 

water at 0.01 ng L-1 and 0.005 ng L-1 25. Figure 2 illustrates the water contaminated by 

various heavy metals. 

 

 

Figure 2: Shows the contaminated water by heavy metals 26. 

Therefore, the accurate detection and quantification of cadmium, arsenic, and Crypto 

in water bodies are essential. Therefore, various methods have been employed to 

detect pollutants in water bodies, but electrochemical methods have demonstrated 

high efficiency in terms of sensitivity, selectivity, low detection limits, and overall 

performance. 
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Electrochemical methods, such as biosensors, have demonstrated a high affinity for 

detecting pathogens and trace metals in water sources 27. A biosensor is a transducer 

that detects changes in biological signals (biomarkers) and converts them into 

quantifiable signals 28. There are numerous approaches to developing a biosensor. 

Depending on the type of transducer used, biosensors can be classified into five 

categories: electrochemical, piezoelectric, optical, mechanical, and thermal 29. 

Amongst these, electrochemical sensors are the widely explored biosensors owing to 

their advantages associated with low detection limits, as low as picomoles, rapidness, 

and the low-cost equipment utilized for sensing 30. They are essential for meeting 

social needs, such as hazard detection, environmental cleanup, pollution control, and 

biological therapy. These devices have become innovative platforms for analysing 

biological materials using a biological recognition element (BRE) linked with the 

transducer 31. BRE molecules include enzymes, deoxyribonucleic acid (DNA) 

aptamers, cells, and antibodies, which exhibit the ability to recognise specific analytes 

32. Aptamers have demonstrated high efficiency compared to other biorecognition 

elements 33. The properties include simplicity of modification, strong binding ability, 

stability, small size, and selectivity for pathogens and metal ions 34 .Aptamers can 

replace conventional antibodies in environmental conservation, food safety, and 

clinical diagnostics 35. Additionally, this biomolecule can be quickly designed through 

inexpensive and simple laboratory processes 36. 

Currently, improving the conductivity and sensitivity of biosensors by incorporating 

conductive nanostructured materials has become a cornerstone of research. Carbon-

based materials such as carbon black, carbon nanotubes (CNTs), graphene oxide 

(GO), carbon quantum dot (CQD), organic metallic frameworks (MOFs), etc., have 

shown great potential due to their availability, physicochemical properties, 

processability, and low cost. These carbon materials offer unique characteristics due 

to different applications, e.g., sensors, energy storage, and biomedical imaging 

applications 37. Among carbon-based materials, carbon quantum dot (CQD) have 

received much attention because of their remarkable features 38. These properties 

include low cytotoxicity, resistance to photobleaching, ease of surface fabrication and 

modification, biocompatibility, and high-water solubility 39. The unique characteristics 

of CQD make them ideal for homogeneous sensing experiments. CQD is ideal for use 

in sensors because of its excellent electron transport efficiency and large surface area 
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40. To enhance the electrochemical properties of CQD, they are doped with metal 

oxides such as titanium dioxide (TiO2), manganese oxide (MnO2), zinc oxide (ZnO2), 

tin oxide (SnO2), and nickel oxide (NiO2), among others 41 . Therefore, TiO2 have 

garnered considerable attention due to its outstanding features, such as high chemical 

resistance, a high catalytic efficiency, large specific surface area, high electrical 

conductivity, and physical strength 42. Due to these properties, they are extensively 

used in sensing applications 43. TiO2 NPs can enhance the interaction between 

biomolecules and electrode surfaces, making them one of the most preferred metal 

oxides for sensing applications 44. Nanocomposite-based biosensors offer enhanced 

properties, including improved electrical conductivity and a high surface area-to-

volume ratio. These improvements facilitate more efficient interaction with the analyte, 

resulting in higher sensitivity and conductivity even at low concentrations. Additionally, 

the enhanced qualities of nanocomposites make them ideal for detecting various 

targets in biological samples 45. Moreover, their compatibility with various development 

techniques enables the creation of portable and versatile sensor devices 46. CQD-

TiO2-based biosensors have been shown to exhibit low limits of detection and high 

sensitivity for a wide range of biomolecules, making them useful for detecting small 

analytes in complex biological samples 40. This study aims to develop a user-friendly 

nano-engineered electrochemical aptasensor to overcome the limitations of 

spectroscopic methods for detecting concentrations of Crypto, arsenic, and cadmium 

in water reservoirs. 
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1.3 Problem statement 

 

The provision of safe drinking water has become increasingly difficult due to the 

contamination of water sources with Crypto and the potential presence of heavy 

metals such as arsenic and cadmium 47. Recent estimates from the World Health 

Organization (WHO) 48, approximately 778 million people worldwide still rely on water 

reservoirs that are highly contaminated with heavy metals and pathogens. Over the 

past 25 years, Crypto has become a significant concern for humans and animals.  

Crypto has recently been identified as a significant cause of diarrhoea in babies and 

children in impoverished nations by the Global Enteric Multicentre Study (GEMS) 49. 

Consumption of contaminated water with Cryptos can lead to severe cryptosporidiosis, 

gastroenteritis in healthy adults, death in children, and immune-compromised people, 

particularly patients with acquired immunodeficiency syndrome, cancer and human 

immunodeficiency virus 50. Every year, over 760,000 children die from diarrheal 

disease, and there are about 1.7 billion cases of diarrheal disease worldwide, 

according to reports 51. Currently, no effective drugs for treating cryptosporidiosis 

infections 52. As a result, detecting Crypto has become a top priority to prevent 

potential outbreaks 53. Over the years, immunological techniques have been widely 

used for their ability to detect pathogens in environmental samples. These techniques 

include immunofluorescence assay, enzyme-linked immunosorbent assay (ELISA), 

and polymerase chain reaction (PCR) 54. 

Heavy metal contamination negatively affects marine ecosystems due to its 

bioaccumulation tendency, toxicity, persistence, resistance to degradation and long-

term consequences 55. As a result, heavy metal contamination harms marine life, 

aquatic species, and threatens human health through the food chain and drinking 

contaminated water 56. Heavy metals have been linked to major health consequences, 

including cancer, cardiovascular diseases, kidney dysfunction and neurological 

disorders 57. Approximately 1 million people suffer from chronic heavy metal poisoning, 

and about 1.6 million children die each year from diseases associated with heavy 

metal ion contamination 58. 

Various methods have been employed to detect arsenic and cadmium ions 59, 

including biochemical methods 60, atomic absorption spectrophotometry (AAS) 61, 
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inductively coupled plasma mass spectroscopy (ICP-MAS) 62, and atomic 

fluorescence spectrometry 63. While these conventional methods for detecting 

pathogens and heavy metals are easy to perform, explicit, delicate, reproducible, and 

have a short completion time. However, they have some limitations, such as being 

time-consuming, having low sensitivity, and requiring modern facilities, large 

instruments for visual determination, and highly qualified staff, all of which are costly 

and not applicable for real-time detection 64. It is essential to develop an efficient, 

environmentally friendly detection platform with improved detection limits and a 

broader linear range for continuous detection of Crypto and heavy metal ions in water 

reservoirs 65. 

1.4 Motivation  

 

Many countries, including South Africa, face significant challenges in accessing clean 

drinking water 66. The insufficient availability of safe water resources forces people to 

use contaminated water for drinking, resulting in severe health risks, such as cholera 

and typhoid, caused by various pollutants in the water 67. The World Health 

Organization has stated that 19 per cent of the rural population lacks access to a 

reliable water supply, and 33 per cent do not have essential sanitation services. Even 

urban and rural schools and clinics are affected, with over 26 per cent of all schools 

and 45 per cent of clinics having no access to water 68. Over 40% of the water sources, 

including rivers, lakes, streams, and dams, are contaminated by heavy metal ions, 

which can dissolve in water 69. When heavy metal ions are transported into water 

sources, they cause physical and chemical diseases, disrupt biodiversity, and reduce 

water quality 70. Crypto is a leading cause of waterborne illness globally. South Africa 

has launched several initiatives to combat water contamination. These include the 

Blue Drop program, which aims to improve the quality of drinking water, and the 

National Water Act, which focuses on preventing pollution and monitoring water quality 

71. To effectively implement these strategies, a reliable monitoring device is needed to 

detect and quantify Crypto and heavy-metal ions in water 72. Currently used methods 

for detecting this pathogen rely on expensive, complex techniques such as 

fluorescence microscopy, PCR, immunofluorescence assay (IFA), ICP-MAS, and 

AAS. These methods still suffer from drawbacks, including a lack of standardization, 
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limited field applicability, limited sensitivity and selectivity, high costs, and time-

consuming processes 73. As an alternative to traditional methods, electrochemical 

tools, specifically biosensors, have emerged as promising candidates for detecting 

pollutants in environmental water bodies 74. Biosensors integrated into chips and 

portable analytical devices have transformed several research fields and show great 

potential for point-of-care (POC) applications. In this study, we propose using an 

aptasensor to detect heavy metal ions and Crypto in water samples. Aptasensor, which 

uses aptamers as biorecognition elements, are a more efficient alternative. An 

aptasensor can detect low concentrations of Crypto and potentially heavy metal ions 

in various environmental samples, making it an ideal tool for monitoring and managing 

these pollutants in water. These devices have reduced the need for power, sample 

preparation, and reagents, and their small size allows for integration into larger 

systems 75. Minimal research has been conducted on portable analytical devices to 

detect waterborne microorganisms and heavy metal ions 76. This project aligns with 

two Sustainable Development Goals: access to water and sanitation, and good health 

and well-being. This initiative is also aligned with South Africa's national agenda to 

enhance public health, ensure access to clean water, and promote sustainable 

development. The project aims to develop a portable and user-friendly aptasensor for 

detecting Crypto and heavy metals. This project supports South Africa's strategic goals 

of improving water quality monitoring and management, particularly in low-resource 

settings. Furthermore, the South African Constitution guarantees that everyone has 

the right to access water, food, and a safe environment that promotes their health and 

well-being. By addressing these critical issues, the project supports national efforts to 

improve health outcomes, reduce waterborne diseases, and promote economic and 

environmental sustainability. 

To date, several studies have been conducted on detecting waterborne diseases and 

heavy metals in water. A study by Nugen and colleagues fabricated an electrochemical 

biosensor to detect Crypto oocysts in river samples 78. Their research described the 

microfabrication and development of electrochemical biosensors using polymer 

substrates, thereby making the sensing platforms disposable and cost-effective. The 

utilization of quantum dot in the detection system enhances the detection signal due 

to the wide surface area, which allows for quantitative analysis and fluorescence 

imaging of the objective analyte 79. These nanomaterials can be employed without 
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infrastructure, equipment, or trained staff 40. Their results revealed that the sensor had 

limited selectivity, a significant drawback. Pie et al. 80 devised a biosensor based on 

carbon quantum dot to detect ferric iron in water. The results showed that the aqueous 

solution of CQD can rapidly, sensitively, and specifically distinguish Fe3+, with a 

detection limit of 0.084 ng L-1 over the direct range of 0–330 ng L-1. The disadvantage 

of their approach is that it requires labelling, which is incompatible with label-free and 

on-site detection. Additionally, Bhuvaneswari et al. 81 developed an MnO2-CQD-based 

electrochemical sensor for detecting chromium and cadmium in water. This sensor 

demonstrated excellent detection capabilities, with limits of detection of 0.999 ng L-1 

for Cr6+ and 0.32 ng L-1 for Cd2+.  

A few on-chip-based biosensors have been developed to detect Crypto oocysts and 

potentially heavy metals in water. However, these biosensors still have limitations in 

sensitivity and detection limits, a reliance on expensive labelling, and the need to 

shorten lengthy labelling steps. A simple, automated, cost-effective, label-free, and 

portable sensing platform for detecting Crypto and heavy metal ions remains 

unavailable. As a result, this work presents a nano-engineered electrochemical 

aptasensor to overcome and improve the limitations of existing electrochemical 

biosensors for detecting Crypto and heavy metals 82. 
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1.5 Aim and Objectives 

 

1.5.1 Aim: This study aims to develop an efficient, user-friendly, and sensitive 

nanocomposite-based aptasensor for the detection of Crypto and potential heavy 

metals in various sources of water. 

1.5.2 Objectives:  

✓ To synthesize carbon quantum dot using the hydrothermal method 

✓  To synthesize titanium dioxide using hydrothermal method 

✓ To synthesize carbon quantum dot- titanium dioxide nanocomposite 

✓ To synthesize metallic organic framework-iron-based using hydrothermal 

method 

✓  To synthesize metallic organic framework-iron-based-carbon quantum dot-

titanium dioxide ternary composite using hydrothermal method 

✓  To characterize the synthesized materials to evaluate the chemical and 

physical properties using various techniques, such as ultraviolet-visible 

spectroscopy, Raman spectroscopy, X-ray diffraction, Fourier transform 

infrared spectroscopy, and Energy-dispersive X-ray spectroscopy  

✓ To fabricate modified electrodes using synthesized materials  

✓ To characterize the fabricated electrodes using electrochemical impedance 

spectroscopy and cyclic voltammetry  

✓ To fabricate the electrochemical aptasensor using the synthesized materials 

and a synthetic aptamer with the sequences (R4-6): HS-CH3CH2-5′- CTC TGA 

CTG TAA CCA CGG TGG TCC CGC AAA ATG CAC GAC GAG TCT TGC TTC 

TGA TCT GCA TAG GTA GTC CAG AAG CC -3′, and (mini-crypto): HS-

CH3CH2-5′- CTC TGA CTG TAA CCA CGG TGG TCC CGC AAA ATG CAC 

GAC GAG TCT -3’  

✓ To characterize the developed electrochemical aptasensor using cyclic 

voltammetry, square wave voltammetry, and electrochemical impedance 

spectroscopy 
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✓ To optimize and test the performance of the developed aptasensor in a 

phosphate buffer using Crypto primers: CTC TGA CTG TAA CCA CGG TGG 

TCC CGC AAA ATG CAC GAC GAG, and real water samples 

✓ To test Interference in different types of water from tap wastewater (E. coli: CAT 

GCC GCG TGT ATG AAGAA, and Giardia: GAC GGC TCA GGA CAA CGGTT)  

 

1.6. Research questions 

 

1. To what extent can the nano-enabled electrochemical aptasensor selectively and 

sensitively detect Crypto and heavy metals in different water sources? 

2. How does the aptasensor perform in real-world ambient water samples compared 

to traditional detection methods like polymerase chain reaction for Crypto and 

inductively coupled plasma mass spectroscopy for heavy metals? 

3. How does the integration of nanomaterials in the fabrication of electrochemical 

aptasensors influence their stability, repeatability, and shelf life of the sensor? 
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1.7 Thesis outline and framework 
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2.1 Overview 

 

This chapter presents a comprehensive literature review of Crypto, encompassing its 

various species and traditional detection methods. It highlights the limitations of these 

methods in delivering sensitive, convenient, and accurate analysis of water samples 

for this parasite. The chapter also examines the effects of heavy-metal contamination 

of water. Additionally, it explains the spectroscopic techniques used to detect heavy 

metals in water sources. The discussion then shifts to the application of biosensors as 

alternatives for detecting both Crypto and heavy metal ions, examining the different 

biosensors developed for these purposes. A brief overview of nanotechnology is 

included, emphasising the potential applications of carbon quantum dot (CQD), 

titanium nanoparticles (TiO2), Mil101(Fe), and aptamers in biosensor development.  

 

2.2 Water pollution  

  

All living organisms on Earth rely heavily on water. However, in recent decades, water 

contamination has become one of the most pressing global issues. Contaminants can 

enter water supplies through various channels, affecting the safety of drinking water. 

Millions of people worldwide suffer from waterborne diseases, including cholera, 

because of exposure to polluted water. Water pollution also affects aquatic 

ecosystems, introducing contaminants that have detrimental effects. Common water 

quality issues include decreased clarity, increased turbidity, altered chemical 

composition, and reduced suitability for human consumption. Certain pollutants are 

particularly harmful to aquatic life due to their high solubility, extreme toxicity, and long 

half-lives. The long-term and cumulative effects of water pollution can cause 

irreversible damage to these ecosystems. 

Recently, researchers have focused on monitoring and quantifying pathogens and 

heavy metal ions in water due to their association with waterborne diseases and the 

persistence of non-biodegradable heavy metals. This study specifically examines the 

detection of Crypto, arsenic, and cadmium in river water. 
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2.3 Cryptosporidium: A waterborne pathogen 

2.3.1 Transmission and Infection 

 

Crypto has been identified as the primary cause of cryptosporidiosis infection 17. 

Cryptosporidiosis is a dangerous infection with a high morbidity rate, particularly in 

low-resource settings 83. Cryptosporidiosis can occur in any species exposed to 

sufficient numbers of infectious oocysts. Cryptosporidiosis is a parasitic infection that 

is more common in rural areas, primarily due to inadequate sanitation and increased 

exposure to animals. This infection can affect any species that comes into contact with 

contagious oocysts. Thus, exposure to farms or zoos with infected animals can 

facilitate the widespread transmission of the parasite. Common symptoms of 

cryptosporidiosis include vomiting, headaches, nausea, fever, abdominal pain, loss of 

appetite, and watery diarrhoea. Children under 12 months of age and adults over 70 

years are particularly at risk of this infection. In children, the symptoms can persist for 

several years. Additionally, in individuals with chronic diseases such as HIV/AIDS or 

cancer, cryptosporidiosis can lead to severe complications or even death. Research 

by Morre et al. 84 has shown that malnutrition is both a consequence and a contributing 

factor to cryptosporidiosis in children under 12 months of age. Infected animals and 

humans release Crypto oocysts into the environment, which are then transmitted via 

the faecal route through ingestion of food containing oocysts or contaminated water. 

Oocysts can survive in the environment for over 16 months due to their thick protective 

wall. The small size of the oocysts (4-6 µm) and low infectious dose make them easy 

to spread in areas with poor hygiene and sanitation 85. Cryptosporidiosis outbreaks 

have been documented since the 1980s. A significant outbreak occurred in 1993 in 

Milwaukee, Wisconsin, where over 403,000 people were affected out of a population 

of 1.6 million, leading to 56 potential deaths 86.  
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2.3.2 Environmental contamination 

 

Crypto oocysts enter water bodies through agricultural runoff, increased rainfall, 

climate change and sewage discharge. Their presence in water bodies can harm 

marine ecosystems and pose health risks to people who drink river water. Crypto 

oocysts are highly resistant to one of the treatment methods, making their elimination 

very challenging 87. As a result, even after treatment, there is a risk that oocysts may 

remain in water supplies and potentially spread, especially in residential areas 88. The 

low levels of Crypto oocysts in water supplies make it challenging to detect this 

pathogen. Therefore, monitoring Crypto in water bodies is essential. Several 

techniques have been employed to detect Crypto in these environments, including 

both molecular and microscopic methods. Detecting Crypto oocysts is crucial for 

monitoring the widespread infections caused by this parasite and for preventing 

potential outbreaks. Over time, various spectroscopic and microscopic techniques 

have been developed and utilized to identify Crypto in water. These methods were 

adapted from those used initially to detect Giardia oocysts in environmental samples 

89.  

 

2.4 Standard Detection Methods for Crypto 

2.4.1 Microscopic methods 

 

Researchers have extensively used microscopic techniques to detect Crypto oocysts 

in food and water. However, the lack of distinct morphological traits makes the 

detection of oocysts using light microscopy unreliable 90. As a result, several staining 

techniques have been used as alternatives to microscopic techniques to differentiate 

oocysts from other environmental residues. The most frequently used method is the 

acid-fast stain, also known as the Ziehl-Nelsen stain. Although these staining 

techniques are effective for detecting oocysts in clinical settings, they have limitations, 

including low specificity and sensitivity, as well as variability in stain uptake 91. 
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2.4.2 Immunology-based technique: enzyme-linked immunosorbent 

assay (ELISA) 

 

Immunological methods are advantageous over microscopic methods, particularly in 

sensitivity, accuracy, and selectivity for detecting Crypto oocysts. Scientists have 

studied immunological-based techniques to overcome the limitations of microscopic 

techniques 51. Immunological essays are essentially based on specific interactions 

between antigens and antibodies. The essays are exceptionally selective and accurate 

as they utilise immobilised antibody-antigen detection. The enzymes used in ELISA 

tests are crucial for their effectiveness in quantifying target analyte concentrations 92. 

Horseradish and alkaline phosphatase are two common enzymes utilized in these 

tests 93. The ELISA process was further explained by Sakamota et al. 94. The 

enzymatic reaction then produces a coloured product, indicating the presence of the 

antigen in the test. ELISA can be categorized into three types, namely direct, indirect 

and sandwich ELISA, as illustrated in Figure 3 95.  

 

Figure 3: Different approaches to the ELISA technique 

Several studies have employed ELISA to detect Crypto oocysts in various samples. 

For example, Nydam et al. 96 conducted a study focused on faecal analysis to 

diagnose exposure to Crypto oocysts using serum ELISA. This method demonstrated 

a relatively high sensitivity of 97% and a low specificity of 4%. Another study by Kapel 

et al. 97 focused on detecting Crypto oocysts in stool samples. The authors used 

ELISA, which requires minimal training. In their analysis, they tested 88 oocysts, 
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achieving a sensitivity of 98.6%, a specificity of 94.3%, and a positive predictive value 

of 89.89%. 

Although ELISA is known for its sensitivity and high specificity, it has several 

drawbacks. Additionally, it can be expensive, leading to potentially false-positive 

results. Furthermore, the process is time-consuming, requires modern facilities and 

complex equipment, and needs skilled personnel to administer correctly. Moreover, 

the cross-reactivity with closely related antigens, improper storage protocols, 

inconsistency between tests and readers, and use of incorrect preservation 

temperatures 98. All of these drawbacks prevent ELISA methods from being used for 

on-site detection 94. 

 

2.4.3 Molecular methods: PCR 

 

The drawbacks of immunological methods and microscopic techniques have led to the 

development of DNA methods, such as the PCR 99. PCR has gained recognition for 

its high sensitivity, selectivity, and specificity in detecting Crypto oocysts compared 

with other methods 100. This method was first applied in the detection of C. parvum in 

1991 101. Since that time, PCR methods have been modified and employed in the 

detection of different species and subtypes of Crypto 102. PCR is favoured by scientists 

over microscopic and immunological techniques because it can quantify even the 

smallest number of oocysts in a sample, utilising qualitative PCR (qPCR) 103. 

Furthermore, qPCR is sensitive enough for simultaneous detection without the need 

for antibody binding, which saves both time and costs in identifying specific agents 104. 

The PCR detection method consists of five processes. The first process involves 

breaking open the oocysts using methods such as boiling, freeze-thawing, and the use 

of beads. This is followed by preparing a PCR mixture containing primers specific to 

the desired analyte and the extracted DNA. The third process involves amplifying the 

DNA target product, followed by its purification. The final step involves visualising and 

separating the amplified product by gel electrophoresis. This approach is favourable 

due to the flexibility of primer design, which enables PCR to quantify target analytes 

without calibration. 
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The PCR technique has been effectively used for detecting Crypto oocysts in 

environmental samples. For instance, Stephan et al.105 conducted the detection of 

oocysts in stool samples using the PCR assay. Their analysis demonstrated sensitivity 

as low as 200 oocysts g-1 of faeces. Additionally, Liu and his co-workers 106 also, a 

study was conducted to focus on the rapid detection of oocysts in diarrheic cattle faecal 

samples. Their PCR essay showed an excellent LOD of 14.2 oocysts with a sensitivity 

of 91%. Although the PCR methods have shown some promising results, they have 

certain limitations. There is a potential risk of contamination due to the multiple steps 

involved in DNA amplification and manipulation, making it unsuitable for on-site 

detection. Scheme 1 illustrates the PCR method. 

 

 

2.4.4 Loop-Mediated Isothermal Amplification (LAMP) 

 

Loop-mediated isothermal amplification (LAMP) is a novel technology that has been 

identified as a promising diagnostic tool for detecting Crypto in water samples 107. 

LAMP has substantial advantages over ELISA and PCR for detecting oocysts, 

particularly at low concentrations in environmental samples 108. Comparative studies 

Scheme 1:Shows the schematic representation of the PCR method. 
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using PCR, ELISA and LAMP for detecting oocysts have been investigated and 

reported 109. For example, Iran et al. 110 found that LAMP achieved excellent limits of 

detection compared with PCR, ELISA, and IFA. Additionally, a study by Koloren and 

colleagues compared PCR with LAMP for detecting oocysts in water samples. The 

findings of this study indicated that LAMP technology can detect oocysts in low 

concentrations with a detection limit of 1.8 fg. In contrast, the PCR method had a 

detection limit of 100 fg 111. Furthermore, Rabbee and his coworkers investigated the 

detection of oocysts using qPCR and LAMP technology. The result showed that both 

qPCR and LAMP exhibited higher sensitivity with low limits of detection of 0.17 µL-1 

for LAMP and 0.3 copies µL-1 for qPCR 112. While LAMP is a swift and efficient 

technology, it suffers from some drawbacks, including the limited availability of Crypto 

species sequences for primer design 113. 

2.5 Heavy metals  

2.5.1 Classification and Sources 

 

Heavy metals (HMs) are elements in the periodic table with atomic numbers greater 

than 20 and densities above 5 g cm-3, exhibiting metallic properties 114. They are 

classified into two categories: essential and non-essential heavy metals. Essential 

heavy metals include cobalt (Co), iron (Fe), zinc (Zn), manganese (Mn), nickel (Ni), 

and copper (Cu) 115. These metals are vital for living organisms and plants, playing 

crucial roles in essential processes such as organ development, growth, and 

metabolism 116. In plants, these metals serve as cofactors that are both physically and 

functionally necessary for enzymes and other proteins. Although essential heavy 

metals are required for the health of plants and living organisms, they must be present 

in very low concentrations, typically around 10-15 parts per million (ppm) 117. Non-

essential heavy metals include cadmium (Cd), chromium (Cr), lead (Pb), arsenic (As), 

and mercury (Hg), which are considered toxic metals because they lack established 

biological functions 118. These metals present significant health risks as they can cause 

damage even at very low concentrations 119. Heavy metals can enter water bodies in 

significant amounts through various channels, including agricultural runoff, industrial 

discharges, wind-blown soil particles, fossil fuel combustion, improper waste disposal, 
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volcanic eruptions, rock weathering, biological processes and untreated wastewater. 

Additionally, mining poses substantial risks to the environment, as it can spread and 

displace heavy metals to surrounding areas through windstorms and flooding. 

Furthermore, sewage effluent often contains high levels of heavy metals, which can 

contaminate both water bodies and aquatic ecosystems 120. The primary sources of 

potentially harmful heavy metals include the following paint production, earth’s crust, 

pesticides, textile dyes, phosphate fertilizers, stainless steel production (which 

produces, Ni), Electroplating (which produces chromium, Cr), Forest fires (which 

release mercury, Hg), Agrochemical waste (which contains cadmium, Cd), Smelting 

and fertilizers (which can release arsenic, As). 

2.5.2 Health impacts 

 

Humans and animals are exposed to potential toxic heavy metals through food, air, 

and water worldwide. Currently, HM contamination has significantly impacted water 

quality, posing a considerable risk to both freshwater and marine environments 121. 

Water pollution caused by heavy metal ions affects not only water sources but also 

biodiversity, community health, and economic activities 122. Elevated levels of heavy 

metals in the bloodstream can lead to harmful cardiovascular effects, including arterial 

stiffness and increased heart rate. High levels of these metals can result in neurotoxic 

effects, such as cognitive impairments and neuropathy, as well as non-neurotoxic 

symptoms like vomiting and stomach inflammation 123. These effects can increase the 

risk of poisoning and death. Research has indicated that continuous exposure to 

cadmium and lead can cause kidney diseases and is linked to a reduced glomerular 

filtration rate 124. Additionally, Usuki et al. 125 reported that mercury exposure, even at 

trace levels of 1 ppm during pregnancy, can negatively affect brain development. To 

address this matter, the WHO has established maximum allowable concentrations of 

heavy metal ions in water, as summarised in Table 1. However, maintaining these 

standards is challenging due to the non-biodegradable nature of heavy metals, which 

leads to their accumulation in water bodies over time and increases the concentrations 

126. To address this issue, scientists have explored spectroscopic techniques to 

monitor and quantify even the lowest concentrations of these metals. 
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Table 1:Summarises the allowable concentrations of heavy metals in water and their 
health impacts on humans. 

Heavy 
metal 

 Allowed 
limit 
(mg/L) 

 Health 
impact 

 Reference 
  

Cadmium 
(Cd2+) 

 0.003  Respiratory 
system, 
kidney 
damage 

 127–129 

Lead (Pb)  0.01     
       
 
 
 
 
Arsenic 
(As3+) 
 
 
Mercury 
(Hg) 

  
 
 
 
 
0.01 
 
 
 
0.006 

 Nervous 
system, 
abdominal 
pain  
  
Cancer and 
cardiovascular 
disease                
 
Lung damage, 
the immune 
nervous 
system   130,131                                                                       

   
 
 
 
 
 
    132,133    

134,135  

 

 

 

 

 

  

 
 

      

 
 

      

 
 

      

   
 

   136,137 

Chromium 
(Cr) 

 0.05  Hypotension 
and liver 
damage 

  

2.5.3 Spectroscopic Detection Methods for Heavy Metals 

 

Spectroscopic methods are widely employed for the detection of heavy metals in water 

due to the selectivity and sensitivity of these methods 138. These methods include X-

ray fluorescence (XRF), inductively coupled plasma optical emission spectroscopy 

(ICP-OES), ion chromatography with ultraviolet-visible detection (IC-UV Vis), AAS, 

inductively coupled plasma atomic emission spectroscopy (ICP-AES), ICP-MS, and 

others. Each of these techniques plays an important role in environmental monitoring 

and analysis 139 . 
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2.5.3.1 Inductively coupled plasma atomic emission spectroscopy 

 

ICP-AES is a versatile analytical technique used for the identification of a wide range 

of elements in water and soil samples 121. It is particularly effective for analysing 

metalloids and heavy metals because of its precision and ability to accurately detect 

multiple elements at extremely trace concentrations in the part per billion range 140 . 

Additionally, ICP-AES can achieve temperatures of up to 5500K – 6500K, which is 

sufficient to ionize many elements. This high excitation level yields a significant 

atomization rate and overall high sensitivity. The versatility and sensitivity of ICP-AES 

make it suitable for a wide range of applications, including large-scale environmental 

water analysis. Researchers have used ICP-AES to detect cadmium and arsenic in 

water samples. For example, Oshima and colleagues conducted a study to determine 

arsenic levels in water samples using ICP-AES. The results revealed a standard 

deviation of 3% and a detection limit of 0.004 ng L-1 141. However, ICP-AES has several 

drawbacks, including issues with reproducibility, suboptimal detection capabilities, 

poor detection limits, high costs, and potential for spectral interferences142. 

 

2.5.3.2 Atomic absorption spectrometry (AAS) 

 

AAS is one of the earliest commercially established analytical methods for heavy metal 

analysis 143. It is a quantitative analysis method that uses the sample's atomic vapour 

to absorb specific wavelengths of light. The method comprises five major components: 

an atomization system, a light source, a spectroscopy system, a detection system, and 

a display device 144. AAS has several advantages, including high sensitivity, accuracy 

achieved through calibration curves, low detection limits, cost-effectiveness, minimal 

interference, and high selectivity 145.  

Over the past few decades, several investigations have been conducted to identify 

heavy metals in both environmental and biological samples using AAS146 . Although 

atomic absorption spectrometry offers some advantages in determining heavy metals, 

it still has limitations in terms of sensitivity for certain metals 147  
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2.5.3.3 X-ray fluorescence spectrometry (XRF) 

 

Byers et al. 148 define X-ray fluorescence spectrometry (XRF) as an analytical 

technique that utilizes the unique X-ray emission spectra of a sample. XRF is generally 

categorised into two types: wavelength-dispersive XRF (WDXRF) and energy-

dispersive XRF (EDXRF). XRF works by exciting the sample with an X-ray, causing 

the elements in the sample to emit characteristic X-rays. A filter collimates these X-

rays, which are then detected by a probe, such as a scintillation counter, and converted 

into electric signals. This technique comprises a spectroscopic detection system, an 

X-ray generator, and a counting and recording system. Additionally, XRF offers several 

advantages, including simplicity, accurate analysis, the ability to perform rapid 

analysis.  

 

2.5.3.4 Inductively coupled plasma mass spectroscopy (ICP-MS) 

 

 ICP-MS is an effective technique for quantifying a variety of heavy metals 149. This 

technique utilises plasma to neutralise ions from the sample, which are then directed 

into ion optics before being processed by the mass analyser according to their mass-

to-charge ratios 150. The signal is then amplified by the detector through secondary 

electron emission, resulting in high analytical sensitivity 151. Additionally, this technique 

offers advantages over other spectroscopic methods 152. Moreover, ICP-MS is 

recognised as a rapid analytical method with high sensitivity, exceptional spectral 

resolution, and the ability to analyse multiple elements simultaneously. Furthermore, 

ICP-MS present substantial advantages when it comes to detecting particles and 

analysing their interaction within a matrix 153. This technique offers valuable insights 

into mass distribution, size, concentration and dissolution 154. Notably, ICP-MS can 

detect extremely low concentrations of heavy metals at parts-per-trillion levels, with 

detection limits influenced by factors such as operating conditions and the sample 

matrix. 
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Various approaches have been used to quantify and detect Crypto oocysts in water, 

including spectroscopic and immunoassay methods. However, these methods still 

suffer from several limitations, including sensitivity, selectivity, portability, and 

simplicity. Heavy metals have been quantified, monitored, and detected using 

spectroscopic methods such as atomic absorption spectroscopy. Unfortunately, these 

methods also have drawbacks, including low sensitivity and selectivity, high costs, and 

limited applicability to on-site detection. As a result, this study proposes 

electrochemical methods as an alternative to spectroscopic and immunoassays. 

 

2.6 Electrochemical Detection Methods  

2.6.1 Biosensors 

 

A sensor is a device that detects physical changes and converts them to measurable 

signals 155. Sensors play a significant role in various systems, facilitating monitoring, 

automation, and control across different applications 156. Additionally, they are 

categorised into different groups, each corresponding to a specific application. For 

example, gas sensors are designed to detect gases in the environment 157, while 

thermal fluctuations are monitored using temperature sensors 158, and pressure in 

liquids and gases 159. Furthermore, biosensors are a specialised subset of sensors 

that integrate broad sensing capabilities with biological recognition elements such as 

aptamers 160, enzymes 161, and antibodies 162, combined with an electrical component 

to generate measurable signals 163. The electronic components are designed to 

record, detect, and transmit information about physicochemical changes 164. 

 

Biosensors come in a wide range of sizes, and they can detect and measure even 

trace amounts of pollutants at different pH levels 165. These devices can be used in 

both biological and environmental samples 166. Additionally, they offer numerous 

advantages compared to traditional lab-based detection methods for heavy metal ion 
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and pathogen detection, including reliability 167, accuracy, cost-effectiveness 168, 

portability, applicability in low-resource settings, and the ability to achieve low limits of 

detection 169, and selectivity. Furthermore, biosensors can be used for the dual analyte 

detection in complex environmental samples 170. Scheme 2 illustrates the components 

of a typical biosensor, which include a transducer, a detector, and a recognition 

element 171. The selectivity and specificity of the biosensor are determined by the 

recognition element used 172. Various types of biosensors used for detecting Crypto 

and heavy metals are outlined in the following sections. 

 

 

Scheme 2: Schematic representation of various components of biosensor 

(Reproduced from ref 155. With permission from Elsevier). 

 

2.6.1.1 Enzymatic biosensors 

 

Enzymatic biosensors were the first type of biosensors developed. Clark and his team 

were the pioneers in incorporating enzymes onto electrodes for glucose detection 173. 

Since their inception, enzymatic biosensors have been researched and utilized across 

various applications. The target analytes influence the enzymatic reactions within 

these biosensors, leading to changes in the levels of the resulting products 174. 

Enzymatic biosensors offer several advantages, including user-friendliness 175, 

scalability, rapid processing, and ease of automation 176. Additionally, enzyme-based 
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sensors are susceptible, enabling the detection and quantification of analytes at trace 

concentrations. This high sensitivity is attributed to the vigorous catalytic activity of 

enzymes and their wide availability for various functions and substrates 177. 

A study by Thiruppathiraja and team fabricated an enzymatic sensor to detect Crypto 

178 in water samples. The use of gold nanoparticles as the electrode modifier has 

enhanced the electrochemical response of the sensor, thereby achieving an LOD of 3 

oocysts L -1 235. 

 

2.6.1.2 Immunosensors 

 

Antibodies are a large family of glycoproteins produced by specific immune cells to 

recognise harmful antigens, such as chemicals and microorganisms 179. They can bind 

to these antigens, resulting in long-lasting interactions between antibodies and 

antigens. Antibodies serve as biorecognition elements in the development of antibody-

based biosensors, also known as immunosensors 180. Immunosensors are devices 

that detect analytes through specific interactions between antibodies and antigens 181. 

They can be classed according to the transduction process used, such as 

microgravimetric, optical, colorimetric, and electrochemical 182. Additionally, 

immunosensors are categorised into two types: labelled and unlabelled 

immunosensors 183. Unlabelled immunosensors are designed to accurately detect 

antibody-antigen interactions by evaluating the physical changes that occur upon 

formation. In contrast, in labelled immunosensors, the target analyte is attached to the 

marker that is sensitively detected. 

Immunosensors offer several advantages, including high sensitivity and selectivity, as 

well as greater accuracy compared to traditional analytical methods. Several studies 

have been conducted for detecting various pollutants using immunosensors. As a 

result, Deng and colleagues 184 developed a sensitive immunosensor to detect Crypto 

oocysts in water samples. The reported sensor showed an LOD of 4 oocysts L-1 with 

a linear response range of 6-1600 oocysts L-1. Additionally, Luka et al. 185 proposed an 

on-chip-based immunosensor for the label-free detection of Crypto oocysts in water 

samples. The fabricated sensor quantified oocysts in a linear range of 0-300 oocysts 

with an LOD of 20 oocysts L-5. Furthermore, Saroja et al. 186 investigated the detection 



 
 

29 

of Crypto oocysts using an electrochemical-based sandwich immunosensor with an 

LOD of 3 oocysts L -1. The immunosensor demonstrated good stability over time, with 

acceptable precision, making it suitable for detecting other pollutants. Another study 

by Houssin et al. 77 proposed a utilization of electrochemical impedance spectroscopy 

to detect Crypto in water samples. The device features four sensors mounted on a 

Pyrex substrate, with each sensor comprising interdigitated electrodes 4 mm wide, 

produced using traditional lithography. Additionally, the sensing platform includes four 

PDMS wells aligned with the sensor array. This designed sensor has a detection limit 

of less than 10 cells L-1. The sensor was reported to have a low sensitivity, which is 

regarded as a limitation in biosensors 

 Jiang and the team developed an immunosensor for the label-free detection of Cd2+ 

in water and an LOD of 2 ng L-1, as well as a linear range (LR) of 5 ng L-1 - 50 ng L-1 

187. Another study by Guo et al. 184 investigated the use of immunosensors for detecting 

arsenic concentration in seawater. The study showed an LR of 0.0071 to 1.125 µM. 

 

2.6.1.3 Aptasensors 

 

Aptasensors, employ aptamers as biorecognition components. Aptamers are short, 

single-stranded oligonucleotides of deoxyribonucleic acid or ribonucleic acid (either 

ssDNA or RNA), typically composed of 25 to 80 bases 188. They specifically bind to 

target molecules and are considered a promising alternative to monoclonal antibodies, 

enzymes, and cells. Their tertiary structures, which include quadruplexes and internal 

loops, enable them to bind a wide range of targets, from small to large molecules. This 

results in the development of a diverse range of aptamer-based biosensors. 

Additionally, they are widely used in molecular biology, biotechnology, and healthcare 

due to their ease of synthesis, modification, target recognition capabilities, and 

stabilisation 189. Aptasensors offer advantages over other biosensors, including cost-

effectiveness, enhanced stability in diverse environmental applications, the ability to 

be customised for specific targets, high selectivity, and excellent sensitivity 190. 

Recently, researchers have explored aptasensors for detecting pathogens and heavy 

metals in biological and environmental samples.  
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Moakhar and colleagues fabricated an electrochemical microfluidic aptasensor to 

detect Crypto oocysts in water. The electrochemical detection was performed at 

varying concentrations and demonstrated an acceptable limit of detection of 10 

oocysts L-1  191. Another study by Angus et al. 192 focused on detecting Crypto oocysts 

in field water samples using an optical microfluidic biosensor. The study achieved a 

limit of detection of 1 oocyst L-1 with a linear range of 3 - 10 oocysts.  

 Zhan and colleagues fabricated an aptasensor for the sensitive determination of Cd2+ 

in water. The sensor showed an LR of 0.15-0.49 ng L-1 and an LOD of 0.20 ng L-1, 

both below the WHO-set acceptable concentration limit. The sensor was considered 

suitable for in situ environmental monitoring of other pollutants based on the results 

obtained 193. In a recent study by Zaras et al. 194 a label-free on-chip biosensor was 

introduced for detecting Cd²⁺ in water samples, achieving a detection limit of 9.5 ng L-

1 and a linear range of 10–50 ng L-1. Additionally, Wenjie et al. 195 proposed an 

electrochemical aptasensor for the determination of cadmium ions in tap water. The 

reported sensor exhibited a limit of detection of 0.00234 ng L-1 and a linear range of 

0.001- 100 ng L-1. Moreover, Mushiana et al. 196 detected arsenic concentrations in 

river water. The sensing platform showed a detection limit of 0.092 ng L-1 . Sara et al. 

197 also reported an electrochemical aptasensor for arsenic detection in water. The 

sensor showed a detection limit of 0.12 ng L-1, which is below the WHO concentration 

limit for arsenic in water. Furthermore, Hassan and colleagues demonstrated a dual 

detection of Cd2+ and Pb2+ in river water. The study achieved an LOD of 146.2 ng L-1 

for Cd2+ and 58.8 ng L-1 for Pb2+ 198. 

Biosensors present several advantages over conventional methods. However, they 

also face some challenges, including low limits of detection, selectivity, and sensitivity. 

To address these limitations, it is essential to integrate biorecognition elements with 

nanomaterials. The incorporation of nanotechnology has significantly enhanced the 

capabilities of biosensors, which are already impressive. By utilising nanomaterials, 

such as carbon-based materials and metal oxide nanoparticles, the performance of 

these sensors can be significantly enhanced, resulting in improved sensitivity, 

selectivity, and detection limits. The application of nanomaterials not only increases 

the surface area of the sensors but also enhances their electrocatalytic activities and 

improves the effective immobilisation of biorecognition elements on the electrode 

surface. The integration of nanomaterials and bio-recognised elements are used. 
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Furthermore, the development of new nanomaterials demonstrates significant 

potential for creating innovative aptasensors. 

 

2.7 Nanotechnology in Biosensing 

 

Nanoscience is a branch of science and engineering that explores the unique 

properties and phenomena of materials at scales ranging from 1 to 100 nanometres 

(nm) 199. Nanotechnology is an expanding field that has garnered significant interest 

within the scientific community due to its potential applications in detecting, preventing, 

and addressing hazardous environmental chemicals 200. The advancement of this 

emerging technology relies on the successful development and production of various 

nanomaterials and their applications across sensing, energy, food safety, and 

medicine 201. Nanomaterials present significant opportunities for developing smart 

devices that aim to enhance environmental sensing and monitoring, thanks to their 

remarkable catalytic abilities, stability, electrical and thermal conductivity, optical 

characteristics, and flexibility 202. The integration of nanotechnology into biosensing 

can achieve numerous advantages, including a large surface, enhanced expression 

of biological transduction and signalling systems, and improved electrochemical 

properties 203. 

Recent research has highlighted the simplicity, sensitivity, and selectivity of various 

nanomaterials, including gold, iron, titanium dioxide, zinc oxide, silica, carbon, 

nanoparticles, polymers, silicon, silver nanowires, and quantum dot 204. These 

nanomaterials have been widely utilised in environmental and sensing applications 

because they can be customised to create unique features for specific purposes. Due 

to their numerous reactive sites, nanoscale materials can exhibit high reactivity, 

facilitating increased interaction with contaminants and allowing for the rapid reduction 

of contaminant concentrations 205. As a result, nanomaterials have largely replaced 

rigid, thick, and bulky materials in environmental sensing, monitoring, and detection 

due to their superior properties 206. Researchers synthesize nanomaterials using 

various approaches, including biological, physical, and chemical methods. These 

synthesis methods are essential for modifying the properties and performance of 
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nanomaterials, particularly for biosensor development and other applications 207. 

Increasingly, chemical, physical, and green synthesis methods are being utilised to 

produce nanoscale materials 208. However, green synthesis methodologies are 

gradually replacing traditional physical and chemical processes due to high energy 

consumption and the emissions of hazardous compounds 209. Figure 4 shows the 

different types of nanomaterials. To enhance the properties of nanomaterials, research 

has concentrated on the synthesis of nanocomposites and ternary composites. 

 

 

Figure 4: Shows different types of nanomaterials. Reproduced with permission from 

Ref. 210 Copyright© 2018 Springer Nature. 
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2.7.1 Carbon quantum dot 

 

Carbon dot are zero-dimensional nanostructures less than 10 nm in all dimensions, 

were discovered accidentally by Xu et al. 211 in 2004 while they were purifying single-

walled carbon nanotubes (SWCNTs) 212. These nanostructured materials are classified 

into three categories: (1) polymer dots (PD), (2) carbon nanodot (CD), and (3) 

graphene quantum dot (GQD). Although carbon is generally not very soluble in water, 

carbon quantum dot (CQD) have numerous carboxyl groups around their edges, which 

makes them highly soluble in water. 

 

 

Figure 5: Classification of carbon dot. Reproduced with permission from Ref. 213 

Copyright© 2015 Tsinghua University Press. 

 

Researchers have recently discovered carbon quantum dot (CQD), a class of carbon 

nanomaterials that have generated considerable interest as potential alternatives to 

carbon nanotubes, graphene, and fullerenes 214. These nanomaterials demonstrate 

promising applications in various fields, including biosensing 215, bioimaging 216, drug 

delivery 217, biomarker detection, food analysis 218, disease treatment, and drug 
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formulation. CQD are favoured over conventional semiconductors due to their high 

tunable fluorescence, low toxicity, high stability, resistance to photobleaching, and 

excellent cellular compatibility 219. Structurally, CQD exhibits unique particulate 

formations at the nanometre scale (less than 10 nm), with carbon atoms typically 

arranged in hexagonal configurations, similar to those found in graphene 220. 

Researchers synthesise carbon quantum dot using various methods, including 

hydrothermal treatment, chemical oxidation, pyrolysis of carbon precursors 220, 

microwave-aided synthesis, and green synthesis 221. For example, Ghosh et al. 222 

Produced CQD from potato peels using a green synthesis method. In this study, CQD 

were created through an eco-friendly and economical hydrothermal process. Green 

synthesis often employs renewable, affordable, and abundant natural resources, such 

as plant extracts, fruit peels, and other organic waste 223. These materials are not only 

environmentally friendly but also contribute to waste reduction. The synthesis of CQD 

via green chemistry is advantageous because it provides cost-effective and safer 

alternatives to traditional methods 224. Additionally, this approach yields high-quality, 

non-toxic, and biocompatible materials suitable for a variety of applications. Huang et 

al. 225 developed carbon quantum dot through a one-pot hydrothermal method, using 

a by-product from the biorefining process as the carbon source. They analysed the 

morphology, structure, and optical properties of the CQD using various 

characterisation techniques. Their findings revealed that the CQD had a size 

distribution ranging from 2.0 - 6.0 nm, a high proportion of sp2 and sp3 carbon bonds, 

and exhibited blue-green fluorescence emission. 

Further modifications through repeated carbonisation and polymerisation enable 

precise control over the chemical properties, surface functionalization, passivation, 

fluorescence tuning, and other physical and biological characteristics of these 

materials 226. Researchers attribute the enhanced performance of these nanomaterials 

to factors such as stability, biocompatibility, reactivity, conductivity, high surface area 

and structural tunability. Additionally, easily adjustable functional groups are tailored to 

improve interactions with target analytes or contaminants 227. For example, Wang et 

al. 228 utilised CQD in clinical practice, demonstrating exceptional effectiveness in 

guiding precision surgery for papillary thyroid carcinoma. In contrast, Chen et al. 229 

developed a CQD-based biosensor to detect pesticides in water. Additionally, Zhang 

et al. 230 developed GQD-based biosensors for detecting Cu2+ in water bodies. This 
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biosensor demonstrated high sensitivity, with a linear concentration range of 0 to 8 ng 

L-1 and a detection limit of 0.29 ng L-1. Another study by Shayeh and the team reported 

a CQD-based electrochemical aptasensor for detecting prostate cancer. The sensor 

showed a detection limit of 2 ng L-1 229. 

 

2.7.2 Organic metal frameworks (Mil101(Fe) 

 

Metal-organic frameworks (MOFs) are crystalline, highly porous materials made up of 

organic linkers and inorganic metal ions or clusters 231. Due to their numerous 

advantages, such as a large surface area, ease of functionalization, adjustable 

frameworks, controlled active sites, and high stability, MOFs hold great promise for 

various applications 232. Researchers have explored metal-organic frameworks 

(MOFs) and metal-organic frameworks (MILS), a specific type of metal-organic 

framework, for use in catalysis, energy storage 233 sensing 234. Mils are commonly 

synthesised using carboxylates and trivalent cations, and their naming typically 

reflects the type of ligand, metal ion, and their unique characteristics 235. For example, 

Mil53, Mil100, Mil101, and Mil125 are well-known types of metal-organic frameworks 

(MOFs). Mil101, which contains iron (Fe), is made up of a 1,4-benzenedicarboxylate 

(1,4-BDC) ligand and an iron (III) cation, and it is recognised for its excellent water 

stability. Due to their desirable properties, MOFs have been widely utilised for 

removing organic substances from water 236. They have successfully extracted dyes, 

metals 237, pharmaceuticals 238, and pesticides from wastewater 237. 

Many MOF materials are currently being studied as potential catalysts for degrading 

pollutants, owing to their extremely high specific surface area, stability, and low toxicity. 

239. The use of Mil101(Fe) in this study is generally considered safe and 

environmentally friendly when appropriate conditions are met, such as avoiding high 

temperatures and using compatible solvents 240,241. The material exhibits good stability 

and, when used as a catalyst, minimises the potential for hazardous byproducts. 

Among various preparation methods, such as diffusion and microwave techniques, the 

hydrothermal method stands out as a highly competitive option due to its cost-

effectiveness and suitability for commercial use 242. Moreover, the hydrothermal 
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method operates under low-temperature, isostatic-pressure conditions and liquid-

phase reactions, allowing for easy control over the particle size and morphology of the 

resulting products. Iron (Fe) is not known to pose significant toxicity issues, making it 

an appropriate choice for applications where environmental safety is a priority. For 

instance, Wang et al. 243 investigated the use of MIl53(Fe) as a catalyst for degrading 

tetracycline using hydrogen peroxide (H2O2). Additionally, Teng et al. 244 tested the 

adsorption capabilities of a polyacrylonitrile@carbon composite for the removal of 

tetracycline.  

 

2.7.3 Titanium dioxide 

 

Titanium dioxide (TiO2) is a high-resistance n-type semiconductor material with a band 

gap of approximately 3 eV 245. Researchers frequently utilise TiO2 due to its whiteness, 

corrosion resistance, and photocatalytic properties. Its environmental friendliness, 

chemical stability, and catalytic characteristics, along with its ability to modulate 

structural, optical, and transport properties, have established it as a popular choice for 

applications in photocatalysis, solar cells, and gas sensors 246,247. Additionally, TiO2 

nanoparticles (NPs) have unique attributes, including easy control, low cost, non-

toxicity, and high resistance to chemical erosion 248. TiO2 exists in three crystal 

structures: anatase, brookite, and rutile. Rutile is the most stable phase of titanium 

dioxide, while anatase and brookite are metastable forms that can be converted into 

rutile 249. Heating titanium dioxide at temperatures between 600 and 800 °C 

irreversibly transforms it into the rutile phase. As an essential photocatalyst, titanium 

dioxide is particularly active in the ultraviolet range 250.  

Titanium dioxide is less expensive than other semiconductors used in water 

applications and can be easily synthesised in a laboratory. Additionally, TiO2 has a 

significant advantage over other semiconductors, such as cadmium (Cd2+) and zinc 

oxide (ZnO), because it does not release hazardous chemicals during decomposition 

251. In this aspect, it also outperforms traditional chlorination methods. The surface of 

titanium dioxide is highly adjustable, and the morphology of TiO2 can be modified to 

include nanotubes. These nanotubes offer higher mass transfer rates and can adsorb 

non-biodegradable organic molecules. Additionally, the use of mesoporous surfaces 
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can enhance ion transport between particles 252. Titanium dioxide can be synthesised 

through various methods, including hydrothermal, microwave, chemical precipitation, 

and the sol-gel process. Among these, sol-gel synthesis is particularly notable for its 

versatility. It allows precise control over the material's composition, properties, and 

structure, ensuring uniform porosity and particle size, as well as high purity. 

Furthermore, this method operates at lower temperatures, making it a user-friendly 

process that consumes minimal energy. Titanium nanoparticles have also been 

investigated for a wide range of applications. For instance, Rupesh et al. 253 fabricated 

a TiO2-based electrochemical sensor for detecting phenolic compounds in water 

samples. The sensor exhibited a detection limit of 348 ng L-1. Samuel et al. 254 

conducted a study proposing a TiO2-based electrochemical sensor for detecting nitrite 

in water, achieving a detection limit of 0.076 ng L-1. 

 

2.7.5 Nanocomposite 

 

A nanocomposite is a solid material made up of two or more materials, at least one of 

which has dimensions at the nanometre scale 255. According to Saleh, a 

nanocomposite combines different materials with nanoscale diameters 256. The aim of 

creating nanocomposites is to merge the properties of multiple materials to produce a 

new nanomaterial with enhanced physical and chemical properties 257. Additionally, 

nanocomposites are particularly intriguing because their characteristics often surpass 

those of the individual materials 258. The unique mechanical, electrical, thermal, 

optical, electrochemical, and catalytic properties of composite materials arise from the 

distinct attributes of each embedded phase 259. The nanocomposite consists of a solid 

matrix phase that shapes the platform and a reinforcing phase that enhances 

functionality 260. The reinforcing material, which is incorporated at the nanoscale, can 

be in the form of nanoparticles (such as metals or metal oxides), nanosheets (like 

graphene oxide) and carbon quantum dot 261. 

For instance, in a study by Rahman and colleagues, the team developed an 

electrochemical sensor for detecting Hg²⁺ in tap water using graphene oxide (GO) and 

silver (Ag) nanowire nanocomposites. Due to the superior conductivity of the 
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nanocomposite, the fabricated sensor demonstrated high selectivity for Hg2+ 262. In 

another study, Thakur et al. 263 demonstrated the effectiveness of GO-based 

nanocomposites by degrading organic pollutants from water sources. A thorough 

analysis was conducted by incorporating nanomaterials into the appropriate matrix. 

The synergistic effects of the new nano-matrix were leveraged to significantly enhance 

the sensitivity of aptamer sensors. Another study, conducted by Meena et al. 264 of 

aptamer sensors involved the fabrication of a TiO2-adenine-based composite for 

detecting the swine flu virus 264. This developed sensor demonstrated a high sensitivity 

of 10.6 µA ng L-1, with an LOD of 6.7 × 10-8 ng L-1. Additionally, Liu et al. 265 utilised a 

graphene-polyaniline nanocomposite film to develop a label-free aptamer-based 

sensor for detecting dopamine. The study exhibited a LOD of 0.00198 ng L-1. 

Additionally, Zhang et al. 266 employed a sensitive electrochemical immunosensor 

based on a gold nanoparticle (AuNP) nanocomposite to detect Escherichia coli (E. 

coli) in water, achieving a LOD of 50 CFU·mL⁻¹. The schematic representation of the 

biosensor is shown in Scheme 3. 

 

 

 

Scheme 3: Schematic representation of gold nanocomposite-based sensor for 

detecting E.coli in water. Reproduced with permission from Ref. 267 Copyright© 2020 

Frontiers. 
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Wang et al. 241 also examined the effectiveness of MIl88A(Fe) combined with cotton 

fibres as a catalyst for tetracycline removal. Meanwhile, Hu et al. 268 employed an 

Fe/Co3O4 composite to degrade tetracycline in the presence of sodium persulfate 

(Na2S2O8) under visible light. Suman et al.269 investigated the use of a TiO2-silica 

nanocomposite for the electrochemical detection of ascorbic acid in water. Their 

method demonstrated an LOD of 383.3 ng L-1 and a sensitivity of 269 µA ng L-1. 

Additionally, Chen et al. 60 in water. This sensor exhibited an LOD of 0.088 ng L-1, 

which is within the permissible limit for Cd2+ levels in water bodies, with a linear range 

of 0.1 to 100 ng L-1. Huali and the team developed an aptasensor based on a disulfide-

Au nanocomposite for detecting Cd2+ in river water. The authors noted that the 

synthesised nanocomposite improved aptamer immobilisation and enhanced 

conductivity, thereby facilitating electron mobility. The study demonstrated an LOD of 

0.0234 ng L-1, with a linear response range of 0.01 - 0.3 ng L-1 270. Gopinath and 

colleagues developed a graphene-based nanocomposite for arsenic detection in tap 

water. The sensor exhibited an LOD of 0.001 ng L-1 271. Furthermore, Xing and the 

team utilised a CQD-Mof-based electrochemical sensor for Pb detection in water 

samples. The sensor showed an LOD of 1.55 ng L-1 and good selectivity towards Pb 

272. Lastly, Nguyen et al. 273 conducted research on the development of a sensitive 

electrochemical immunosensor for detecting Bacillus in water. The team utilised a 

carbon nanotube (CNT) composite to create this immunosensor. The synthesised 

composite exhibited excellent selectivity for Bacillus detection, with a linear 

concentration range of 10 ng L-1 - 1000 ng L-1 and a LOD of 5 ng L-1 . The schematic 

representation of the sensor is shown in Scheme 4. 
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Scheme 4: Display the schematic representation of a CNT-based immunosensor for 

detecting Bacillus in water samples. It is reproduced with permission from Ref. 273 

Copyright© 2019 Elsevier B.V. 

 

Nanotechnology has been shown to improve the sensitivity of biosensors, particularly 

aptasensors, for detecting various pollutants. Although advances in CQD-based 

biosensors have been made, no study has explored integrating CQD with Mil101(Fe) 

into a cohesive platform for the simultaneous detection of protozoa and heavy metals.  
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2.8 Summary and Sub-conclusion  

 

Conventional detection methods for Crypto and heavy metals, such as PCR and ICP-

MS, have been used to quantify and monitor Crypto parvum and heavy metals in water 

bodies. However, these methods have several drawbacks, including a lack of 

selectivity and sensitivity, inapplicability for onsite detection, complexity, high costs, 

and limitations in achieving low detection limits. These limitations have prompted the 

development of electrochemical techniques, specifically aptasensors. The 

incorporation of nanomaterials into aptasensor fabrication enhances both selectivity 

and sensitivity. Additionally, aptasensors are portable, user-friendly, suitable for on-site 

detection, and capable of achieving low limits of detection. These characteristics make 

them excellent candidates for detecting heavy metals and Crypto at low 

concentrations. The integration of aptasensors with on-chip technology further 

enhances their potential as powerful sensing platforms for water monitoring. 
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CHAPTER THREE: 

Methodology 
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3.1 Overview  

 

This chapter describes the synthesis methods, materials, and instrumentation used 

for synthesizing and characterizing the CQD, Mil101(Fe), TiO2, CQD-TO2, CQD-TiO2-

MIl101(Fe), nanomaterials and the fabrication of the aptasensor. It also explains the 

principles of the characterization techniques. 

3.2 Chemicals and Materials 

3.2.1 Materials 

 

The chemicals utilized in the proposed work are analytical grade. All organic salts, 

solvents, and buffer solutions were purchased from Sigma-Aldrich. These includes: , 

bovine serum albumin (BSA), N'N-Dimethylformamide (DMF), terephthalic acid 

(H2BDC), absolute ethanol, hydrochloric acid (H2SO4, 98%), sodium tetrachloride, 

alumina polishing powder (99.99%) (1, 0.3, 0.05 µM), polishing pads, 1- ethyl-3.3- 

dimethylamino propyl carbodiimide hydrochloride (EDC, 98%), titanium isopropyl-

oxide (TIP, 97%),N-Hydroxy succinimide (NHS, 98%), dichloromethane (98.8%), 

sodium hypochlorite, Na2HPO4 (≥ 99%) and NaH2PO4 (≥ 99%), FeCl3·6H2O, 50 mM 

Tris-HCl-pH 7.5, cadmium nitrite (98%), and arsenic oxide (96%). Lemons were 

purchased from the market at Florida. A synthetic aptamer with the sequences (R4-6) 

,mini-crypto and crypto primer. E. coli sequence: CAT GCC GCG TGT ATG AAGAA, 

and Giardia sequence; GAC GGC TCA GGA CAA CGGTT were manufactured by 

Inqaba Biotechnical Industries (PTY) Ltd, Pretoria, South Africa. 100 µM of the 

oligonucleotides were prepared using 0.1 M PBS, pH 7.2, and kept at –20 °C.  

 

3.3 Instrumentation 

 

Different characterization techniques were used to confirm the synthesis of 

nanomaterials. Functional groups of prepared materials (CQD and TiO2, CQD-TiO2, 

Mil101(Fe), CQD-TiO2-Mil101(Fe), were studied using a PerkinElmer FT-IR 
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spectrometer Frontier, Spotlight (400,) using the pellet KBr. Raman microscope and 

532 nm laser was carried out using the WITec alpha300 confocal at (a power of 

50×/0.75 Naa and 3 mW,) objective to examine the chemical bonds and atomic 

oscillations of the materials. Cu Ka radiation was used to record XRD patterns and 

confirm the crystallinity of the nanomaterials using a Rigaku Smart Lab X-ray 

diffractometer, as well as to analyze the surface morphology. The particle size and 

morphology of the synthesized materials were evaluated using a JEOL JEM 2100 at 

200 Kv (HR-TEM) and an EDS detector from Thermo Fischer to detect the energy for 

the evidence of the elemental composition, while scanning electron microscopy (HR-

SEM) (JOEL IT 300) was used to utilize the morphology of the synthesized materials. 

Thermogravimetric analyser (TGA) (5500) was examined to investigate the thermal 

stability and composition of the materials over time and the optical properties of the 

nanomaterials were assessed using Ultraviolet-visible spectroscopy. The elemental 

composition and oxidation states of the materials were evaluated using X-ray 

photoelectron spectroscopy. The electrochemical redox properties of the materials 

were examined using electrochemical techniques, such as SWV, CV, CP, EIS, and CA. 

The developed electrochemical aptasensor was optimized using to evaluate the 

electrochemical features of the modified electrodes in a window of -1 - 0.5 V vs 

Ag/AgCl using EC-lab V11.50 Biologic (Biologic Science Instruments GmbH, 

Gottingen, Germany, Rodeweg 20, D-37081. Multiparameter, inductively coupled 

plasma mass spectroscopy. 

3.4. Synthesis of nanomaterials: CQD, TiO2, Mil101(Fe)  

3.4.1 Synthesis of carbon quantum dot using the Hydrothermal 

method 

 

 CQD were synthesized using lemon peels as the carbon source 274. The peels were 

cleaned several times using DI H2O and dried at 60 °C for 10 h. 10 g of powdered 

lemon peel was digested in 100 mL of 0.1 M H2SO4 stock solution. The collected 

product was rinsed with DI H2O and filtered, then dried at 100 °C for 24 h in an oven. 

200 mL of sodium hypochlorite solution was combined with the material and stored for 

4 h at room temperature, followed by adjusting the pH to 7. The solution was 
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transferred into a Teflon reactor and heated at 180 °C for 12 h. Unreacted organic 

molecules were eliminated by rinsing the samples with DI H2O several times. The 

collected product centrifuged for 1,3 h at 500 rpm. The obtained material was dried at 

100 °C for 24 h. CQD synthesis is illustrated in Scheme 5. 

 

 

Scheme 5: Schematic diagram showing the Synthesis of CQD. 

 

3.4.2 Synthesis of Mil101(Fe) using Hydrothermal method 

 

The targeted MIl101(Fe) MOFs were synthesized from AMD-derived Fe (OH)3, 

wherein 5.2 mmol of AMD-derived Fe (OH)3 was first dissolved in a stoichiometric 

amount of HCl by heating at minimal temperatures 275. The solution was then mixed 

with a solution of dissolved PET-derived terephthalic acid (H2BDC) in 

dimethylformamide (DMF). The resultant solution was subjected to hydrothermal 

treatment at 110 °C for 20 h under autogenic pressure. Once the reaction time had 

elapsed, the product was filtered, washed using centrifugation, and dried at 90 °C 

overnight to remove any remaining solvents that may have been trapped in the MOF 

pores. Scheme 6 shows the schematic synthesis of Mil101(Fe). 
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Scheme 6: Shows the schematic representation of Mil101(Fe) synthesis. 

 

3.4.3 Synthesis of TiO2 nanoparticles using the Hydrothermal 

method 

 

 The synthesized TiO2 NPs were synthesized as follows. 100 mL of absolute ethanol 

was added with 6mL of titanium isopropoxide and continuously stirred at ambient 

temperature for 30 min 276. Afterwards, 4 mL of DI H2O was poured to the solution 

under continuous stirring for 7 min until a white solution was formed. The solution 

underwent hydrothermal treatment. The autoclave was maintained at 200 °C for 14 h. 

The resultant material was centrifuged and rinsed three times using DI H2O. The 

collected material was dried at 100 °C for 24 h. The collected white powder was 

calcined at 450 °C for 4 h. Scheme 7 illustrates the TiO2 synthesis. 

 

 

Figure 3.3: Schematic representation of Mil101(Fe) synthesis. 
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Scheme 7: Schematic representation of TiO2 synthesis. 

 

3.5 Synthesis of nanocomposites 

3.5.1 Synthesis of CQD-TiO2 nanocomposite using the precipitation 

method 

 

CQD-TiO2 nanocomposite was synthesized following the procedure by Adan-mas 277. 

1 g of the synthesized CQD was dispersed in 200 mL of ethanol, and 2 g of TiO2 

nanoparticles were added to the mixture under vortex agitation for 10 min. To this 

solution, was added. This mixture was stirred at 500 rpm for 30 min at room 

temperature. The obtained solution was collected by centrifugation, rinsed three times 

with ethanol, and dried at 60 °C in the oven for 24 h. The schematic representation is 

shown in Scheme 8. 
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Scheme 8: Schematic representation of CQD-TiO2 composite synthesis. 

 

3.5.2 Synthesis of Mil101(Fe)-TiO2 composite using Hydrothermal 

method 

 

158 mg of prepared Mil101(Fe) was dissolved in 20 mL of DI H2O. Subsequently, 0.164 

mL of titanium isopropyl oxide was added dropwise under stirring 278. After 20 min, the 

solution underwent hydrothermal treatment at 200 °C for 24 h. The resulting solution 

was centrifuged and rinsed with DI H2O, followed by three rinses with absolute ethanol. 

The resulting material was dried in an oven set to 70 °C 24 h. The synthesis 

representation is shown in Scheme 9. 
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Scheme 9: Schematic representation of Mil101(Fe)-TiO2 composite. 

 

3.6 Synthesis of a ternary composite  

3.6.1 Synthesis of MIl101(Fe) -CQD-TiO2 composite using 

Hydrothermal method 

 

0.5 g of the prepared MIl101(Fe) and 2 g of the synthesized CQD-TiO2 composite were 

dissolved in 150 mL of DI H2O. The mixture was sonicated for 2.5 h 279. The solution 

underwent a hydrothermal treatment for 12 h at 180 °C. The collected solution was 

centrifuged and rinsed with absolute 3 times. The resulting product was dried at 60 °C 

in an oven for 24 h. Scheme 10 shows the Schematic diagram of Mil101(Fe)-CQD-

TiO2 synthesis. 
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Scheme 10: Schematic representation of Mil101(Fe)-CQD-TiO2 ternary composite 

synthesis. 

 

3.7 Fabrication of the aptasensor 

 

The aptasensor was fabricated by incubating the working electrode in a solution 

composed of 5 mg of CQD-TiO2 nanocomposite and DI H2O, along with a 10 μg mL⁻¹ 

aptamer solution. Additionally, 1 mL of a solution containing 8.00 mM 1-ethyl-3,3-

dimethylaminopropyl carbodiimide (EDC) and 8.00 mM N-hydroxysuccinimide (NHS) 

was included. A tris buffer was also added to this solution. The cleaned working 

electrode was then incubated in the solution at 4 °C for 3 hours. After incubation, the 

electrode terminal was immersed in a BSA solution for 10 min to block the active sites 

on the electrode surface. Before fabrication, the working electrode was cleaned by 

using alumina slurries of different microns. After polishing, the electrode was rinsed 

with DI H2O. Any absorbed species were removed by ultrasonication of the electrode 

in absolute ethanol and DI H2O for 15 min. Scheme 11 illustrates the schematic 

diagram of the aptasensor fabrication. All developed aptasensors in this study followed 

the same schematic. 
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Scheme 11: Schematic diagram showing the fabrication of the aptasensor. 

 

3.8. Preparation of Analytes 

3.8.1 Preparation of cadmium (Cd2+) working concentrations 

 

A mass of 30.85 mg of cadmium nitrate was measured and dissolved in 10 mL of DI 

H2O. The solution was agitated to ensure homogeneity, yielding a 0.1 M stock solution. 

100 µL of the solution was diluted in 10 mL of DI H2O (0.1 mM stock solution). The 

resulting solution was then used to prepare various working concentrations of Cd2+, 

ranging from 1 to 22 µM, using equation. 

𝐶1𝑉1 =  𝐶2  𝑉2  equation 1 

 

3.8.2 Preparation of arsenic oxide working concentrations 

 

 A total mass of 0.039 g of arsenic was measured and dissolved in 10 mL of DI H2O. 

The solution was stirred for 15 min to ensure homogeneity, resulting in a 0.1 mM stock 
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solution. The working concentrations of arsenic were prepared from this stock solution, 

ranging from 1 to 22 µM, using equation 1. 

  

3.8.3 Preparation of Crypto, Giardia and E. coli working 

concentrations 

 

The preservation of Crypto, E. coli and Giardia was carried out using the same method. 

The oligonucleotides were diluted in 50 mL of PBS (pH 7.2) to make a 1 M stock 

solution. 5 µL of each oligonucleotide was further diluted in 4 mL of PBS in vials to 

produce 1 mM stock solutions. Working concentrations of E. coli, Crypto, and Giardia 

were then prepared from this solution, yielding concentrations of 2-10 µM. The stock 

solutions and working concentrations were kept in the fridge (4°C) when not in use. 

equation1 was used when doing the calculations. 

All the synthesized catalysts were characterized using various characterization 

techniques. These characterisation techniques provide insights into the material’s 

morphology, chemical composition, and physical and chemical properties. For 

instance, transmission electron microscope and x-ray diffraction are used to examine 

the crystalline structure, surface morphology and composition of the synthesized 

materials. Additionally, these techniques help to determine particle size, which is 

essential for tailoring the synthesis processes to meet specific applications. 

Furthermore, electrochemical techniques were employed to investigate the catalyst's 

electrochemical features. 

 

3.8.4 Preparation of real water samples 

 

Before sampling, the bottles used for collecting samples were thoroughly cleaned. This 

process involved washing the bottles with detergent, rinsing them 3 times with DI H2O 

to remove any detergent residue, and allowing them to air-dry. The dried bottles were 

soaked in a 10% nitric acid solution overnight to remove any possible contaminants. 



 
 

53 

Following this, they were rinsed three times with DI H2O to remove all traces of acid 

and then dried in an oven. 

For wastewater sample collection, a direct sampling method was used. A multimeter 

was employed to measure various parameters in the water samples, including pH, 

conductivity, total dissolved solids (TDS), turbidity, dissolved oxygen, and total 

suspended solids. The samples underwent multiple filtration steps to remove all 

suspended solids. Lastly, the samples were stored at 4 °C until ready for use. A 15 mL 

aliquot of the prepared water samples was used for electrochemical experiments, and 

various analyte concentrations were spiked into the samples to assess recovery rates. 

 

3.9 Electrochemical experiments 

 

Electrochemical tests were carried out using the EC-Lab. A three-electrode system 

was used, consisting of a silver-silver chloride (Ag-AgCl) reference electrode, a 

platinum (Pt) wire as the counter electrode, and a working electrode (GCE, with an 

area of 0.071 cm², made of PEEK and having a diameter of 3 mm. EIS and CV 

experiments were conducted at room temperature, using 0.1 M PBS (pH 6.8 and 7.2) 

purged with N2 as an electrolyte. Cyclic voltammetry measurements were utilized to 

determine electrochemical properties at various scan rates (15-100 mV s−1) with a 

window of -1 V. - 0.5 V. 

 

3.9. Characterization Techniques 

3.9.1 Electrochemical techniques 

 

Electrochemical techniques utilise electrodes to investigate chemical changes 

occurring on the working electrode. All electrochemically driven characteristics are 

commonly characterized by changes in current, charge accumulation with time and 

the potentiostat. Electrochemical techniques, including CP, SWV, CA, EIS, CV  
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3.9.1.1The three electrochemical systems 

 

The existing system for voltametric measurements comprises an electrochemical cell, 

a computer and a potentiostat. The cell generates current and voltage via chemical 

processes using electrochemical signals. A potentiostat is designed to monitor the 

current generation and apply a precisely controlled potential. The existing system for 

voltametric measurements consists of an electrochemical cell, a computer and a 

potentiostat. The electrochemical cell generates current and voltage through chemical 

processes that utilize electrochemical signals. The potentiostat is designed to apply a 

precisely controlled potential while monitoring current generation. A typical three-

electrode electrochemical cell system includes an Ag/AgCl reference electrode, a 

GCE, a Pt wire, and a supporting electrolyte. The chemical reaction occurs at the 

working electrode. The voltage is constantly monitored between the reference 

electrode and working electrode, whilst the current flows between the working 

electrode and the counter electrode. Scheme 12 illustrates the three-electrode 

electrochemical systems.  

 

 

Scheme 12: Illustration of three electrochemical systems. 

  



 
 

55 

3.9.1.2 Cyclic voltammetry (CV) 

 

CV is a commonly employed voltametric technique in electrochemistry for studying the 

kinetics at the electrode surface. This approach measures current density over time, 

while also applying a time-varying potential. The voltage can be utilized between two 

limitations by sweeping from an initial point to a final point and then returning to the 

starting point at a constant speed  V =
dE

dt
 during the experiment 280. CV data is 

important because it can instantly offer essential information regarding the kinetics 

occurring between the electrode and the electrolyte, related chemical reactions, and 

the adsorption processes 281. Figure 6 shows the cyclic voltammogram. 

 

 

Figure 6: Shows an example of the cyclic voltammogram 
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3.9.1.3 Electrochemical Impedance spectroscopy (EIS) 

 

Electrochemical Impedance spectroscopy is an electrochemical technique used to 

study the electron mobility of the modified electrode. Researchers commonly use EIS 

in biosensors to study parameters such as charge transfer resistance and rate transfer 

in the presence of analytes 282. EIS is also used to examine the changed surface's 

electron transport characteristics and better understand chemical transformation 283. 

Theoretically, impedance measurements can be used to investigate any intrinsic 

properties of nanomaterials, such as the solution interface of nanoparticles. The 

measure of current is linearly proportional to the applied potential, as shown in 

equation 2. 

𝑉 (𝑓) = 𝐼(𝑓)𝑥 𝑍 (𝑓) equation 2 

  

The parameters of electrochemical impedance spectroscopy are analyzed by fitting 

the data to a Randles equivalent circuit. The processes occurring in the 

electrochemical cell, such as electron transfer, polarization resistance, and electrolyte 

resistance, exhibit distinct impedance characteristics and can be represented as 

electrical components 284.Figure 7 shows an example of a Nyquist plot. 
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Figure 7: Shows an example of a Nyquist plot. 

3.9.1.4 Chronoamperometry (CA) 

 

Chronoamperometry is a technique that employs a step potential to measure the 

current over time 285. This method can be used to analyze the time-dependent current 

related to diffusion-controlled processes at the electrode surface. The current-time 

response consists of two components: the current required to charge the double layer 

and the current associated with the electron transfer reaction between the electrode 

and the electroactive species 286. These electroanalytical techniques offer advantages 

over CV, including the ability to determine diffusion coefficients, reaction kinetics, and 

mechanisms in a single experiment 282. Figure 8 illustrates an example of a 

chronoamperometric response. 

 

 

Figure 8: An example of chronoamperometric response. 
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3.9.1.5 Square wave voltammetry (SWV) 

 

 Square wave voltammetry is a versatile technique that is effective for both 

electrokinetic and analytical studies 287. This technique is based on the Kalousek 

commutator 288 and Barker's square-wave polarography 289. Kalousek developed an 

apparatus featuring a revolving commutator, which alternated the voltage of a mercury 

electrode between two levels at a frequency of five cycles per second 290. SWV is 

categorized as a subtype of Differential Pulse Voltammetry (DPV) 291. It is a high-

amplitude differential method that employs a staircase potential and a square wave to 

a working electrode 292. SWV is a popular choice for analyte determination and offers 

high-sensitivity screening because non-faradaic currents contribute minimally to the 

results 293. This technique is more sensitive than other electroanalytical methods since 

SWV employs a differential current plot rather than a reverse current plot 294 . Figure 

9 shows a typical plot of SWV response. 

 

 

Figure 9: Depicts an example SWV response. 
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3.10. Spectroscopic techniques 

 

Spectroscopic techniques are used to investigate the structures of the synthesized 

nanomaterials 295. These techniques use light to interact with matter, probing certain 

aspects of a sample to determine its structure. The huge number of wavelengths 

emitted by these techniques allows for a detailed investigation of the electron 

configurations of ground and excited states 296.  

 

3.10.1 Fourier transform infrared spectrometer (FTIR) 

 

 Fourier transform infrared spectrometer is employed to analyze the functional groups 

on the synthesized nanomaterials in a wavelength range of 4000 cm-1 – 400 cm-1 297. 

In FTIR (Fourier Transform Infrared Spectroscopy), samples are analyzed in powder 

form, and all experiments are conducted at ambient temperature. Before the analysis, 

a background scan is performed. Next, the synthesized nanomaterial is mixed with 

potassium bromide (KBr) for scanning 298. The layout used for these experiments is 

shown in Scheme 13. 
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Scheme 13: Depicts the FTIR schematic diagram. 

 

3.10.2 Ultraviolet-vis (UV-Vis) Spectroscopy 

 

UV-vis spectroscopy determines the absorbance spectra of a substance in solution or 

as a solid. Spectroscopy observes the absorbance of light energy or electromagnetic 

radiation, which excites electrons from the ground state to the compound's or 

material's first singlet excited state 299. The UV-vis region of the electromagnetic 

spectrum spans an energy range of 1.5 - 6.2 eV, corresponding to a wavelength range 

of 800 to 200 nm. Absorbance spectroscopy is based on the Beer-Lambert Law 

equation 3  

𝐴 =  ԑ𝑏𝑐 equation 3 

 

 For a single wavelength, A is absorbance (typically regarded as arbitrary units), ε is 

the molar absorptivity of the substance or molecule in solution (M-1cm-1), and b is the 

path length of the cuvette or sample holder (1 cm). C is the concentration of the 

solution (M) 300. The UV-Vis principle is shown in Scheme 14. 

 

 

Scheme 14: Shows the schematic diagram of UV-Vis measurement. 
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3.10.3 X-ray photoelectron spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy is a method for determining the surface chemistry, 

oxidation states and chemical composition of synthesized nanomaterials 301. XPS 

equipment is housed in ultra-high-vacuum (UHV) chambers. This system typically has 

lower base pressures, around 10-9-10−10 mbar, 302. This method is sensitive to the 

surface, making it highly affected by any contamination present on the material 303. At 

a pressure of 1 × 10−6 mbar and a sticking coefficient of 1 (every molecule that impacts 

the surface clings to it), there would be one monolayer of contamination every 2 

seconds. As a result, XPS devices use the UHV environment to limit surface 

contamination inside the chamber 304. 

XPS analyses the kinetic energy of released electrons by irradiating the materials with 

soft X-rays 305. The generated photoelectron results from the transfer of x-ray energy 

to a core-level electron. This is expressed formally in equation 3. The energy of an x-

ray (hvv) is equal to the electron's binding energy (BE), kinetic energy (KE), and 

spectrometer work function (Φspec), which is a constant 306. Scheme 15 shows the 

schematic representation of XPS instruments. 

ℎ𝑣 = 𝐵𝐸 + 𝐾𝐸 + ф𝑠𝑝𝑒𝑐  equation 4 
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Scheme 15: Shows the components of the XPS instrument. 

 

3.10.4 Raman spectroscopy 

 

Raman spectroscopy is an analytical technique that measures a sample's vibrational 

energy modes by using scattered light. It is named after C. V. Raman, an Indian 

physicist who discovered Raman scattering in 1928 with his research partner K. S. 

Krishnan 307. This technique provides valuable chemical and structural information, 

allowing for the identification of substances based on their unique Raman "fingerprint”  

308.The information is obtained by detecting Raman scattering from the sample. The 

Raman effect is a phenomenon involving the scattering of light in two forms: elastic 

scattering (Rayleigh scattering), where the light retains the same wavelength as the 

incident light, and inelastic Raman scattering, which occurs when light interacts with 

molecular vibrations, resulting in different wavelengths. Raman scattering is 

approximately a million times less intense than Rayleigh scattering. To obtain Raman 

spectra, it is essential to minimise the interference from Rayleigh scattering, so it does 

not overshadow the weaker Raman scattering signals 309. Scheme 16 shows the 

principles of Raman spectroscopy. 
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Scheme 16: Display the basic principle of Raman spectroscopy. 

 

3.10.2 Microscopic techniques 

 

Generally, microscopy techniques are used to observe the different structural 

characteristics of the synthesized nanomaterial that are not visible to the naked eye 

310. Microscopy techniques aim to capture images that accurately represent the 

structural features of nanomaterials. Microscopy lets scientists directly observe 

nanostructures within the bulk solution and the nano surface 311. Examples of 

microscopic techniques are HRTEM, HR-SEM, XRD, and AFM. 

 

3.10.2.1 High-resolution transmission electron microscopy (HR-

TEM.) 

 

HR-TEM is a spectroscopic technique utilized to image NPs at an atomic level. HR-

TEM is employed to examine the size distribution, size of the materials and the 

morphology 312. When analyzing the samples, the electrons are emitted using electron 

gun through the vacuum tube of the microscope 313. The setup used for these 

experiments is shown in Scheme 17. 
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Scheme 17: Display the schematic diagram of the HR-TEM instrument. 

 

3.10.2.2 High-resolution scanning electron microscope (HR-SEM) 

 

HR-SEM is the most common and traditional method for acquiring detailed information 

on a sample's physical nature and surface. This approach employs high-energy 

electron-beam contacts that react with the analysed sample 314. The HR-SEM 

operates under vacuum (10-6 torr), a variable electromagnetic field, and requires 

cooling equipment and a steady source of power. A gun generates a high-energy 

electron beam, which is directed at the sample, positioned on a mobile stage. This 

shower of electrons is created by the gun's field-emission or thermionic-emission 

process. When these electrons (primary) collide inelastically with the sample, they 

decelerate. The secondary electron detector collects these electrons and uses them 

to generate images 315. The setup used for these experiments is shown in Scheme 18. 
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Scheme 18: Shows the components of a scanning electron microscopy instrument. 

 

3.10.2.3 Atomic Force Microscope (AFM) 

 

Gerber et al.316 introduced AFM in 1985 as a high-resolution, non-optical imaging 

technology. Since then, AFM has evolved as a powerful tool for surface analysis. An 

Atomic Force Microscope is used to map the atomic-scale topography of a surface by 

utilizing the repulsive electrical interactions between the surface and the tip of a probe 

as it moves above 317. It provides precise and non-destructive measurements of 

electrical, magnetic, chemical, optical, and mechanical properties in various 

environments, including air, liquids, and ultrahigh vacuum. The unique capabilities of 

AFM make it a versatile, invaluable asset in the world's leading research and 

technology laboratories 318. AFMs differ from traditional microscopes, which produce 

images by focusing light or electrons on the sample surface. Instead, AFMs use a 

pointed probe to physically feel the sample surface, generating precise three-

dimensional topographical representations with nanoscale resolution 319. This high 
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resolution allows AFM to examine the arrangement of atoms in a material or study the 

structure of individual molecules 320. Scheme 19 depicts the components of AFM. 

 

 

Scheme 19: Shows the schematic representation of AFM instrument. 

 

3.10.2.4 X-ray diffraction (XRD) 

 

 

XRD is a radiation technique that uses photons with energies ranging from 100 eV to 

1000 keV and wavelengths from 10-2 nm to 10 nm. Bragg developed the theory to 

explain why crystal cleavage faces reflect X-ray photons at a specified angle (theta, 

2θ) 321. XRD is a powerful instrument that provides precise details about the crystalline 

structure of both natural and manufactured materials. A crystalline lattice is a uniform 

3-D arrangement of atoms in space, which can take forms such as cubic or rhombic. 

322. The atoms are organised to form a series of straight planes separated by a variable 

distance (d) determined by the material’s characteristics 323. This phenomenon can be 

described by the following equations 5 and 6. 
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𝑛𝜆 = 2𝑑𝑆𝑖𝑛𝜃   equation 5 

 

The Scherer equation can be used to calculate the average particle size. The setup 

used for these experiments is depicted in Scheme 20. 

𝐷 =  
0.9𝜆

𝛽𝐶𝑜𝑠 𝜃 
 equation 6 

 

 

Scheme 20: Illustrate the schematic diagram of the XRD instrument. 
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CHAPTER FOUR: 

Characterization and 

application of CQD-TiO2 

composite 
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4.1 Overview  

 

This chapter details the characterization of CQD, TiO2 NPs, and CQD-TiO2 

composites. The materials were characterized using various techniques, including 

XRD, FTIR, Raman spectroscopy, and HR-TEM. These methods confirmed the 

successful synthesis of the materials and the incorporation of both CQD and TiO2. The 

electrochemical properties of the materials were studied using CV and EIS. The results 

revealed that the CQD-TiO2 composite exhibited a faster charge-transfer rate and 

greater electrochemical stability than pure TiO2 and CQD. An electrochemical 

aptasensor was developed by modifying the electrode with a CQD-TiO2 composite. 

This aptasensor demonstrated impressive performance, with a limit of detection of 

0.0024 ng L-1 and a linear concentration range of 0.0025-0.0045 ng L-1, making it 

suitable for various applications. The aptasensor was used to detect cadmium ions in 

wastewater and Crypto in both wastewater and tap water samples. Its selectivity was 

evaluated by detecting Crypto in the presence of interferences, demonstrating 

remarkable selectivity. Notably, the aptasensor demonstrated a high sensitivity of 

0.2706 mA nM-1, which is particularly significant for detecting traces of Crypto. 

 

4.2. Introduction  

 

Crypto is a waterborne protozoan parasite that poses serious health risks due to its 

high infectivity and resistance to conventional disinfectants. Detecting trace levels of 

Crypto oocysts in contaminated water remains a significant challenge. Owing to their 

high specificity and sensitivity, aptasensors have emerged as promising devices for 

pathogen monitoring. A novel electrochemical aptasensor was fabricated via CQD-

TiO2 composites as electrode modifiers. The properties of the material 324, such as a 

large surface area 325, and high conductivity 326, have enhanced electrochemical 

performance 327. This chapter focuses on the physicochemical characterization of the 

materials, the electrochemical evaluation of modified electrodes, and the application 

of the developed aptasensor in detecting Crypto. 
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4.3. Results and Discussions  

4.3.1. Morphological and structural characterization of CQD, TiO2 

and CQD-TiO2 

4.3.1.1. Raman analysis of CQD, TiO2 and CQD-TiO2 

 

Raman analysis is a powerful instrument used in a wide range of scientific disciplines 

to investigate atomic oscillation patterns. Raman spectroscopy provides information 

on oscillation patterns and chemical bonds within the synthesized materials. In this 

study, Raman spectroscopy was used to investigate the chemical bonds present in 

CQD, TiO2 and CQD-TiO2 composite. Figure 10 shows the Raman spectra of CQD, 

TiO2 and CQD-TiO2. Four Raman bands were identified in the TiO2 spectrum at 641, 

521, 402, and 149 cm-1, corresponding to anatase vibrational modes (Eg, A1g, B1g, 

and Eg). These distinct intensities and vibrational frequencies confirmed the presence 

of the anatase phase of titanium dioxide 328. The CQD spectrum revealed three Raman 

bands at 1363 cm-1, 1588 cm-1 and 2793 cm-1. These bands correspond to the D and 

G bands of sp3 and sp2 hybridization 329. The presence of the peak at 2793 cm-1 

confirms that CQD are amorphous. These results are compatible with the HR-TEM 

and XRD investigations. The D band is associated with vibrations of carbon molecules 

with the loose bonds at the edge of the disorganised carbon. The G band represents 

the graphite’s E2g and is produced by sp2-bonded carbon molecules vibrating in a 2D 

hexagonal configuration 80. The integration of TiO2 on the surface of CQD caused a 

shift in the D and G bands on the CQD-TiO2 spectra, confirming the successful 

synthesis of the composite, as shown in Figure 10. 
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Figure 10: Illustrate the Raman spectra of CQD, TiO2 and CQD-TiO2 

 

The synthesized materials (TiO2, CQD, and CQD-TiO2) were further analyzed using 

the HR-TEM technique to understand the morphology and lattice fringes within the 

materials. HR-TEM was employed to examine the morphological and structural 

characteristics of the synthesized materials.  

 

4.3.1.2. HR-TEM analysis of TiO2, CQD and CQD-TiO2 

 

Figure 11 (A-F) presents HR-TEM images of TiO2, an enhanced image of TiO2, CQD,  

CQD-TiO2, particle size distribution in CQD and TiO2. highlighting their particle size 

distributions, morphologies, and overall particle sizes. J-image software was used to 

measure and calculate the particle size distribution of the nanomaterials. In Figure 11A 

and Figure 11B, the HR-TEM image of TiO2 reveals an uneven morphology resulting 

from the aggregation of nanoparticles 330. The circular morphology and uniform, 



 
 

72 

rounded structure of TiO2 NPs indicate a large surface area, with an average particle 

size of 15 ± 8.6 nm. This observation suggests that TiO2 NPs can be well-dispersed in 

various solutions, demonstrating structural stability 331. Additionally, the TiO2 structure 

can accommodate a wide range of optical properties. The nearly spherical shape of 

the nanoparticles is beneficial, as it enhances stability 332, facilitates interactions with 

other materials, and promotes dispersibility in various environmental applications 333. 

The TiO2 NPs also exhibit well-defined lattice fringes with a consistent interspacing of 

0.36 nm. 

 

Figure 11: Display the HR-TEM images of (A) TiO2, (B) enhanced image of A, (C) CQD, 

(D) CQD-TiO2, panels (E) and (F) show particle size distribution of TiO2 and CQD. 

Figure 11C illustrates the structure and morphology of a CQD sample obtained from 

HR-TEM investigations. The synthesized CQD exhibits a highly monodisperse and 

homogeneous spherical shape with an average particle size of 20 ±14.5 nm. Cheng 

et al. 334 identified CQDs in a quasi-zero-dimensional state. Figure 11D shows an HR-

TEM image of the CQD-TiO2 nanocomposite, revealing a well-defined lattice structure 

and uniform spacing. The HR-TEM image of CQD-TiO2 revealed TiO2 nanoparticles 

with a spherical, rounded shape on the CQD surface. This underlines the applicability 

of heterostructures for charge separation. As a result, the composite's electrocatalytic 

activity was enhanced compared to that of TiO2 nanoparticles 335. CQD-TiO2 had a 



 
 

73 

lattice fringe with a constant spacing of 0.36 nm 336. The crystal structure with an 

interspacing of 0.36 nm is attributed to the anatase (101) plane, demonstrating that 

TiO2 nanoparticles exhibit strong crystallinity and a consistent structure. These 

findings are consistent with XRD studies, indicating that TiO2 is naturally crystalline. 

Figures 11C and 11 show histograms of particle size distribution for TiO2 NPS and 

CQD.  

The surface shape, crystal orientation, and size distribution of the CQD, TiO2, and 

CQD-TiO2 were evaluated using HR-SEM technique. HR-SEM is a powerful 

instrument used to study the properties of synthesized materials at the nanoscale. The 

average size distribution and the morphology of the synthesized nanomaterials were 

evaluated using HR-SEM.  

 

4.3.1.3 HR-SEM-analysis of CQD, TiO2 and CQD-TiO2 

 

Figure 12(A-C) displays the HR-SEM images of CQD, TiO2 and CQD-TiO2. J-image 

software was used to measure and calculate the particle size distribution of the 

nanomaterials. The synthesized CQD revealed monodispersed nanoparticles with a 

round sphere-like morphology with an average particle size of 3.56 ± 0.77 nm. This 

finding aligns with the HR-TEM analysis of CQD. The HR-SEM image of the 

synthesised TiO2 indicated that agglomerated nanoparticles increased particle size, 

as shown in Figure 12B. The image also revealed that the TiO2 particles exhibited a 

sphere-like morphology with an average particle size of 68.86 ± 38. 12 nm. Figure 12C 

revealed that the TiO2 nanoparticles were dispersed on the surface of CQD, confirming 

the successful synthesis of the CQD-TiO2 composite. The observation is consistent 

with the HR-TEM analysis. The HR-TEM images revealed a clearer distribution of 

particle sizes in the nanomaterials than the HR-SEM images. 
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Figure 12: Shows the HR-SEM images of (A) CQD, (B) TiO2, (C) CQD-TiO2, displays 

the histogram showing the size distribution of CQD and TiO2. 

 

The crystalline structure, size, and thermal stability of the synthesized CQD, TiO2, and 

CQD-TiO2 materials were examined using XRD and TGA. X-ray diffraction (XRD) 

analysis using Cu Kα radiation was conducted to assess the phase purity and 

crystallinity of the synthesized materials. A thermogravimetric instrument was also 

used to evaluate the thermal stability, composition and purity of nanomaterials over a 

temperature range 337.  

 

4.3.1.4. XRD and TGA analysis of CQD, TiO2 and CQD-TiO2 

 

Figure 13(A-B) displays the XRD patterns for CQD, TiO2, and the CQD-TiO2 

composite, and Figure 13B shows the TGA curves of CQD, TiO2 and CQD-TiO2 

composite. The spectra for both TiO2 and the CQD-TiO2 composite exhibited narrow, 

intense, and high XRD peaks, indicating that these nanomaterials possess a high level 
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of crystallinity 338. Carbon quantum dot do not have a periodic crystal structure 339, 

have an amorphous ring with a peak around 20.4°-24.6° in X-ray diffraction 340, and 

they cannot scatter electrons 341. In this work, the synthesized CQD exhibited a strong 

peak at a 2θ angle of 9.6°. The broad peak is typically detected at around 2θ = 22°-

25°, depending on the temperature, duration, and carbon source used during 

synthesis 342. This peak is associated with the graphite (002) reflection plane and 

confirms the amorphous nature of the CQD. These results are compatible with the 

Raman analysis. The XRD pattern of titanium dioxide displayed significant peaks at 

2θ values of 73.3°, 62.9°, 54.6°, 55.1°, 37.8°, and 25.3°. These peaks are associated 

with the crystal planes (107), (204), (211), (105), (200), (004), and (101), which 

confirms that the synthesized TiO2 is in the anatase phase 343. This finding is consistent 

with the results from the Raman analysis, XRD and UV-Vis analysis. The CQD-TiO2 

composite displayed peaks at 71.1°, 62.6°, 54.4°, 47.9°, 37.6°, and 25.5°, which 

correspond to the crystal planes (107), (204), (211), (105), (200), (004), and (101) 344. 

The XRD patterns observed for the CQD-TiO2 were identical to those of pure TiO2, 

indicating that the crystallinity of TiO2 was maintained within the composite. These 

observations are consistent with previous reports in the literature 343. 
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Figure 13: Illustrates (A) the XRD patterns of CQD, TiO2 and CQD-TiO2 composite and 

(B) shows the TGA curves of CQD, TiO2, and CQD-TiO2. 

. 

To calculate the average crystallite size, the Scherrer equation was applied to the 

apparent full width at half-maximum intensity (FWHM) of the prominent peak, as 

shown in equation 6.  

d =  
kλ

βcosθ
  equation 6 

In the equation, λ represents the wavelength, equal to 0.15405 nm, d denotes the 

average crystallite length, β signifies the full width at half maximum (FWHM), k is set 

to 0.9, and θ represents the peak's Bragg angle. Table 2 presents the d-spacing and 

the calculated crystallite size. 

 

Thermogravimetric analysis involves monitoring the weight loss of the sample as a 

function of temperature and time 345. TGA was performed to evaluate the thermal 

stability of CQD, TiO2, and the CQD-TiO2 composite. Figure 13B depicts the TGA 

curves for each of these materials. The chemical behaviour, moisture content and 
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stability of the synthesized materials were evaluated by using 15 mg of the samples. 

The samples were heated at a rate of 5-10 °C/min over a temperature range of 30-

800 °C. The initial weight loss (2.15%) on the CQD curve at temperatures up to 180 

°C is due to the removal of water molecules from the CQD surface 346. A weight loss 

of 6.06% between the temperatures of 189 °C and 259 °C is attributed to the 

transformation of hydroxyl, carboxylic and carbonyl groups on the surface of CQD to 

gaseous products 347. Additionally, a weight loss of (10.71 %) observed at 

temperatures ranging from 270 – 490 °C is due to the reaction of carbon with the 

formed gaseous products 348. The weight loss of 0.72% at 490 and 680 °C 

temperatures correspond to the degradation of unreacted functional groups on the 

surface of CQD 349. At temperatures above 690 °C, CQD are completely degraded. 

The TGA curve for TiO2 showed a weight loss of 4.26% over the temperature range of 

40 °C to 450 °C, corresponding to the loss of surface hydroxyl groups on titanium 

dioxide. It can be observed that from 550 °C to 780 °C, TiO2 becomes stable. CQD-

TiO2 exhibited a higher weight loss of 6.06 % compared to CQD between the 

temperature range of 40 °C -209 °C, which is due to an increased presence of surface 

absorbed moisture 350. The weight loss of 13.29% between 250–342 °C is due to the 

removal of hydroxylated groups from the surface of the CQD-TiO2 composite 351. 

Table 2: Shows the d-spacing and calculated crystallite size of CQD, TiO2 and CQD-

TiO2. 

Material d-spacing (nm)  Crystallite size 
(nm) 

     2θ 

    
CQD 0.28    30.8 31.8° 

TiO2 0.35 8.10 25.3° 

CQD-TiO2 0.35 8.36 25.5° 

    
 

The elemental analysis and mapping showing elemental distribution within the 

synthesized CQD, TiO2 and CQD-TiO2 were examined using EDS.  
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4.3.1.5. EDS analysis of CQD, TiO2 and CQD-TiO2 

 

Figure 14 (A-C) displays the elemental analysis results for CQD, TiO2, and CQD-TiO2. 

The EDS spectra of CQD indicated the presence of carbon, oxygen, copper, chlorine, 

and calcium. The detection of copper (Cu), chlorine (Cl), and calcium (Ca) can be 

attributed to unreacted species. The identification of carbon (C) and oxygen (O) in the 

EDS spectra confirms the presence of carbon and oxygen-related functional groups 

on the surface of the CQD. These findings align with the results of the FTIR analysis. 

The elemental analysis of TiO2 showed that titanium is primarily associated with 

oxygen, forming titania. The presence of a copper peak is due to the impurities in the 

sample. The CQD-TiO2 spectra showed peaks for Ti, oxygen, and carbon, confirming 

the synthesis of the composite. The results are summarized in Table 3. 

 

 

Figure 14: Shows the EDS spectra (A) CQD, (B) TiO2, and (C) CQD-TiO2 composite. 

Figure 15 (A-C) shows the elemental mapping images of the synthesized samples and 

distribution of constituents within the samples. Figures 15A, 15B, and 15C show the 

effective synthesis of TiO2 and CQD. These mappings validate the elemental existence 

and distribution inside the materials and are consistent with the spectra shown in 

Figure 15. 
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Figure 15: Shows the elemental mapping of (A) carbon, (B) oxygen and (C) titanium. 

 

Table 3: Summarises the atomic weight% of CQD, TiO2 and CQD-TiO2 composite. 

Carbon quantum dot (CQD) 

Material  Element Atomic 

% 

Error weight 

% 

Error 

% 

Formula 

 O K 99.27 ± 2.57 98.10 2.61 O 

 Cl K 0.41 ± 0.16 0.89 0.07 Cl 

 Ca K 

C 

Cu K 

0.00 

0.00   

0.06   

± 0.06 

± 0.00 

± 0.00 

0.17 

0.00 

0.00 

0.03 

0.00 

0.00 

Cu` 

C 

Cu 

 Total 100  100   

Titanium dioxide NPs (TiO2)  

 O K 98.76 ± 1.11 96.28 1.14 O 

 Cu K 0.45 ± 0.01 0.12 0.00 Cu 

 Ti K 3.27 ± 0.03 1.12 0.01 Ti 

 Total  100  100   

CQD-TiO2 nanocomposite 

 O K 95.12 ± 1.20 96.76 1.14 O 

 Ti K 3.27 ± 0.03 1.12 0.01 Ti 

 Fe K 0.03 ± 0.00 0.00 0.00 Fe 

 Cl K 1.33 ± 0.01 0.12 0.00 Cl 

 Cu K 0.41 ± 0.01 0.11 0.00 Cu 

 Total 100  100   
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The functional groups and structure of the synthesised CQD, TiO2, and CQD-TiO2 

were analyzed using the FTIR technique. FTIR is a technique used to study and 

identify the functional groups present in samples. In this study, FTIR was employed to 

examine the absorption bands associated with functional groups in broth, CQD, TiO2, 

and the CQD-TiO2 composite. 

  

4.3.1.6. FTIR analysis of CQD, TiO2 and CQD-TiO2 

 

Figure 16(A-D) displays the FTIR spectra for the broth, CQD, TiO2, and CQD-TiO2 in 

the range of 4000 cm-1 to 400 cm-1. The broad spectrum revealed absorption peaks 

between 3000 cm-1 and 3400 cm-1, confirming the presence of hydroxyl groups (-OH) 

352. The same peaks were observed in the CQD with low intensities, indicating the 

conversion of hydroxyl groups during the hydrothermal synthesis. Additionally, C-H 

stretching produced a prominent set of peaks at 2850 cm-1 to 2928 cm-1, which were 

identified in the broth spectrum 353. This set of peaks was also observed on the CQD 

spectrum. Another narrow and intense peak was observed at 1642 cm-1, 

corresponding to the C=O stretching vibration of the carbonyl group 354. The same 

peak was also observed in the CQD spectrum at 1614 cm-1, but its intensity decreased, 

and its wavelength shifted. Another band observed at 1392 cm-1 corresponds to the 

development of an O-H group, as reported in the literature 355. The observations from 

the broth and CQD spectra confirmed the presence of functional groups, indicating the 

successful synthesis of CQD from lemon peels. The TiO2 spectrum exhibits a broad 

absorption band at 3290 cm-1, corresponding to the hydroxyl stretching mode. O-H 

vibrations account for the conspicuous peak at 1620 cm-1 356. The peak at 1250 cm-1 

could be attributed to a C=O surface, as described in the literature 357. The 

incorporation of TiO2 on the CQD surface resulted in deformation and changes to the 

peaks observed in the CQD spectrum. The peak at 2752 cm-1 in the CQD-TiO2 

spectrum was found at 3017 cm-1 in the CQD spectrum. The O-H stretching peak has 

shifted to 1691 cm-1 in the TiO2 spectrum, indicating successful synthesis of the 

composites. 
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Figure 16: Shows the FTIR spectra (A) broth, CQD, (B)TiO2 and CQD-TiO2. 

 

The elemental analysis of the CQD, TiO2, and CQD-TiO2 nanomaterials was further 

investigated using XPS. X-ray photoelectron spectroscopy is a user-friendly core 

electron technique that uses the photoelectric effect 358. XPS is used to analyse the 

surface of nanomaterials, providing information on their elemental composition and 

oxidation states 359.  

 

4.3.1.7 XPS analysis of CQD, TiO2 and CQD-TiO2 composite 

 

XPS was employed to study the elements present on synthesized CQD, TiO2 and 

CQD-TiO2 and their chemical states. Figure 17(A-D) shows the XPS spectra for CQD, 

TiO2 and CQD-TiO2 composite. The CQD XPS spectra demonstrated 5 carbon 

valence states. The high resolution of C1s, exhibited 5 distinct peaks at 283.8 eV, 



 
 

82 

284.3 eV, 286.3 eV, 287.5 eV, and 288.7 eV. The exhibited peaks correspond to C-C 

sp2, C-C sp3, C-O, C=O and O-C=O. The results suggest that the carbon quantum dot 

are made up of graphitic carbon and oxygen-containing functional groups, such as 

hydroxyl, carbonyl and carboxyl groups. This analysis is consistent with the reported 

literature and aligns with the findings from Raman, FTIR, and UV-Vis spectroscopy 

analysis. The TiO2 XPS spectrum exhibited 2 well-defined peaks with a shoulder, as 

illustrated in Figure 17B. The exhibited peaks appeared at 457 eV, 463 eV, and a 

shoulder at 471 eV. The detected peaks correspond to the binding energies of Ti2p2/3 

and Ti2p1/2, indicating the Ti4+ oxidation state in TiO2  
360. The XPS spectrum of the 

CQD-TiO2 composite exhibited the C1 spectrum with 5 peaks at 282 eV, 284 eV, 286 

eV, 288 eV and 288.9 eV as shown in Figure 17C. The observed peaks are attributed 

to 5 different chemical valency states of carbon 361. Compared to the TiO2 XPS 

spectrum, the Ti2p2/3 and Ti2p1/2 of CQD-TiO2 shifted to lower binding energies. The 

shift suggests that the chemical environment of TiO2 in the composite changes due to 

the strong interaction between CQD and TiO2, mediated by Ti-O-C bonds 362. Figure 

17D shows the presence of O1S, Ti 2p, and C 1s peaks, confirming the successful 

incorporation of CQD and TiO2 and indicating that the composite contains surface 

oxygen groups. 
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Figure 17: Shows the XPS spectrum of (A) CQD, (B) TiO2, (C) CQD-TiO2, and (D) 

CQD-TiO2 

Various techniques confirmed the structural and morphological analysis of CQD, TiO2, 

CQD-TiO2 and integration of CQD-TiO2 composite. The electrochemical properties of 

the modified electrodes (GCE-CQD, GCE-TiO2, and GCE-CQD-TiO2) were examined 

by CV and EIS to investigate reaction kinetics at the electrode interface. 

4.4 Electrochemical analysis 

4.4.1 CV Analysis of GCE, GCE-CQD, GCE-TiO2, GCE-CQD-TiO2 

 

Cyclic voltammetry experiments were conducted to investigate the redox properties of 

the modified electrodes and the kinetics occurring on the electrode surface. Figure 18 

shows the cyclic voltammograms of GCE, GCE-CQD and GCE-TiO2. The bare 

electrode was used for comparison purposes. The GCE-CQD electrode did not exhibit 
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any redox property. According to Montemor et al. CQD-modified electrodes exhibit 

redox properties when functionalized with redox groups 363. The GCE-TiO2 electrode 

showed a distinct anodic peak of 0.2 mA, which was ten times greater than the 0.04 

mA current exhibited by the GCE-CQD and the 0.02 mA for the GCE electrodes. This 

observation suggests that TiO2 nanoparticles successfully modified the GCE surface. 

The oxidation peak was observed at a peak potential of -0.67 V and is attributed to the 

oxidation of O2 and the formation of Ti3+, Ti4+ 364. This redox mechanism is common in 

titanium and involves a shift in the oxidation state of TiO2. A hydrogen absorption-

desorption peak was observed on the GCE-TiO2 electrode, overlapping with the 

reduction of Ti4+ to Ti3+ at the GCE-TiO2 surface. These results are aligned with the 

XPS analysis of TiO2. When hydrogen is desorbed or adsorbed at the electrode 

surface, a sharp peak appears on the tail of the voltammogram. This peak is frequently 

robust and identifiable because hydrogen adsorption and desorption are rapid surface 

responses 365. 

 

 

Figure 18: Depicts the cyclic voltammograms for GCE, GCE-CQD and GCE-TiO2 in 

0.1 M PBS (pH, 6.8) at a sweep rate of 50 m Vs-1.. 
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4.4.2 Scan rate dependence studies 

 

The scan rate studies were conducted using cyclic voltammetry experiments within a 

potential window of -1 V - 0.5 V. The goal was to investigate the reaction kinetics at 

the electrode interface to determine parameters such as surface coverage, diffusion 

coefficient, and absorption-desorption and diffusion-controlled processes. Figure 

19(A-C) presents cyclic voltammograms at different scan rates, a linear plot of (mV s-

1)1/2 versus peak current, and the correlation between potential shift and peak current. 

The GCE-CQD-TiO₂ exhibited distinct redox characteristics, with an oxidation peak at 

a potential of -0.061 V and a reduction peak at a potential of -0.62 V. The observed 

reduction peak is attributed to the reduction of Ti⁴⁺, Ti³⁺ and O₂ in TiO₂ 366. This 

observation is frequently observed in TiO2 and is consistent with the reported work 367. 

The modification of the composite has resulted in a cathodic peak at -0.62 V, compared 

with GCE-TiO2. This observation indicates that CQD and TiO2 were successfully 

incorporated. Figure 17B shows that the reduction and oxidation peak currents 

increase proportionally with the scan rate, with the correlation coefficient of (r2 = 0.99 

and 0.95), denoting that there is a diffusion-controlled process occurring at the 

interface of the electrode. Diffusion-controlled and adsorption-controlled processes 

are both scan-rate-dependent processes. In a diffusion-controlled system, the peak 

current is directly proportional to (mV s-1)1/2, with a correlation coefficient approaching. 

During an adsorption-controlled process, the peak current increases linearly with scan 

rate. A consistent shift in peak potential with a rise in scan rate was observed, as 

shown in Figure 19C, indicating electrochemical reversibility of the electron transfer 

368. However, the slight shift in peak potential was calculated to be ∆E > 59 mV, 

suggesting a quasi-reversible electrochemical reaction at the electrode interface.  
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Figure 19: Shows (A) cyclic voltammogram plots at various scan rates in 0.1 M PBS 

(pH, 6.8), (B) linear plot of (mV s-1)1/2 vs. peak current, and (C) shift in peak potential 

vs. peak current. 

 

The surface coverage of the modified electrode was determined using the Laviron 

equation, and the Randles-Sevick equation was used to calculate the diffusion 

coefficient. For quasi-reversible systems, equations 7 and 8 were used. 

𝐼𝑝 = 2.99𝑥105𝑛𝑎(𝛼𝑛𝑎)
3

2𝐴𝐷
1

2𝑉
1

2 𝐶   equation 7 

 

𝐼𝑝 =  
𝑛2𝐹2𝐴𝑉Г

4𝑅𝑇
   equation 8 

 

Where R represents the universal gas constant (8.3145 J mol-1), Ip is the peak current 

in amperes, C is the concentration of the electrolyte in mol cm-3, and V refers to the 

potential sweep used in mV s-1. Additionally, A represent the area of the electrode 

(cm2), D refers to the diffusion coefficient, α represents the transfer coefficient, Γ is the 

surface coverage in mol cm-2, T is the temperature in K, na is the number of transferred 

electrons, and F is the Faraday’s constant (96485 C mol-1). 

To investigate the absorbed species on the electrode surface, surface coverage was 

determined. The calculated Γ is equal to 2.400 × 10-10 mol cm -2, suggesting a double-

layer formation at the electrode surface 369. To determine the electron mobility, the 

diffusion coefficient was calculated. The determined D is equal to 4.541 x 10-14 cm2 s-

1. The calculated D value is comparable to the reported values in other studies 370. The 

electroactive surface area (EASA) is a parameter used to determine the activity of a 
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catalyst. It refers to the region of the electrode's active area where the electron transfer 

reaction occurs during an electrochemical process 371. EASA provides information on 

the electrode's ability to facilitate electron transfer 372. The slope value of the peak 

current vs. the (mV s-1)1/2 plot (Figure 19B) was used to calculate the EASA of the 

GCE-CQD-TiO2 using the Randles-Sevcik equation (7). Where m is the slope of the 

linear curve in Figure 19B. The calculated EASA was 0.548 cm², which is superior to 

that reported by Arham et al. 373.  

𝐼𝑝 = 2.99x105n(na)
3

2AD
1

2V
1

2 C  

 

𝐸𝐴𝑆𝐴 =
𝑚

(2.99×105)×𝑛2
3×𝐴×𝐷2

1×𝐶
    equation 9 

 

4.4.3. Electrochemical impedance analysis of GCE-CQD, GCE-TiO2, 

and GCE-CQD-TiO2 

 

Electrochemical impedance spectroscopy operates by perturbing a system in 

equilibrium to examine electrode interactions, including electron transfer between the 

electrolyte and the electrode surface 374. Experiments were conducted to investigate 

the EIS parameters of the modified electrodes. The experiments were conducted over 

a frequency range of 100 kHz to 100 MHz for all modified electrodes to evaluate 

charge-transfer kinetics. Figure 20 shows the Nyquist plots for the modified electrodes. 

The arch of the Nyquist plot determines the electron transfer resistance (Rct), which is 

used to analyze the electrochemical system's performance. All the EIS parameters, 

including phase angle, Rct, and electron transfer rate constant (Ket), resistance solution 

(Rs), and Warburg (W), were determined by fitting the Randles' equivalent circuit. 

These parameters are summarized in Table 5. 

A low Rct value indicates a good electron-transport ability 375. The GCE-CQD-TiO2 

electrode exhibited a smaller charge transfer resistance relative to the GCE-TiO2 and 

GCE-CQD electrodes. CQD-TiO2 exhibits a small diameter in the impedance arc, with 

an Rct of 45.91 Ω. The GCE-TiO2 exhibited an Rct of 54.05 Ω, while the GCE-CQD 
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exhibited an Rct of 82.83 Ω. It is worth noting that the rate constant is inversely 

proportional to Rct 
376. The low charge-transfer resistance and the higher electron-

transfer rate constant for the GCE-CQD-TiO2 electrode indicate that it facilitates faster 

electron transfer. This makes it a more effective electrode modifier compared to the 

other materials, CQD and TiO2. This finding is consistent with the literature 377. As 

shown in Table 4, the GCE-CQD-TiO2 exhibits a higher phase angle and shifts to lower 

frequencies compared to GCE-CQD and GCE-TiO2. This suggests that the CQD-TiO2 

composite behaves as a semiconductor 378 and demonstrates a more conductive 

system 379. 

 

  

 

Figure 20: Depicts the Nyquist plots of the GCE-TiO2, GCE-CQD and GCE-CQD-TiO2 

in 0.1 M PBS (pH, 6.8). 
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Table 4: Electrochemical parameters obtained from EIS analysis for modified 

electrodes (GCE-CQD, GCE-TiO2 and GCE-CQD-TiO2). 

Material  Rct(Ω) Rs (Ω) Phase 
angle 
(degree) 

Ket (S-1) Frequency 
(Hz) 

Warburg 
(Ω s-1/2) 

TiO2 54.45 
              
 

69.45 48 4.750 x10-

4 
207 753 

CQD 80.83 81.88 45 3.176 x10 -
4 

463 1300 

CQD-TiO2 45.91 94.57 57 5.593 x10 -
4 

120 753 

 

4.5. Biosensor Response  

4.5.1. Biosensor optimization 

 

Key parameters were optimized during the fabrication of the electrochemical 

aptasensor, with a particular focus on the incubation time of the aptamer on the 

working electrode. To improve the responsiveness of the aptasensor, this study 

examined various incubation times for the aptamer layer on the surface of the working 

electrode. Figure 21 (A-B) presents the electrode incubation results over various 

periods, along with the linear curve of peak current versus time. Figure 21A illustrates 

the cyclic voltammetry plots obtained at various incubation times: 1 h, 2 h, 3 h, 4 h, 5 

h, and overnight. Figure 21B shows the binding inhibition of the aptamer on the 

electrode for the same incubation times, compared to the current readings obtained 

from the CV plots. The GCE-CQD-TiO2-Apt-BSA showed an increasing current 

response from 1 h to 3 h, as illustrated in Figure 21A. However, extending the 

incubation time to overnight reduced the modified electrode's peak current. The results 

demonstrated that 3 h of incubation was sufficient to saturate all active sites on the 

working electrode. 
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Figure 21: Depicts (A) cyclic voltammograms obtained at various incubation periods 

in 0.1 M BPS (pH, 7.2) and (B) shows the inhibition curve. 

 

4.5.2 Electrochemical characterization of the aptasensor  

4.5.2.1 Comparative cyclic voltammograms and stability of GCE-

CQD-TiO2-Apt-BSA 

 

The comparative study of modified electrodes was conducted using cyclic 

voltammetry. Figure 22(A-B), which shows cyclic voltammograms for the modified 

electrodes GCE-CQD-TiO2, GCE-CQD-TiO2-Apt, and GCE-CQD-TiO2-Apt-BSA. The 

GCE-CQD-TiO2 exhibited redox characteristics but showed a lower peak current than 

the other modified electrodes. However, the CQD-TiO2-Apt showed an increased 

redox current peak compared to that of the GCE-CQD-TiO2. This increase in the redox 

oxidation current indicates that the aptamer was successfully immobilised on the GCE-

CQD-TiO2-Apt surface. This process formed a stable amide bond between the 

carboxylate group (COO-) of the composite and the amine functional group on the tail 

of aptamer 380. Additionally, a further increase in current was observed when the GCE-

CQD-TiO2-Apt was immersed in a bovine serum albumin solution to block all the active 

sites on the developed aptasensor 381. This suggests that the active sites on GCE-

CQD-TiO2-Apt may be inhibited by other species, leading to a low peak current 382. 

The stability of the developed aptasensor. GCE-CQD-TiO2-Apt-BSA was assessed 
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through CV experiments, which involved conducting 100 cycles to evaluate its 

performance over time. The test was performed in 0.1 M PBS at a sweep rate of 100 

mV s-1, as illustrated in Figure 22B. This evaluation is crucial for determining the 

reliability and long-term stability of the electrochemical system. 

 

 

Figure 22: Shows (A) the cyclic voltammograms for GCE-CQD-TiO2, GCE-CQD-Apt, 

GCE-CQD-TiO2-Apt-BSA and (B) depicts the 100 cyclic voltammograms for GCE-

CQD-TiO2-Apt-BSA, all measurements conducted in 0.1 M PBS (pH, 7.2). 

  

4.5.2.2 Scan rate dependence studies 

 

Cyclic voltammetry was used to conduct the scan rate dependence studies to 

investigate the relationship between cathodic and anodic peak currents and the scan 

rate. This approach was used to examine the electrochemical properties, as well as 

the adsorption, desorption, and diffusion processes, to determine the surface 

coverage of the developed sensor. Figure 23(A-C) illustrates 23A the CV plots of the 

aptasensor, 23B the relationship between current and the (mV s-1)1/2, and 23C the 

potential shift against current. The scan rate study was conducted using CV 

experiments over the potential range of -1 V to -0.5 V. The platform exhibited an 

oxidation-reduction (redox) couple with a potential difference of 1.7 V, indicating that 

the aptasensor operates in a quasi-irreversible manner 383. The aptasensor showed 

an oxidation peak current at a potential of -0.17 V, and reduction peak currents at 
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potentials of -0.84 V and -0.19 V. This behaviour suggests the possibility of 

electrostatic interaction between the active sites in the composite (carboxyl (-COOH) 

groups) and the amine bonds from the aptamer sequence, resulting in the formation 

of stable amide bonds 384 as shown in Figure 23A.  

Both the oxidation peak current and the reduction peak current increased with the scan 

rate, as shown by the two linear curves in Figure 23B, with correlation coefficients of 

r² = 0.99 and r² = 0.98. This increment in current response with the (mV s-1)1/2 indicates 

the stability of the developed aptasensor and suggests a diffusion-controlled 

electrocatalytic process 385. Additionally, a slight shift in peak potential was observed 

with increasing scan rate, as illustrated by the linear curve in Figure 23C. The diffusion 

coefficient and surface coverage were calculated using the Randles-Sevcik and 

Laviron equations to confirm the electron kinetics. The calculated D was found to be 

8.134 x10-13 cm2 s-1 and Г = 1,015 x10-9 mol cm-2. These results indicate significant 

electron transfer from the electrode-electrolyte interface. The determined EASA was 

0.548 cm², which is higher than the value provided by 386. This suggests that GCE-

CQD-TiO₂-Apt-BSA has more active sites for analyte detection. 

 

 

Figure 23: Displays the cyclic voltammograms at various scan rates in 0.1M PBS (pH 

7.2), (B) linear plot of (mV s-1)1/2 against peak current, and (C) shows the peak current 

vs shift potential. 
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4.5.2.3 Electrochemical impedance spectroscopy analysis of GCE-

CQD-TiO2, GCE-CQD-TiO2-Apt and GCE-CQD-TiO2-Apt-BSA 

 

The EIS technique was employed to determine different electrical parameters and 

analysed them by fitting the data to Randles' equation. These parameters include 

charge transfer resistance (Rct), the phase difference between the applied voltage and 

the resulting current (phase angle), the rate constant for electron transfer at the 

electrode-electrolyte interface (Ket), and frequency shifts. Figure 24 displays the 

Nyquist plots for the modified electrodes, GCE-CQD-TiO2, GCE-CQD-TiO2-Apt, and 

GCE-CQD-TiO2-Apt-BSA. The Rct value can be determined from the diameter of the 

semi-circular portion observed at higher frequencies on the Nyquist plot. The 

semicircle of the Nyquist plot indicates charge transfer and reflects the electrochemical 

behavior of the system. Rs denotes the electrolyte resistance, while Ket denotes the 

electron-flow rate. The Warburg element denotes the electron diffusion and electron 

flow. The impedance arc shows a larger semicircle for the GCE-CQD-TiO2 electrode, 

with an Rct value of 45.91 Ω. After incubating the aptamer on the surface of GCE-CQD-

TiO2, the Rct value decreased to 40.11 Ω for the GCE-CQD-TiO2-Apt electrode, 

indicating enhanced electron transfer. This reduction suggests an interaction between 

the active sites of the composite and the tail of the aptamer, resulting in stable bonds 

387. Furthermore, when the modified electrode was exposed to a blocking agent, the 

Rct value decreased further to 35.07 Ω for the GCE-CQD-TiO2-Apt-BSA. The EIS data 

obtained aligns with the findings from CV experiments, confirming the successful 

development of the aptasensor 388. Phase angle is a key parameter used to assess 

process kinetics. GCE-CQD-TiO2-Apt-BSA demonstrated a higher Ket value, a lower 

Rct value, and a higher W value compared to other modified electrodes, thereby 

facilitating higher electron efficiency at the electrode interface due to the synergy 

between Ti-O bonds and CQD. This finding is consistent with the reported literature 

389 . Additionally, the GCE-CQD-TiO2-Apt-BSA exhibited a high phase angle value, 

achieved in the low-frequency region, indicating that the system is more conductive 

390. The obtained results are summarised in Table 5. 
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Figure 24: Depicts the Nyquist plots of GCE-CQD-TiO2-Apt, GCE-CQD-TiO2 and GCE-

CQD-TiO2-Apt-BSA in 0.1 M PBS (pH,7.2). 

Table 5: Summarises the electrochemical impedance spectroscopy results obtained 

from different modified electrodes. 

Material  Rct (Ω) Rs (Ω) Ket (S-1) Phase 
angle 
(degree) 

Frequency 
(Hz) 

Warburg  
(Ω s-1/2) 

CQD-TiO2-
Apt-BSA 

35.07 120 7.322 
x10-4 

65 96 603.19 

CQD-TiO2-
Apt 

40.11 100 6.04 x10-

4 
60 112 703 

CQD-TiO2 45.91 94.57 5.593 
x10 -4 

57 120 753.98 

 

The developed GCE-CQD-TiO2-Apt-BSA was assessed for electrochemical detection 

Crypto in phosphate buffer solution using SWV, CV and EIS techniques. The current 

responsiveness and charge transfer were examined throughout the experiments. 

 

4.6. Application of GCE-CQD-TiO2-Apt-BSA 

4.6.1. Electrochemical detection of Crypto 

 

The efficacy of the proposed aptasensor was assessed in buffer solutions containing 

Crypto at various concentrations using SWV, EIS, and CV. All experiments were 

conducted in 0.1 M phosphate buffer (pH 7.2) at a potential scan rate of 50 mV s-1, 
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using Crypto concentrations ranging from 1 to 30 nM. Figure 25(A-D) shows the SWV 

measurements of different spiked Crypto concentrations, 25B linear curve of spiked 

Crypto concentration vs current density, 25C linear curve of spiked Crypto 

concentration vs current density and 25D concentration of Crypto spikes vs shift in 

potential. Figure 25A shows the SWV measurements for different spiked 

concentrations of Crypto. The peak current increased as the concentration of Crypto 

rose. This increase is attributed to the aptamer adopting a conformation that enhances 

electron flow on the GCE-CQD-TiO2-Apt surface. 

 

 

 

 

Figure 25: Shows (A) SWV measurements to different spiked Crypto concentrations 

in 0.1 M BPS (pH,7.2), (B) linear plot of spiked Crypto concentration vs. current 

density, (C) linear curve of spiked Crypto concentration vs current and (D) spiked 

Crypto concentration against shift potential. 
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The proposed aptasensor reached saturation upon the spike in the 11 nM Crypto 

concentration, as shown in the linear plot of the binding inhibition curve versus peak 

current in Figure 25B. A correlation between peak current and spiked concentrations 

was investigated by plotting a linear relationship between spiked concentration and 

current response, yielding a correlation coefficient of r2 = 0.92, as depicted in Figure 

25C. A slight shift in potential was observed as spiked concentrations increased, with 

an r2 of 0.96, as shown in Figure 25D.The detection limit was determined using 

equation 10: 

 

𝐿𝑂𝐷 =  
3ꝺ

𝑚
          equation 10 

 

Where m represents the slope of the linear plot of spiked concentration vs. peak 

current, ꝺ is the standard deviation of the 10 blanks. The calculated LOD is 0.0024 ng 

L-1, with a sensitivity of 0.02705 mA nM-1 and a linear range of 0.0025-0.0045 ng L-1.   

Cyclic voltammetry experiments were also conducted in the presence of varying 

concentrations of Crypto, using a scan rate of 50 mV s-1. Figure 26(A-D) shows the 

CV plots obtained at varying spiked concentrations, 26B the inhibition curve, 26C 

linear plot of peak current against spiked concentration and 26D shift in potential vs. 

peak current plot. Figure 26A shows that both oxidation and reduction peaks increase 

linearly with spiked concentration. These results indicate that the proposed aptasensor 

exhibits enhanced electrocatalytic activity toward the electro-oxidation of Crypto. 

Meanwhile, Figure 26B presents the inhibitory binding curve, illustrating the 

relationship between spiking concentration and the peak current. The saturation point 

for the proposed aptasensor was reached at 15 nM. Figure 26C shows that the 

aptasensor responded linearly to spiked Crypto concentrations, with a correlation 

coefficient (r²) of 0.99. The interaction between the aptasensor and the spiking Crypto 

concentrations resulted in a modest shift in potential, indicating rapid electron-transfer 

kinetics, as evidenced by the linear curve in Figure 26D (r² = 0.96). 
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Figure 26: Displays (A) the CV measurements of different spiked Crypto in 0.1 M PBS 

(pH,7.2) (B) the binding curve of spiked Crypto concentration vs. current, (C) spiked 

Crypto concentration vs. current, and (D) linear curve of shift in potential vs spiked 

Crypto concentration. 

The electrochemical performance of the proposed aptasensor was evaluated using 

electrochemical impedance spectroscopy to assess charge-transfer resistance in the 

presence of spiked Cryptosporidium concentrations. The EIS experiments were 

conducted using three spiked concentrations, ranging from 2 µM to 20 µM. The 

experiment was conducted over a frequency range of 200 kHz to 100 Hz to investigate 

charge-transfer kinetics in the presence of various Crypto concentrations. Figure 27(A-

D) shows the Nyquist plots of GCE-CQD-TiO2-Apt-BSA at various concentrations. 

Figure 27B shows the Nyquist plot of GCE-CQD-TiO2 for 3 spiked concentrations, and 

Figure 27C depicts the inhibition curve of charge transfer resistance against spiked 

Crypto concentrations, and Figure 27D represents the spiked concentrations vs. 

charge transfer resistance. The observed EIS data were fitted using a Randles-Sevick 
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electrical circuit to determine parameters such as charge transfer resistance (Rct), 

solution resistance (Rs), electron transfer rate (Ket), and Warburg coefficient (W) 375. 

Charge transfer resistance is related to the reaction kinetics occurring at the interface 

between the electrode and the electrolyte. A low Rct is a good indication of rapid 

electron transfer at the electrode surface 375. The results, illustrated in Figure 34A, 

show a decrease in Rct with increasing concentrations of spiked Crypto, suggesting 

that Crypto binds to the immobilised aptamer surface. The blank sample without the 

spiked concentration was included for comparison.  

The blank exhibited a high Rct value of 56.78 Ω. Upon the spiking of the Crypto 

concentration, the Rct value decreased. For example, upon addition of 2 µM, the Rct 

value decreased to 51.01 Ω, while at 6 µM it was 50.91 Ω. A decrease in charge-

transfer resistance was observed with increasing electron-transfer rate, as shown in 

Table 7. This observation suggests that electrons are moving rapidly at high 

concentrations 391. A high electron transfer rate (Ket) with a low charge transfer 

resistance (Rct) facilitates high electron transfer at the electrolyte interface, as 

observed upon spiking with a 20 µM concentration 392. The findings indicate that the 

developed system enables rapid electron flow even at high concentrations. These 

findings align with those reported by Luka et al. 185. Figure 27B shows the Nyquist plot 

of different concentrations, while Figure 34C shows the binding inhibition curve of 

spiked concentrations against Rct. The peak current and Rct showed a linear 

relationship (r2 = 0.99). The parameters obtained from the EIS data are summarised 

in Table 6. The slope of the linear curves shown in Figure 27D was used to calculate 

the LOD of the sensor using equation 10. 

Where ꝺ is the standard deviation of the blanks (n = 7), m is the slope of the linear 

curve of spiked concentration vs Rct. The calculated ꝺ is 0.002, and the obtained LOD 

is 0.09 ng L-1.  
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Figure 27: Depicts (A) the Nyquist plots at different spiked Crypto concentrations in 

0.1 M PBS (pH, 7.2), (B) spiked Crypto concentration vs Rct, (C) the binding curve of 

spiked Crypto concentration vs Rct and (D) shows the linear curve of spiked 

concentration vs Rct. 

Table 6: Shows the EIS parameters obtained at different spiked Crypto concentrations. 

Concentration (µM)  Rct (Ω) Rs (Ω) Ket (S-1)    Warburg  
     
3 51.01 52,51    0.070     600.11 

5  50.91 52.49    0.071     282.42 

8 49.92 53.85 0.072     382.01 

 9                                         48.76               54.5                    0.074           413.8   

12                                       47.54              55.43                    0.075            566.42                     

14                                        46.15              57.77                    0.078          581.32 

16                                       45.85              59.90                    0.079           589.67 
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20                                       43.57              62.78                    0.084           590.62  

 

An electrochemical aptasensor plays a crucial role in detecting pathogens by electro-

oxidising Crypto. This represents a significant advancement in disinfection and water 

treatment. Metal-oxide electrodes play an essential role as vehicles for aptamer 

immobilisation on the working electrode surface. The interaction between the active 

sites of the metal oxides and stable bonds of the aptamers is crucial for these 

biosensors. These metal oxide surfaces enhance the sensor's overall performance by 

facilitating stable attachment and electron transfer. Surface modification techniques, 

most notably covalent bonding via EDC/NHS chemistry, are employed to provide 

robust, precise immobilisation. This approach activates the carboxyl groups on 

aptamers or linker molecules, enabling them to form strong amide bonds with amine-

functionalized metal oxide surfaces. These chemical bonds ensure the necessary 

sensitivity and durability for effective pathogen detection. As a result, this interface 

becomes a crucial component of biosensor technology for both environmental and 

biomedical applications. 

Reaction: 

The terminal -NH₂ group interacts with a carboxyl-modified aptamer via EDC/NHS: 

𝑨𝒑𝒕𝒂𝒎𝒆𝒓 − 𝑪𝑶𝑶𝑯 + 𝑵𝑯𝟐 − (𝑺𝒖𝒓𝒇𝒂𝒄𝒆) →
𝑬𝑫𝑪

𝑵𝑯𝑺
→ 𝑨𝒑𝒕𝒂𝒎𝒆𝒓 − 𝑪𝑶 − 𝑵𝑯 − 𝑺𝒖𝒓𝒇𝒂𝒄𝒆 

When aptamers are immobilised on the surface of a metal oxide electrode, they serve 

as a highly selective biorecognition element for the target analyte, such as a 

Cryptosporidium antigen. When the target binds to the aptamer, the electrochemical 

environment at the electrode interface changes significantly, leading to a 

conformational change in the aptamer. The primary technique used to detect this shift 

is electrochemical impedance spectroscopy, a powerful technique that measures the 

electrode's surface resistance to charge transfer. As the binding event progresses, the 

formation of the aptamer-target complex makes the electrode surface more insulating, 

hindering the free flow of electrons. As a result, the impedance increases, thereby 

increasing the charge-transfer resistance. Figure 28 shows the mechanism of electro-

oxidation of Crypto.  
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Figure 28: Shows the mechanism of electro-oxidation of Crypto. 

The interaction of aptamers with metal oxide surfaces is a crucial component of 

modern electrochemical biosensing platforms. Aptamers can be effectively 

immobilised on TiO2 surfaces by electrostatic and covalent interactions. In addition to 

serving as physical scaffolds, these metal oxides actively participate in electron 

transport, enabling highly sensitive and specific identification of illnesses such as 

Cryptosporidium. Understanding these mechanisms allows researchers and 

engineers to optimise sensor design for a wide range of diagnostic and environmental 

monitoring applications. 

The optical properties of the CQD, TiO2, and the CQD-TiO2 composite were further 

investigated using ultraviolet-visible (UV-Vis) spectroscopy. This technique was also 

employed for detecting Crypto. UV-Vis spectroscopy is an analytical method that 

measures the amount of light absorbed by a sample at various wavelengths.  
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4.6.2 UV-vis analysis of CQD, TiO2 and CQD-TiO2 composite 

 

Figure 29(A-B) depicts the absorption spectra of CQD, TiO2, and the CQD-TiO2 

composite and Figure 29B shows Tauc plot of TiO2 and CQD-TiO2. The spectra were 

observed between 200 and 800 nm. The absorption peak observed at 321 nm on the 

spectrum of TiO2 had an absorbance of 0.89 (<1), indicating good absorption under 

the UV region 393. UV-vis absorption spectra of CQD display a band at 280 and a 

shoulder at 320 nm, corresponding to π-π* transitions of sp2 C═C bonds and n-π* 

transitions of C═O (related to sp3 system) and the related electron transitions in 

oxygen-containing CQD, as previously reported for amorphous carbon quantum dot 

394,395. The π-π* transitions of sp2 C═C bonds and n-π* transitions of C═O observed 

indicate that CQD possess both conjugated structures and oxygen-containing 

functional groups, as observed in the FTIR spectra 396. The spectrum of CQD-TiO2 

shows a shift in the absorption peaks. As reported in the literature, the absorption peak 

of TiO2 is now observed at 212 cm-1, indicating the chemical bonding between TiO2 and 

specific sites of CQD 397. The direct optical band gap of the samples was determined 

by extrapolating the Tauc plot of E(αhv)2 versus hv in Figure 29B. The determined band 

gaps for TiO2 and CQD-TiO2 were 3.2 eV and 2.68 eV. The band gap of 3.2 eV for 

TiO2 confirms the anatase phase of TiO2. This finding agrees with the XRD and HR-

TEM analysis 398 . The decrease in bandgap for CQD-TiO2 (2.68 eV) suggests that the 

composite will absorb more photons in the visible region 399. 
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Figure 29: Shows the UV-Vis plot of CQD, TiO2 and CQD-TiO2, (B) shows the Tauc 

plot of TiO2 and CQD-TiO2. 

To confirm the conjugation of the CQD-TiO2 composite with the aptamer, a UV-Vis 

experiment was conducted at wavelengths ranging from 250 nm to 400 nm. The UV-

vis spectra were recorded before and after the conjugation. The CQD-TiO2 composite 

exhibited an absorption peak at 300 nm. After conjugation with the aptamer solution, 

a decrease in absorbance was noted. This reduction suggests that the aptamer had 

bound to the surface of the composite. To prevent the formation of unbound residues 

or active sites after aptamer binding, bovine serum albumin (BSA) was used as a 

blocking agent. The addition of BSA also decreased absorbance, as shown in Figure 

30. 

 

 

Figure 30: Shows the UV-Vis spectra of CQD-TiO2 composite, CQD-TiO2-Apt and 

CQD-TiO2-Apt-BSA. 
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UV-Vis spectroscopy was also used to detect Crypto in phosphate buffer. Optical 

detection was performed over the range 200-400 nm. The UV-Vis experiments were 

conducted by using different Crypto concentrations ranging from 4 to 22 µM. For each 

concentration,100 µL was added to a cuvette containing 380 µL of 0.1 M phosphate 

buffer solution, 10 µL of aptamer solution, 2 µL of the tris binding buffer, 2 µL of EDC 

and NHS, 4 µL of bovine serum albumin (BSA) and 500 µL of composite solution 

(CQD-TiO2). Figure 31(A-C) shows the UV-Vis experiments in response to spiked 

Crypto concentrations, 31B depicts the binding curve of spiked Crypto concentrations 

against absorbance, and 31C shows a linear relationship between spiked 

concentrations and absorbance. Figure 31A shows the absorption spectra of different 

spiked Crypto concentrations. Increasing the concentration of Crypto from 4 µM to 22 

µM resulted in a gradual decrease in absorbance. This observation suggests that the 

Crypto was binding with the aptamer. Figure 31B shows the calibration curve of spiked 

concentration vs absorbance. The calibration curve indicates a saturation point was 

observed at 16 µM. Figure 31C shows the relationship between the spiked 

concentrations and absorbance, with a slope of -0.036 and a correlation coefficient of 

r2 = 0.99. To calculate the limit of detection, 10 absorbance measurements were taken 

of the blank solution to determine the standard deviation. The LOD was calculated 

using equation 10. Where ꝺ is the standard deviation of the blanks (n = 10), m is the 

slope of the linear calibration curve of absorbance vs concentration. The calculated ꝺ 

is 0.0003, and the LOD was determined to be 0.025 ng L-1. 

 

 

 

Figure 31: Depicts (A) the detection of Crypto using UV-Vis, (B) shows the binding i 

curve of absorbance against spiked Crypto concentration and (C) shows the linear 

curve of absorbance against spiked Crypto concentration. 



 
 

105 

Table 7 presents the electrochemical characteristics and analysis efficiency of a newly 

constructed sensor with a CQD-TiO2-Apt-BSA-modified electrode. The sensor's 

effectiveness was evaluated using square-wave voltammetry, electrochemical 

impedance spectroscopy, and cyclic voltammetry at different analyte concentrations. 

The sensor's excellent performance is attributed to the synergistic interaction between 

CQD and the TiO2 nanocomposite, which enhances electron transfer and promotes 

efficient immobilisation of the aptamer within the BSA blocking layer. The GCE-CQD-

TiO₂-Apt-BSA-modified electrode exhibits excellent electrochemical properties and 

analytical sensitivity, making it a viable platform for ultrasensitive detection of target 

analytes in both biomedical and environmental applications. The aptasensor 

developed in this work demonstrated the lowest detection limit for Crypto, with an LOD 

of 0.0024 ng L-1. 

 

Table 7: Presents the electrochemical characteristics and analysis efficiency of a 

newly constructed GCE-CQD-TiO₂-Apt-BSA-modified electrode. 

Modified 

electrode 

Method Linear range  

(ng L-1) 

Limit of 

detection 

(LOD) (ng L-

1) 

Reference 

Au-SPCE EIS 5 – 200    10  400 

ITO-AUNPs DPV 0.003 - 0.005    0.003  401 

GNPs-SPCE SWV 0.15 – 0.8    0.1  185 

Au-SPCE-Apt SWV 0.25    0.04  402 

GCE-CQD-

TiO2-Apt-

BSA 

 

EIS 

 

SVW 

 

0.0045 -0.007 

 

0.0025-

0.0045  

   

0.009  

 

0.0024  

 

This work 

 

This work  
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GCE-CQD-

TiO2-Apt-

BSA 

     

 

The GCE-CQD-TiO2-Apt-BSA platform was further applied to real water (wastewater 

and tap water) to assess its selectivity towards Crypto using the SWV technique. The 

sensor platform was also tested in detecting Cd2+ recoveries obtained from the 

experiments, which are also presented. 

 

4.6.3 Real water application 

 

4.6.3.1 Detection of Crypto 

 

The developed aptasensor was evaluated in both tap water and wastewater to assess 

its performance and accuracy in detecting Crypto using the SWV technique. SWV is 

known as the most sensitive electrochemical technique for detecting analytes at low 

concentrations. The experiment was conducted using the SWV technique at a scan 

rate of 25 mV s-1, within a potential window of -0.8 to V to 0.5 V. Working concentrations 

of Crypto were prepared, ranging from 2 µM to 10 µM. The wastewater samples were 

filtered, and the pH was adjusted to 7. A control experiment using a blank solution was 

conducted in both tap water and wastewater for comparison purposes. Figure 32(A-

D) illustrates the SWV measurement of spiked water samples. Figure 32A shows the 

SWV measurements of different spiked concentrations of Crypto in the wastewater 

sample. The peak current was monitored after introducing various concentrations of 

Crypto. The blank solution exhibited a current response of 0.084 mA, demonstrating 

the presence of Crypto in the wastewater sample. The peak current increased with 

rising spiked Crypto concentrations, indicating a binding affinity between Crypto and 

the aptamer surface. Figure 32B illustrate the relationship between spiked 
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concentrations and peak current, with r2 = 0.97. Although several peaks were observed 

in the wastewater, they did not interfere with the Crypto peak, demonstrating that the 

aptasensor is selective towards Crypto. Figure 32C shows the SWV response at 

different spiked concentrations in tap water. 2 peaks were identified on the blank 

solution and upon the spiking of 2 µM concentration. The peak observed at a peak 

potential of -0.24 V is attributed to the Crypto peak, while the peak at -0.011 V is 

attributed to ions present in tap water. Additionally, the peak current increased with 

higher spiked concentrations of Crypto. Figure 32D illustrates the linear relationship 

between spiked concentration and peak current, with a correlation coefficient of r² = 

0.98. Table 8 summarizes the findings observed from the analysis of real water 

samples. The recoveries detected by the developed aptasensor ranged from 91% to 

109% for wastewater samples and from 78% to 98% for tap water. Overall, the 

aptasensor demonstrates higher performance in detecting Crypto in wastewater 

samples compared to tap water. 
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Figure 32: Illustrates (A) the SWV measurements of various spiked Crypto 

concentrations on wastewater, (B) a linear curve of spiked concentration vs peak 

potential, (C) the SWV measurements of spiked Crypto concentrations on tap water 

and (D) the linear curve of peak current vs spiked concentration. 

The F-test was employed to evaluate the precision recovery values. The standard 

deviation (σ) and mean of the recoveries were determined to fit Equation 11. The 

results indicated that practical observations were 90% and 94% accurate for tap 

water and wastewater. Accuracy reflects satisfactory reproducibility. 

 

𝐹 =  
ꝺ𝑛𝑓2

ꝺ𝑓2   equation 11 

Table 8: Summarises the results obtained on real water samples. 

Sample Added (µM) Found (µM) Recovery % 
    
Wastewater     2  0.91 91 

 4 1.62 94 

 6 1.96 96 

 8  2.1 101 

 
 

10 3.02 109 

    
 
Tap water  

   

 2 0.775 78 

 4 1.59 80 

 6 1.90 83 

 8 

10  

1.97 

2.1 

85 

90 
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4.6.3.2 cadmium detection 

 

The application of GCE-CQD-TiO2-Apt-BSA was investigated using wastewater 

samples for detecting Cd2+. The parameters used for the Crypto experiment were also 

applied in this study. Cd2+ working concentrations were prepared, ranging from 2 µM 

to 10 µM. Figure 33(A-B) shows the SWV measurements of varying spiked 

concentrations and the linear curve obtained from the SWV experiment. A blank 

experiment (insert) was conducted before spiking with the working concentrations, 

which exhibited a peak current of 0.0053 mA at a peak potential of -0.25 V. This peak 

corresponds to the oxidation states of Ti3+, Ti4+, and O2 in the CQD-TiO2 composite 183. 

This observation is aligned with the XPS analysis of TiO2. Upon the addition of Cd2+ 

working concentrations, a second peak was observed at a peak potential of -0.68 V. 

Generally, the cadmium peak is detected between -0.6 V and -1.0 V, depending on the 

pH and type of electrolyte used 403. In this study, Cd2+ was detected at -0.68 V. This 

observation is in agreement with the reported literature 404. It was noted that the Cd2+ 

peak current decreased as the spiked concentration increased. This observation can 

be attributed to competition among pollutants in the water matrix, which affected the 

signal of the Cd2+ detection peak and hindered diffusion at the electrode interface. The 

correlation between spiked concentrations and peak current is shown in Figure 33B. 

 

 

Figure 33: Displays the SWV measurements of various spiked Cd2+ concentrations in 

wastewater are shown. (B) shows the linear curve obtained from SWV scans. 
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The selectivity of GCE-CQD-TiO2-Apt-BSA towards Crypto was evaluated in 

phosphate buffer solutions by detecting Crypto in the presence of E. coli and Giardia. 

The detection of mismatched analytes was also carried out in phosphate buffer 

solutions. 

 

4.6.4. Selectivity studies 

 

Selectivity in biosensors is a crucial aspect of their performance, ensuring that the 

developed sensor accurately identifies the target analyte within complex biological 

samples 405,406. This study examined the electrochemical response of the developed 

aptasensor (GCE-CQD-TiO₂-Apt-BSA) in detecting a mismatched analyte and Crypto 

in the presence of interferences. Giardia and E. coli were chosen as interference 

species for this experiment. The testing was conducted over a potential of -1 V - 0.5 V 

with a scan rate of 25 mV s-1 in phosphate buffer at pH 7.2, using square wave 

voltammetry to assess selectivity. Various concentrations of the mismatched analyte 

were tested, ranging from 0 to 3x108 nM, and 4 µM concentrations of Crypto, Giardia, 

and E. coli. Figure 34(A-D) illustrates 34A the comparison of Crypto and mismatched 

analyte detection, 34B SWV response to Crypto concentrations, 34C displays SWV 

response to mismatched analyte concentrations, and 34D shows the linear curves 

obtained from Crypto and mismatched analyte detection. 

Figure 34A illustrates the current responses obtained after adding Crypto and the 

mismatched analyte. The aptasensor exhibited a higher peak current response to 

Crypto than to the mismatched analyte, indicating robust, precise binding of the 

aptamer to Crypto. This reveals the aptamer's high specificity and affinity, which are 

necessary for selective detection. Figure 34B depicts the SWV response to different 

spiked concentrations of Crypto. The peak current rose with an increase in spiked 

concentrations. This is due to the aptamer's conformational alteration during target 

recognition, which enhances electron transport at the electrode-electrolyte interface. 

Figure 34C shows the SWV response as the concentration of the mismatched analyte 

increases. No specific interaction between the mismatched analyte and the 

aptasensor was observed, as no obvious change in current was noted over the spiked 
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concentrations. The binding inhibition curves presented in Figure 34D provide 

additional support for these observations. Although the signal increased dramatically 

and continuously with Crypto, the mismatched analyte caused minor signal changes, 

implying little to no chemical interaction. 

 

 

Figure 34: Depicts (A) the SWV response on Crypto and mismatched analyte at spiked 

concentrations in 0.1M PBS (pH,7.2), (B) SWV response at varying Crypto 

concentrations, (C) SWV response at various mismatched concentrations and (D) the 

linear plot of peak current vs. concentration obtained from Crypto and mismatched 

detection. 

The current response of Crypto was assessed in the presence of interferences. Figure 

35(A-B) shows the SWV response for detecting Crypto in the presence of potential 

interferences, and Figure 35B displays the detection of E. coli and Giardia. The 

aptasensor exhibited a current response of 0.0145 mA in the absence of interference, 

as shown in Figure 35A. Upon the addition of Giardia concentration, a decline in the 
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current response was observed. The current response decreased further upon the 

addition of E. coli, accompanied by a slight shift in the peak potential. These findings 

indicate that the developed aptasensor is selective towards Crypto, as the peak did 

not shift significantly and no new peaks were observed. 

Figure 35B displays the detection results for Giardia and E. coli under the same 

conditions as for Crypto. Notably, the aptasensor exhibited a higher current response 

for Giardia than for E. coli. This observation suggests that Giardia binds to the 

electrode surface. This finding is also due to the similarity between Giardia and Crypto, 

as both species belong to the same family within the phylum Apicomplexa. 

 

 

Figure 35: Shows (A) the Crypto detection in the presence of interferences in 0.1 M 

PBS (pH, 7.2), (B) shows the detection of E. coli and Giardia. 

 

 4.6.5. Summary and Sub-conclusion  

 

CQD-TiO2 composite was prepared through precipitation and characterized using 

physicochemical techniques to confirm the formation of the composite. The 

synthesized composite was then utilized as an electrode modifier in the development 

of an aptasensor for detecting Crypto in buffer solutions. The doping of CQD with TiO2 

improved the electrochemical behaviour of GCE-CQD-TiO2. The results indicated that 

a 3 h incubation period was sufficient to cover all available active sites on the electrode 
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surface, effectively preventing fouling, a common issue in electrochemical sensors. All 

experiments were conducted with a 3 h incubation time. The electrochemical 

aptasensor showed a larger electroactive surface area than previously reported, 

providing more active sites for analyte detection. Selectivity was confirmed by 

detecting a mismatched analyte and Crypto, which caused a notable change in 

electron flow. The aptasensor specifically targeted Crypto, with slight decreases in 

peak current observed in the presence of interferences. The developed aptasensor 

was employed to detect Crypto in spiked buffer solutions using three techniques, 

yielding varying LOD: EIS at 0.009 ng L-1 , UV-Vis at 0.025 µM, and SWV at 0.0024 

ng L-1, with SWV demonstrating a broad linear range of 0.0025 to 0.0045 nM and high 

sensitivity at 0.2706 mA nM-1. In real-world water applications, the aptasensor 

achieved recovery rates of 91%- 109% for wastewater and 90% for tap water. The 

GCE-CQD-TiO2-Apt-BSA was also evaluated for cadmium detection, revealing 

diffusion blockages at the electrode interface. Overall, the CQD-TiO2 combination 

excelled at detecting Crypto but was unsuitable for heavy-metal detection. 
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CHAPTER FIVE: 

Characterization of        

M101(Fe)-CQD-TiO2 

ternary composite for 

dual analyte detection 
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5.1 Overview  

 

This chapter provides a summary of the characterization of MIl101(Fe), carbon 

quantum dots, titanium dioxide, and the MIl101(Fe)-CQD-TiO2 ternary composite. The 

structural, morphological, and chemical features were examined using XRD, FTIR, 

HR-TEM, EDS, and Raman, confirming the successful integration of the above 

components. It also discusses the ternary composite used as an electrode modifier in 

the development of an electrochemical aptasensor for detecting cadmium ions, 

arsenic, and Crypto in wastewater and tap water samples. The aptasensor platform 

was optimized and tested in phosphate buffer solution, tested for interferences in both 

in real water samples and buffer solutions, using square wave voltammetry. 

Furthermore, the sensor achieved a limit of detection of 0.001 ng L-1 for Crypto and 

0.05 ng L-1 for cadmium, demonstrating high sensitivities of 9 x 10-4 mA µM-1 and 0.127 

mA µM-1 in buffer solutions. 

5.2 Introduction 

 

Crypto is a protozoan parasite that causes diarrheal disease, primarily affecting young 

children, immunocompromised individuals, and healthy adults through the 

consumption of contaminated water 407. On the other hand, cadmium ions (Cd2+) are 

toxic metals that can accumulate in organisms and cause health issues like cancer 

and organ damage 408. To mitigate these risks, water quality regulations have 

established an allowed limit for Cd2+ concentrations of 0.003 ng L-1 409 . Both Crypto 

and cadmium pose threats to humans, animals, and aquatic species, highlighting the 

need for an aptasensor platform to monitor their concentrations in water bodies 410. 

Detecting both chemical and biological pollutants simultaneously in water matrices is 

still a challenge. To overcome this challenge, Ml101(Fe)-CQD-TiO2 ternary composite 

was prepared and utilised as an electrode material for the fabrication of an aptasensor 

platform 411. The large surface area of the ternary composite facilitates effective 

interaction with the analyte, enabling the aptasensor to detect Crypto and cadmium 

ions at trace levels 412. This effectiveness is further enhanced by the unique d-electron 

configuration of iron and its various valence states (Fe3+, Fe2+), which promote electron 

movement 413,414. Additionally, the conductivity of the ternary composite enhances the 
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sensitivity and selectivity of the aptasensor, resulting in higher accuracy and achieving 

lower limits of detection 415. 

5.3 Results and discussions  

5.3.1 Structural and morphological characterization of Mil101(Fe), 

CQD, TiO2 and Mil101(Fe)-CQD-TiO2 

 

5.3.1.1 XRD analysis of Mil101(Fe), CQD, TiO2, CQD-TiO2 and 

Mil101(Fe)-CQD-TiO2 

 

X-ray diffraction (XRD) is an effective analytical technique for determining the 

crystalline structure and phase composition of materials 416. The technique involves 

shining X-rays on a material and analysing how they diffract, revealing the material's 

atomic arrangement. This provides information on the material's crystal structure, 

phase composition, crystal orientation, size, and phase identification 417. XRD was 

utilized to assess the crystalline structure, d-spacing, and phase identification of the 

produced nanomaterials 418. Figure 36 shows the XRD patterns of Mil101(Fe), TiO2, 

CQD, and Mil101(Fe)-CQD-TiO2. XRD patterns of synthesized Mil101(Fe) revealed 

peaks at 2θ values of 25.5°, 18.57°, 16.65°, and 9.42°. The displayed XRD patterns 

correlate to the crystal planes of (852), (511), (111), and (311) 419. The measured peaks 

corroborated the strong crystallinity of Mil101(Fe), and the results are consistent with 

prior investigations. 

The XRD patterns of the synthesized titanium dioxide (TiO2) exhibited sharp, narrow, 

and intense peaks, indicating a crystalline structure. The TiO2 patterns displayed firm 

peaks at 2θ values of 25.3°, 37.8°, 40.0°, 54.6°, 62.9°, and 75.3°, which correspond 

to the crystal planes (101), (004), (200), (105), (211), (204), and (107). These results 

confirm that TiO2 is in the anatase phase, which is consistent with findings from the 

Raman analysis 420,421. CQD does not have a periodic crystal structure 422 and cannot 

scatter electrons 423 It exhibits an unstructured ring with X-ray diffraction peaks at 20.4° 

and 24.6° 424. The prominent diffraction peak at 2θ = 22° to 25° corresponds to the 

(002) reflection plane of graphite 425. The synthesised CQD in this investigation 
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showed peaks in the 2θ range of 9° - 90°. The prominent diffraction peak between 9 ° 

and 20 ° in 2θ indicates the amorphous nature of CQD 426. The results are consistent 

with those obtained from Raman analysis. The shift in the broad diffraction peak is 

attributed to the type of precursor, synthesis process, and synthesis temperature 427. 

These findings suggest that the carbon atoms in CQD are organised disorderedly. 

These results are consistent with Raman analysis. The presence of tiny and sharp 

diffractograms in CQD XRD patterns indicates the presence of leftover organic 

compounds within the amorphous carbon area. Thulasi et al. and Din et al. 427,428 

investigated the synthesis of CQD using green chemistry and obtained results that are 

consistent with those found in our investigation. The ternary composite displayed 

significant peaks at 25.7°, 38.0°, 48.4°, 54.8°, 62.9°, and 75.5°, confirming the 

formation of the Mil101(Fe)-CQD-TiO2 ternary composite. 

 

 

Figure 36: Shows the XRD of (A) Mil101(Fe), TiO2 and CQD, and (B) depicts the XRD 

of CQD-TiO2 and Mil101(Fe)-CQD-TiO2. 

The average particle size was calculated using the Scherrer equation applied to the 

apparent full width at half maximum intensity (FWHM) of the most prominent peak, as 

shown in the equation 6. 

Where D represents the particle size, β is the full width at half maximum (FWHM), θ is 

the Bragg's angle of the intense peak, and λ denotes the wavelength of the x-ray beam 

(0.15405 nm). The constant K is equal to 0.9. Table 9 presents the calculated d-

spacing and crystallite size for the synthesized nanomaterials. The d-spacing is the 
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distance between two parallel atomic planes that produce diffraction peaks. In 

contrast, crystallite size refers to the coherent volume within the material 

corresponding to these diffraction peaks. The composite exhibited a crystallite size of 

7.72 nm, which is smaller than the sizes of both TiO2 (8.10 nm) and CQD (30.8 nm). 

These findings suggest that integrating Mil101(Fe), CQD, and TiO2 into a ternary 

composite yields a smaller crystallite size than the individual components. 

Table 9: Shows the calculated crystallite sizes and d spacing of Mil101(Fe), CQD, TiO2, 

Mil101(Fe)-CQD-TiO2. 

Material Crystallite size 

(nm) 

d-spacing 

(nm) 

2θ 

Mil101(Fe) 4.33 0.94 9.44° 

CQD 30.8  0.28 31.1° 

TiO2 8.10 0.35  25.8° 

Mil101(Fe)-CQD-TiO2  7.71 0.34 25.7° 

   

The functional groups on the surface of TiO2, CQD, Mi101 (Fe) and Mi101(Fe)-CQD-

TiO2 were evaluated using FTIR techniques. Fourier transform infrared (FTIR) 

spectroscopy is a valuable technique for analysing the characteristics of various 

nanomaterials. It helps identify chemical bonds, molecular structures, and functional 

groups within a material 429. To confirm the presence of these functional groups, 

FTIR analysis was conducted at wavelengths ranging from 4000 cm-1 - 400 cm-1. 

 

5.3.1.2 FTIR analysis of TiO2, CQD, Mil101(Fe) and Mil101(Fe)-CQD-

TiO2 

 

 Figure 37(A-B) presents the FTIR spectrum of TiO2, CQD, Mil101(Fe), and the 

Mil101(Fe)-CQD-TiO2 ternary composite. The FTIR spectra of TiO2 exhibit an 

absorption band at 3361 cm-1, attributed to the presence of hydroxyl (OH) groups. A 

peak around 1608 cm-1 corresponds to carbonyl (C=O) groups, while the peak at 1244 
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cm-1 refers to O-H groups on the surface of TiO2 
430. These findings are generally 

consistent with the existing literature 431,432. The FTIR spectrum of CQD shows that 

the adsorption peak at 1379 cm-1 belongs to the production of O-H groups, while the 

peak at 1601 cm-1 refers to the C=O from the carbonyl groups 433,434. The peak seen 

at 2913 cm-1 is attributable to the symmetric stretch of C-H, and the band observed at 

3406 cm-1 relates to the hydroxyl bond on the surface of CQD 435.  

The FTIR spectrum of Mil101(Fe) exhibits a high absorption peak at 584 cm-1, which 

is attributable to Fe-O vibration. In contrast, peaks detected between 700 cm-1 and 

1095 cm-1 relate to C-H bonding, indicating the presence of an organic linker in the 

Mil101(Fe) structures 436,437. The peaks at 1385 cm-1 and 1666 cm-1 are due to 

asymmetric and symmetric carboxylic group vibrations 438,439. The large adsorption 

band at 3415 cm-1 is attributed to the stretching of the hydroxyl group 440. The findings 

are consistent with the existing literature 441,442. The FTIR spectra of the ternary 

composite showed a blue shift in the absorption peaks when compared to the 

individual components. The signal at 3415 cm-1 corresponds to the presence of 

hydroxyl groups. Additionally, a peak associated with carbonyl groups was observed 

at a lower wavelength than that of MIl101(Fe), CQD, and TiO₂, specifically at 1696 cm-

1 443. The FTIR spectra of the composite retained characteristics similar to those of 

MIl101 (Fe). This observation suggests the presence of coordination bonding or 

hydrogen bonding among Mil101(Fe), CQD, and TiO₂. No additional peaks were 

detected, indicating that the ternary composite had been successfully synthesised. 
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Figure 37: Shows the FTIR spectra of TiO2 and CQD, (B) depicts the FTIR spectra of 

Mil101(Fe) and Mil101(Fe)-CQD-TiO2. 

The crystal phases, interplanar spaces between the molecules in the synthesised 

CQD, TiO2, Mil101(Fe) and Mil101(Fe)-CQD-TiO2 were examined using the HR-TEM 

technique. High-resolution transmission microscopy (HR-TEM) is a phase-contrast 

imaging technique that allows for image capture at nearly atomic resolution. This 

method is particularly helpful for examining crystallinity, lattice planes, crystal phases, 

and defects in nanomaterials. HR-TEM effectively analyses the elemental distribution 

and morphological structure of nanomaterials at the nanoscale 444,445.  

 

5.3.1.3 HR-TEM analysis of CQD, TiO2, Mil101(Fe) and Mil101(Fe)-

CQD-TiO2 

 

HR-TEM was utilized to study the crystallinity, lattice planes, and morphological 

structures of Mil101(Fe), CQD, TiO2, and the Mil101(Fe)-CQD-TiO2 ternary composite. 

Figures 38(A-E) show HR-TEM images of CQD, TiO2, Mil101(Fe), and Mil101(Fe)-

CQD-TiO2. Figure 38A depicts monodispersed CQD particles with a spherical shape. 

These findings were consistent with the reports of Amira et al. and Sanfranko et al. 

446,447. Figure 38B presents an HR-TEM image of the produced TiO2. The results 

indicate that the TiO2 are agglomerated and exhibits irregular shapes 446. 

Agglomeration occurs when particles become unstable at the nanoscale and tend to 
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cluster until they reach a stable configuration. These observations align with the 

existing literature 448. The TiO2 exhibit a circular shape with a consistent structure. 

Additionally, the round shape of the TiO2 promotes good dispersion in various 

solutions, resulting in a large surface area that enhances interactions with other 

materials 449,450. Uneven and agglomerated TiO2 can decrease the number of active 

sites on their surface, thereby limiting the effective surface area and impairing the 

composite's performance 451. Additionally, TiO2 exhibits lattice fringes with an 

interlayer spacing of 0.36 nm. This interspacing corresponds to the (101) crystal plane 

of anatase, indicating that TiO2 has a crystalline structure 420. This observation is 

consistent with the XRD results. Figure 38D depicts the HR-TEM of Mil101(Fe), which 

showed a big rod-like or needle-shaped morphology with a smooth surface. Some of 

the rod-like formations overlapped, indicating an aggregation of Mil101(Fe) particles. 

The measured features of Mil101(Fe) indicate anisotropic development during 

hydrothermal synthesis, which is temperature-dependent 275,452. Figure 38E shows an 

HR-TEM image of the Mil101(Fe)-CQD-TiO2 ternary composite material. The image 

reveals a well-distributed CQD and TiO2 on the surface of Mil101(Fe). The ternary 

composite exhibits lattice fringes with interplanar spacings of 0.30 nm and 0.36 nm, 

indicating its crystallinity. These interplanar spacings indicate the presence of TiO2 in 

the composite, corresponding to the anatase (101) crystal phase of TiO2. These 

findings are consistent with the XRD analysis. 
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Figure 38: Depicts (A) the HR-TEM image of CQD, (B) TiO2, (C) enhanced image of 

(B), (D) Mil101(Fe),(E) Mil101(Fe)-CQD-TiO2 and (F) the interplanar spacing of 

Mil101(Fe)-CQD-TiO2 ternary composite. 

Raman analysis was also employed to analyze the vibrational frequencies, and 

chemical bonds present in the produced materials. Raman spectroscopy is a non-

contact vibrational spectroscopic technique that can be used for both qualitative and 

quantitative analyses. Quantitative analysis involves measuring the intensity of 

scattered radiation, while qualitative analysis focuses on determining the frequencies 

of the scattered radiation 453. This technique has become an essential tool for material 

characterisation, enabling the investigation of vibrational modes and the nature of 

chemical bonding within a sample 454. 

5.3.2.4 Raman analysis of TiO2, CQD, Mil101(Fe) and Mil101(Fe)-

CQD-TiO2 ternary composite 

 

Figure 39 (A-B) depicts the Raman spectra of Mil101(Fe), CQD, TiO2, and the 

Mil101(Fe)-CQD-TiO2 ternary composite. The TiO2 Raman spectrum revealed four 

unique Raman bands. The peak at 644 cm-1 is associated with Eg, while the band at 

520 cm-1 corresponds to A1g. Additionally, the bands at 405 cm-1 and 145 cm-1 
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correspond to B1g and Eg 455. The vibrational frequencies corroborated the anatase 

phase of TiO2 
328. These findings are compatible with the XRD and HR-TEM analyses. 

The Raman spectra of CQD exhibited three Raman bands. The D and G of CQD 

emerged at 1363 cm-1 and 1588 cm-1, and the peak at 2793 cm-1 validates the 

synthesized CQD's amorphous nature 329. These results are compatible with the XRD 

analysis of CQD. The D band relates to the vibration of sp2 carbon atoms, whereas 

the G band relates to a disordered carbon structure 80. The Raman spectra of 

Mil101(Fe) showed four Raman bands that corresponded to the organic ligands in the 

structure. The band seen at 860 cm-1 corresponds to C-H vibrations, whereas the band 

seen at 1138 cm-1 is related to the C-C bond in the benzene ring 456. The bands at 

1429 cm-1 and 1606 cm-1 are due to C=O stretching vibrations in the carboxylic group 

457. The ternary composite's Raman spectra revealed enhanced intensity bands, 

confirming the successful integration of Mil101(Fe), CQD, and TiO2. For example, a 

band identified at 149 cm-1 in the TiO2 spectrum increased in intensity to 154 cm-1 in 

the ternary spectrum. Furthermore, the peak at 1584 cm-1 in the ternary composite 

was found at 1588 cm-1 in the CQD Raman spectrum. The distortion of the Mil101(Fe) 

bands in the ternary composite suggests a strong electronic interaction between Fe 

centres and oxygen-containing groups from CQD and TiO2. These findings are aligned 

with those obtained in the HR-TEM examination of the ternary composite. 

 

 

Figure 39: Shows the Raman spectra of (A) Mil101(Fe), Mil101(Fe)-CQD-TiO2 and (B) 

depicts the Raman spectra of CQD, TiO2 and CQD-TiO2. 
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To further confirm the formation of Mil101(Fe)-CQD-TiO2 ternary composite, the 

elemental composition in the synthesised CQD, TiO2, and Mil101(Fe) was determined 

using the EDS technique. Energy-dispersive spectroscopy is an analytical technique 

used to measure and identify the elements present in a material. EDS detects the 

intensity or energy of X-rays generated by a sample when subjected to an electron 

beam 458. It is also used in conjunction with scanning or transmission electron 

microscopy to produce an elemental map of the material. Element mapping enables 

scientists to visualise the arrangement of elements within a sample.  

 

5.3.1.5 EDS analysis of Mil101(Fe), CQD, TiO2 and Mil101(Fe)-CQD-

TiO2 

 

 EDS was employed to determine the elements found in Mil101(Fe), CQD, and TiO2 

and to confirm the synthesis of the Mil101(Fe)-CQD-TiO2 ternary composite. Figure 

40(A–D) depicts the EDS spectra of various samples. Figure 40A depicts the EDS 

spectrum of Mil101(Fe), which is largely composed of iron (Fe), oxygen (O), and 

carbon. This composition is consistent with FTIR results, which confirm the presence 

of carbonyl, hydroxyl, and Fe metal groups on the surface of Mil101(Fe). Furthermore, 

the presence of copper, silicon, and chlorine is owing to contaminants in the sample. 

Figure 40B depicts the EDS spectrum of CQD, which is composed of carbon and 

oxygen, demonstrating the presence of oxygen-containing groups on the carbon 

quantum dot surface. The peaks for copper (Cu), calcium (Ca), and chlorine in CQD 

are due to contaminants. In Figure 40C, the chemical composition of TiO2 is presented. 

The TiO2 spectrum primarily shows peaks for titanium and oxygen, with a peak for 

copper likely resulting from impurities in the titanium sample. The EDS spectra exhibit 

peaks for oxygen, iron, and titanium, indicating the successful synthesis of the ternary 

composite. The peaks for aluminium and copper are associated with contaminants in 

the sample. The EDS spectra of the Mil101(Fe)-CQD-TiO2 ternary composite show 

peaks for Fe, Ti, and O, confirming the integration of the composite as shown in Figure 

40D. 
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Figure 40: Shows the EDS spectra of (A) CQD, (B) Mil101(Fe), (C) TiO2, and (D) 

Mil101(Fe)-CQD-TiO2. 

 

Figure 41(A-D) shows the elemental mapping of the materials. Elemental mapping 

facilitates an understanding of the distribution of different elements within synthetic 

materials. Figures 41(A-D) show elemental maps of carbon, titanium, oxygen, and 

iron. The mapping results are compatible with the EDS spectra of the synthesized 

materials, demonstrating the existence of all the elements identified by the various 

spectra. 
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Figure 41: Illustrates the elemental mapping of (A) carbon, (B) titanium, (C) oxygen 

and (D) iron. 

The redox properties of the modified electrodes GCE-CQD, GCE-TiO2, GCE-

Mil101(Fe), and GCE-Mil101(Fe)-CQD-TiO2 were investigated using CV. The EIS 

technique was employed to further study the reaction kinetics on the electrode surface.  

5.4. Electrochemical analysis  

5.4.1 Cyclic voltammetry analysis of GCE, GCE-Mil101(Fe) 

 

Cyclic voltammetry is a powerful electrochemical technique for studying oxidation-

reduction processes of molecular species. CV also investigates the kinetics of 

reactions at the electrode-electrolyte interface, electron transport, absorption 



 
 

127 

processes, and diffusion-controlled processes 459. Figure 42(A-B) shows the cyclic 

voltammograms of GCE and GCE-Mil101(Fe) electrodes in a 0.1M phosphate buffer 

(pH 6.8). The bare electrode exhibited no redox activity; thus, it was utilised for 

comparison. The GCE-Mil101(Fe) demonstrated a pair of redox characteristics after 

being modified with Mil101(Fe). At a peak potential of 0.143 V, GCE-Mil101(Fe) had 

an oxidation peak current (Ipa), and at a peak potential of -0.69 V, it had an anodic peak 

current (Ipb). These data are attributed to the surface redox interaction between Fe3+ 

and Fe2+, signifying its faradaic behaviour. 

 

 

Figure 42: Shows the (A) cyclic voltammogram of a bare electrode, and (B) depicts 

the cyclic voltammogram of GCE-Mil101(Fe), a scan rate of 50 mVs-1, in 0.1M (pH 

6.8). 

 

5.4.2 Comparative studies of GCE-CQD-TiO2, GCE-Mil101(Fe)-CQD-

TiO2 and GCE-Mil101(Fe)-TiO2 

 

The electrochemical performance of the modified electrodes GCE-Mil101(Fe)-TiO2, 

GCE-CQD-TiO2, and GCE-Mil101(Fe)-CQD-TiO2 was investigated in a phosphate 

buffer solution at pH 6.8, applying cyclic voltammetry using a sweep rate of 50 mV s-

1, as depicted in Figure 43. The GCE-CQD-TiO2 exhibited an oxidation peak at -0.0161 

V and a reduction peak at -0.62 V, resulting in a peak-to-peak separation (ΔEP) of 

0.559 V. In contrast, the GCE-Mil101(Fe)-TiO2 showed a greater current response 
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compared to GCE-CQD-TiO2, with oxidation and reduction peaks at 0.029 V and 0.488 

V, resulting in a peak separation of 0.517 V. The modified GCE with Mil101(Fe)-CQD-

TiO2 ternary composite exhibited greater current responsiveness compared to GCE-

CQD-TiO2 and GCE-Mil101(Fe)-TiO2, accompanied by a decrease in ΔEp. The strong 

current responsiveness and decrease in ΔEp indicate that GCE-CQD-TiO2-Mil101(Fe) 

promotes fast electron transport at the electrode-electrolyte interface. This observation 

is attributed to the ternary composite's characteristics, including increased surface 

area and enhanced electrical conductivity. The Mil101(Fe)-CQD-TiO2 ternary 

composite was then utilized as an electrode modification in further experiments. 

 

 

Figure 43: Illustrates the cyclic voltammograms of GCE-CQD-TiO2, GCE-Mil101(Fe)-

CQD-TiO2 and GCE-Mil101(Fe)-TiO2 at a sweep rate of 50 mV s-1, in 0.1 M PBS (pH 

6.8). 

5.4.3 Scan rate dependence studies 

  

Scan-rate dependence studies were conducted using cyclic voltammetry to assess 

reaction kinetics across different scan rates. This approach quantifies electron mobility, 

diffusion coefficients, surface coverages, electroactive surface area and adsorption-

desorption processes. Figure 44(A-D) illustrates the cyclic voltammograms recorded 
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at different sweep rates, the linear plot of (mV s-1)1/2 versus peak current, the shift 

potential versus peak current, and log v versus peak potential. The GCE-CQD-TiO2-

Mil101(Fe) demonstrated an oxidation peak current (Ipa) at a peak potential of 0.0174 

V and a reduction peak current (Ipb) at a peak potential of -0.213 V. The observed 

appearance of the redox peaks is attributed to interactions among Mil101(Fe), CQD, 

and TiO2. The TiO2 interacts with Mil101(Fe) via OH groups, forming hydrogen bonds 

with the organic linkers of Mil101(Fe), thereby stabilising the bond. The ΔEp for the 

GCE-Mil101(Fe)-CQD-TiO2 system was determined to be 0.230 V, indicating quasi-

reversibility. A linear curve shown in Figure 44B indicates that the current response is 

directly proportional to (mV s-1)1/2, with correlation coefficients r² = 0.98 and 0.99. A 

rise in the current response with (mV s-1)1/2 indicated diffusion-controlled 

electrocatalytic activity at the GCE-Mil101(Fe)-CQD-TiO2 interface. However, as 

shown in Figure 44C, a minor shift in peak potential was observed as the scan rate 

increased, indicating an irreversible electrochemical reaction, with correlation 

coefficients (r²) of 0.99 and 0.98. Figure 44D presents a linear plot of log scan rate 

versus potential, with a slope of 0.062 and r2 = 0.98. For quasi-reversible systems, the 

Randles-Sevcik and Laviron equations (7 and 8) are used to determine the surface 

coverage and diffusion coefficient  
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Figure 44: Shows (A) cyclic voltammograms at different scan rates in 0.1M PBS 

(pH,7.2), (B) linear curve of the (mV s-1)1/2 against peak current, (C) shift potential 

against peak current and (D) Log v vs. peak potential. 

Where D is the diffusion coefficient measured in cm2 s-1, C is the concentration of the 

electrolyte in mol cm−3, R is the universal gas constant measured in 8.3145 J mol-1, F 

represents Faraday's constant, 96485 measured in C mol-1. Additionally, A is the area 

of the electrode measured in cm2, V represents the sweep scan in mV s-1, α is the 

transfer coefficient, Г is the surface coverage in mol cm-2, T represents the temperature 

298K and α is the transfer coefficient. The diffusion coefficient was determined to 

assess electron mobility at the GCE-Mil101(Fe)-CQD-TiO2 surface-electrolyte 

interface. The calculated diffusion coefficient is 2.576 × 10-11 cm2 s-1, which is 

comparable to values reported in the literature. The relationship between the current 

response and the absorbed species on the electrode surface was assessed by 

determining the surface coverage. The surface coverage was determined to be 2.0609 

x 10-9 mol cm2. 

5.4.3 Electrochemical impedance spectroscopy analysis of GCE-

CQD, GCE-TiO2, GCE-CQD-TiO2, GCE-Mil101(Fe)-TiO2 and GCE-

Mil101(Fe)-CQD-TiO2 

 

Electrochemical impedance spectroscopy is an electrochemical technique for 

measuring the impedance of an electrochemical system at various frequencies using 

a direct current voltage 460. EIS operates by perturbing a system in steady state or 

equilibrium. This method enables investigation of electrode interactions, including 

charge transfer, concentrations of electroactive species, and mass transfer from the 

bulk solution to the electrode surface 461. The EIS technique was used to explore the 

diffusion mechanisms and electron mobility at the electrode-electrolyte interface. 

Figure 45 illustrates the Nyquist plots for GCE-TiO2, GCE-Mil101(Fe)-TiO2, GCE-CQD, 

and GCE-CQD-TiO2-Mil101(Fe). EIS experiments were conducted in phosphate-

buffered saline at pH 6.8 to investigate the electron-transfer kinetics of the modified 

electrodes. All modified electrodes underwent EIS analysis over a frequency range of 

200 kHz to 100 mHz. The diameter of the semicircle in the Nyquist plot represents the 

electron transfer resistance (Rct) at the electrode-electrolyte interface, which is crucial 
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for assessing the electrochemical performance of the system, while solution resistance 

(Rs) refers to the electrolyte resistance 462. A lower Rct value indicates rapid electron 

transport, while a lower Rs value signifies high ionic conductivity in the system. 

Rundle's equivalent circuit was utilized to evaluate parameters such as charge transfer 

resistance. The Mil101(Fe)-CQD-TiO2 modified electrode exhibits a lower practical 

charge transfer resistance compared to several other modified electrodes, including 

GCE-CQD, GCE-TiO2, GCE-CQD-TiO2, and GCE-Mil101(Fe)-TiO2. The CQD-TiO2-

Mil101(Fe) electrode demonstrated a smaller impedance arc diameter and an Rct of 

36.87 Ω. In contrast, the GCE-TiO2 has an Rct of 54.05 Ω, the GCE-CQD has an Rct of 

82.83 Ω, the GCE-CQD-TiO2 has an Rct of 45.91 Ω, and the GCE-Mil101(Fe)-TiO2 has 

an Rct of 39.49 Ω. These findings suggest that the GCE-CQD-TiO2-Mil101(Fe) 

electrode facilitates faster electron transfer kinetics. Table 10 summarizes the 

electrochemical characteristics of the modified electrodes. 
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Figure 45: Depicts the Nyquist curves of GCE-CQD, GCE-TiO2, GCE-CQD-TiO2, 

GCE-Mil101(Fe)-TiO2 and GCE-Mil101(Fe)-CQD-TiO2 in 0.1M PBS (pH,6.8). 

Table 10: Summary of the electrochemical parameters obtained from the GCE-TiO2, 

GCE-CQD, GCE-CQD-TiO2, GCE-Mil101(Fe)-TiO2 and GCE-Mil101(Fe)-CQD-TiO2. 

Electrode           Rct (Ω) ΔEp Diffusion 
controlled 

Rs (Ω) Synergy 
observed 

      
GCE-TiO2 
 
GCE-CQD 

 

54.05  

82.83 

0.81 

0.61 

    No 

    No 

69.45 

81.88 

NO 

NO 

GCE-CQD-
TiO2 

 

45.91 0.559    Yes 94.59 Limited  

GCE-Mof-TiO2 39.49 0.517   Yes 95.55 Moderate 

GCE-
Mil101(Fe)- 
CQD-TiO2 

36.87 0.230   Yes 96.08 Strong 

synergistic 

effect 

5.5 Electrochemical response of the aptasensor 

5.5.1. Optimization of the aptasensor 

 

The GCE-CQD-TiO2-Apt-BSA sensor was optimized using cyclic voltammetry by 

testing various incubation times of the self-assembled aptamer layer on the working 

electrode and study the changes in peak current. To enhance the response of the 

aptasensor, the working electrode was incubated for 1 h, 2 h, 3 h, 4 h, 5 h, and 

overnight in a solution containing the catalyst (Mil101(Fe)-CQD-TiO2 cross-linkers with 

EDC and NHS), a binding buffer (tris buffer), an aptamer solution, and a blocking 

agent. As shown in Figure 46A, increasing the incubation duration from 1 hour to 3 

hours significantly raised the reduction peak (Ipb) current of the GCE-Mil101(Fe)-CQD-

TiO2-Apta-BSA sensor. Extending the incubation time to overnight reduced the 

aptasensor response. These findings suggest that a 3 h incubation period is sufficient 

to saturate all accessible active sites on the working electrode surface. Figure 46B 

illustrates the current response of the aptasensor at various incubation times. 
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Additionally, the stability of the constructed aptasensor was evaluated over time by 

performing 100 cycles at a scan rate of 50 mV s-1, as shown in Figure 46C. This 

parameter is significant in electrochemical biosensors because it determines the 

platform's long-term stability and reliability. During the stability test, the aptasensor 

performed consistently, exhibiting stable current responses for both Ipa and Ipb redox 

peaks. 

 

 

Figure 46: Shows (A) CV plots of electrode incubation at different incubation periods 

in 0.1M PBS (pH,7.2), (B) bar graph of time vs. current obtained at different incubation 

periods, and (C) CV plots of GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA. 

 

5.5.2 Electrochemical characterization of the aptasensor 

5.5.2.1 Scan rate dependence studies 

 

Cyclic voltammetry experiments were carried out at various scan rates within a 

potential range of -1 V - 0.5 V. This analysis enabled the calculation of surface 

coverage, the electroactive surface at the interface of the developed aptasensor and 

diffusion coefficients. The electrochemical properties, as well as the diffusion 

coefficients and adsorption-desorption processes. Figure 47 (A-D) displays the cyclic 

voltammograms conducted at various scan rates, 49B the linear curve of (mV s-1)1/2 

versus peak current, 47C the linear curve of potential vs log current, and 47D the shift 

potential versus peak current, and log v versus peak potential. The results revealed 

an oxidation-reduction redox pair with a potential difference of 1.3 V, indicating that the 
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aptasensor exhibits quasi-irreversible behaviour, as demonstrated in Figure 47A 383. 

The aptasensor demonstrated an oxidation peak current (Ipa)at a peak potential of 

0.092 V and a reduction peak (Ipb) current at a peak potential of -0.79 V. This behaviour 

suggests a possible electrostatic interaction between the composite's active sites, 

notably the carboxyl (-COOH) groups, and the amine bonds from the aptamer 

sequence. This interaction most likely promotes the formation of stable amide bonds 

384. The scan rate increased with peak current. These findings reveal that both cathodic 

and anodic peak currents increased linearly with (mV s-1)1/2, with correlation 

coefficients r2 of 0.99, as illustrated in Figure 47B. This finding indicates that the 

system is undergoing a diffusion-controlled charge-transfer electrocatalytic reaction. 

Figure 47C depicts the Tafel plot of log current vs. potential. Tafel slope evaluates an 

electrode's ability to generate current in response to a potential 463. Furthermore, the 

Tafel slope is utilized to determine the rates and processes of electrocatalytic 

reactions. To establish the aptasensor's quasi-reversibility, the transfer coefficient (α) 

was determined using the slope obtained from Figure 47D. The current and potential 

values utilized in this plot were derived from oxidation peaks of Figure 47A 464. The 

slope of this plot was used to calculate the transfer coefficient using Equation 12. 

𝑆𝑙𝑜𝑝𝑒 =  
𝛼𝐹

2.303 ×𝑅𝑇
     equation 12 

Where R represents the universal gas constant (8.314 J mol-1), F is Faraday’s constant 

96485 C mol-1), and T is the temperature (298 K). The determined α value of 0.40 falls 

within the quasi-reversible zone 465. The kinetic constant was calculated using the 

following equation. The determined K° value of 6.72 × 10-5 cm-1 indicates slow electron 

transport between the electrode-electrolyte interface and electroactive species. This 

number is consistent with the literature and confirms that the system is quasi-

reversible. Equation 13 was used to calculate the K constant. 

𝑙𝑛(𝑘𝑜) =  
𝛼𝑛𝐹

𝑅𝑇
(𝐸𝑝−𝐸𝑜) − 𝑙𝑛  (

𝑅𝑇

𝛼𝑛𝐹
)  equation 13 

 

Figure 47D displays a Tafel plot of log scan rate vs potential. The Tafel slope was 

calculated by graphing the oxidation peak potential against the log of the scan rate. 

The slope of this Figure was used in equation 14. Where b represents the Tafel slope 

and K denotes the kinetic constant. Tafel slopes of 60 to 120 mV decade-1 are 
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particularly beneficial as they imply a single-electron transfer during the rate-

determining phase. The calculated Tafel slope was 49 mV decade -1. 

𝐸𝑝 = 
𝑏

2
 𝑙𝑜𝑔𝑣 + 𝑘  equation 14 

 

 

Figure 47: Shows (A) CV plots of GCE- Mil101(Fe)-CQD-TiO2- Apt-BSA in 0.1M PBS 

(pH, 7.2), (B) linear plot of (mV s-1)1/2 vs current, (C) potential vs. log current and (D) 

log v vs. potential. 

 

To establish electron kinetics, the surface coverage and the diffusion coefficient were 

calculated using equations (7 and 8). The determined diffusion coefficient (D) is 5.994 

× 10-11cm² s-1, and the surface coverage (Γ) is 6.747 ×10-9 mol cm-2. The aptasensor 

surface coverage increased from 2.0609 × 10-9 mol cm-2 for the Mil101(Fe)-CQD-TiO₂ 

to 6.747 × 10-9 mol cm-2. To assess the aptamer's contribution, a control experiment 
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was carried out using a glassy carbon electrode modified with bovine serum albumin 

(GCE-BSA). The surface coverage obtained for this electrode was 1.199 × 10-9 mol 

cm-2. Subtracting GCE-BSA's surface coverage from that of GCE-Mil101(Fe)-CQD-

TiO₂-Apt-BSA yields an adjusted Γ value of 5.557 × 10-9 mol cm-2. The electroactive 

surface area (EASA) of the GCE- Mil101(Fe)-CQD-TiO2 Apt-BSA was determined 

using Equation 9, which was utilised to compute based on the slope value of (mV s-

1)1/2 against the current response plot (Figure 47B).  

Where A represents the area of the electrode (cm2), n refers to the number of electron 

transfers, m represents the slope value, A is the area of the electrode (in cm2), D 

represent the diffusion coefficient (in cm2 s-1), and C is the concentration (in mol cm−3). 

The calculated EASA was 3.224 cm². This indicates that the GCE-Mil101(Fe)-CQD-

TiO2-Apt-BSA has more active sites for analyte detection. 

 

5.6 Application of GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA 

5.6.1 Electrochemical detection of cadmium  

 

The behaviour of the designed aptasensor was examined using square-wave 

voltammetry to detect Cd2+ in buffer solutions. The experiments were conducted at 

room temperature, utilizing a potential window of -1 V - 0.5 V and a scan rate of 50 

mV s-1 in a phosphate buffer solution with a pH of 7.2. The reduction peak was selected 

for the Cd2+ SWV studies because it exhibited a more defined peak and a larger 

current response compared to the oxidation peaks. This observation is attributed to 

the quasi-reversible nature of the redox couple. Figure 48(A-D) illustrates the SWV 

measurements of different spiked Cd2+ concentrations. In Figure 48B, the binding 

curve of spiked Cd2+ concentrations vs peak current. Figure 48C shows the 

relationship between spiked cadmium ions and peak current, while Figure 48D 

presents the change in potential versus peak current.  

Figure 48A presents the results of SWV scans conducted in different spiked Cd2+ 

concentrations. The SWV reverse scan revealed an increase in peak current that was 

directly proportional to the concentration of cadmium ions. This finding suggests that 

Cd2+ have a strong binding affinity for the surface of the developed aptasensor. The 
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aptasensor effectively detected cadmium ions at concentrations up to 9 µM, at a peak 

potential of -0.68 V (Ipa). It was observed that after spiking with 10 µM, the saturation 

point was reached, resulting in a linear range of 10-16 µM. The binding inhibition curve 

of cadmium ions on the GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA surface is illustrated in 

Figure 48B. Figure 48C illustrates a correlation coefficient of r² = 0.97 and a slope of 

0.217 between the spiked Cd2+ concentrations and the current responses. As the 

concentration of Cd2+ increased, a minor shift in the peak potential was observed, 

indicating rapid electron transfer at the aptasensor surface. Figure 48D illustrates a 

linear relationship between shift potential and current responsiveness, with a 

correlation coefficient of r² = 0.99. The findings indicate that the designed GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA is a multifunctional system capable of detecting a wide 

range of contaminants. The LOD was calculated using equation 10. Where m is the 

slope of the linear curve of spiking concentration vs current response, and 3 (ꝺ) is the 

standard deviation (n = 10).  

The aptasensor demonstrated a sensitivity of 0.127 mA µM-1 and an LOD of 0.005 ng 

L-1. Table 11 compares the electrochemical sensors used to detect Cd2+ with the 

developed aptasensor. 
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Figure 48: Depicts (A) the SWV measurements of spiked Cd2+ concentrations in 0.1 

M PBS (pH,7.2), (B) the binding curve, (C) the spiked Cd2+ concentrations vs current 

response, and (D) the shift in potential vs spiked concentrations. 
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Table 11: Compares the electrochemical techniques used for detecting Cd2+ with the 

one developed in this study. 

Modified electrode Techniqu
e                      

Limit of 
detectio
n (LOD) 
 (ng L-1) 

Linea
r 
range 
(ng L-

1)  

Reference
s  

     
GCE-SO SWV  3.3 x10-11  1.0 

×10-8- 

5.0 ×-8  

466 

GCE-APTE-Mono@ DPV  7.37  4 - 80  467 

NiWO4-MWCNTs-GCE SWV 0.12  50 - 

450  

468 

GCE-SWCNT 

GCE-ZIF-rGO                      

 

SWV 

SWASV                             

9.44    

10.11 

12– 

100  

12– 

100      

194   
 
 
 59 

GCE-Apt-MSH SWV 0.12  50 - 

450  

  469 

GCE-AuNP-CD 

GCEN-NC                                                               

DPV 

SWV 

0.99  

10.84 

1-100  

1.46 -

73          

470 

471 

 

 

 

GCE-Mil101(Fe)-CQD-TiO2-Apt-

BSA 

SWV    0.005    7-11  This work 
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5.6.2 Electrochemical detection of arsenic 

 

The developed aptasensor was evaluated for the electrochemical detection of arsenic 

in phosphate buffer solutions. The experiment utilised square wave voltammetry within 

a potential window of -0.6 V - 0.5 V. Various working concentrations ranging from 4 to 

12 µM were prepared. Figure 49(A-D) presents the SWV measurements at varying 

arsenic concentrations. Figure 49B illustrates the binding inhibition curve correlating 

spiked concentrations with current, while Figure 49C shows the linear relationship 

between spiked arsenic concentration and current. Additionally, Figure 49D shows a 

linear plot of spiked arsenic concentration versus the shift in potential. 

As shown in Figure 49A, the peak current increased with increasing arsenic 

concentration, yielding a linear binding inhibition curve shown in Figure 49B. This 

increase in peak current in response to spiked concentrations is attributed to arsenic 

binding to active sites on the electrode surface. Two distinct peaks were identified 

during arsenic detection: one at -0.16 V, corresponding to As5+, and another at 0.069 

V, corresponding to As3+. This observation is consistent with the reported literature 472. 

Figure 49C illustrates the linear correlation between spiked concentration and current, 

with a correlation coefficient of r2 = 0.95 and a slope of 0.0065. A slight negative shift 

in potential was also observed as spiked concentrations increased, as shown in Figure 

49D. The limit of detection was calculated using equation 10. The sensor 

demonstrated an LOD of 0.092 ng L-1, and a sensitivity of 0.0065 µM mA -1. 
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Figure 49: Displays the (A) SWV measurements in the presence of different spiked 

arsenic concentrations in 0.1 M PBS (pH,7.2), (B) binding inhibition curve, (C) linear 

curve of spiked concentrations vs. current and (D) shows the plot of shift in potential 

vs. spiked concentration. 

 

5.6.3. Selectivity studies 

 

The selectivity of the developed aptasensor for Cd2+ was evaluated by assessing the 

effects of various foreign ions on its detection performance. A range of potential 

cations, including Cu2+, Pb2+, Zn2+, and As3+, was used in this test. A digestion method 

was employed to prepare working concentrations containing all interfering ions, along 

with Cd2+. Three working concentrations, ranging from 2 to 8 µM, were prepared, and 

SWV was employed for this experiment in a potential window of -1.2 V - 0.6 V. As 

illustrated in Figure 50, the aptasensor exhibited the strongest signal for Cd2+ in all the 

spiked concentrations, demonstrating its ability to accurately identify Cd2+ in the 

presence of other metal ions. As observed in Figure 50, no peaks overlapped with that 

of Cd2+. This was due to a strong interaction between Cd2+ and the -COOH groups, 

which enhanced binding and improved the electrochemical response. 



 
 

142 

 

 

Figure 50: Shows the SWV measurements in 0.1 M PBS (pH,7.2) in the presence of 

Cd2+, Cu2+, Zn2+, As3+, Pb2+. 

 

5.6.4 Electrochemical detection of Crypto 

 

The efficiency of the proposed aptasensor was evaluated by detecting Crypto in a 

phosphate buffer solution. The correlation between spiked Crypto concentrations 

(ranging from 3 to 22 µM) and the oxidation peak currents was examined using the 

SWV technique at a sweep rate of 50 mV s-1. Figures 51(A-C) display the SWV 

response to varying concentrations of spiked Crypto, the binding inhibition curve 

relating spiked Crypto concentration to current density, and a linear plot of spiked 

Crypto concentration versus current density. In Figure 51A, the SWV response to 

different spike concentrations of Crypto is shown. As the concentration of Crypto 

increased, the oxidation peak current also correspondingly increased. This finding 

highlights the binding affinity of Crypto to the surface of GCE-Mil101(Fe)-CQD-TiO2-

Apt-BSA. In Figure 51B, the inhibitory curve shows the relationship between spiked 

Crypto concentrations and current density. The spike at a concentration of 9 µM 

resulted in saturation of the platform. Figure 51C illustrates a linear relationship 

between the concentration of Crypto and current density, displaying a correlation 
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coefficient of r² = 0.96 and a slope of 0.528. The detection limit of the aptasensor was 

calculated using Equation 10. 

 The aptasensor demonstrated a linear range of 0.0015 - 0.004 µM, a sensitivity of 

0.529 mA µM-1, and a limit of detection of 0.001 ng L-1. 

 

 

Figure 51: Illustrates (A) SWV measurements of spiked Crypto concentration in 0.1 M 

PBS (pH 7.2), (B) binding curve, (C) linear curve of spiked Crypto concentration vs 

current density. 

Cyclic voltammetry was employed to investigate the oxidation-reduction behaviour of 

GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA in the presence of spiked concentrations of 

Crypto, ranging from 3 to 22 µM. This analysis utilized a sweep scan rate of 50 mV s-

1 and was conducted in phosphate-buffered saline at pH 7.2. Figures 52(A-D) illustrate 

the cyclic voltammogram results. Figure 52B presents an inhibition curve depicting the 

relationship between the spiked Crypto concentration and current density. Figure 52C 

displays a linear plot of spiked Crypto concentrations versus current density, while 

Figure 52D shows the relationship between spiked Crypto concentrations and the shift 

in potential.  
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Figure 52: Displays (A) the CV measurements of spiked Crypto concentration in 0.1 

M PBS (pH,7.2), (B) the binding curve (C) spiked Crypto concentration vs. current, 

and (D) the linear curve of shift in potential vs spiked Crypto concentrations. 

 

Figure 52A illustrates the cyclic voltammetry response at different spiked 

concentrations of Crypto. Notably, the interaction between the aptasensor and 

increasing concentrations of Crypto resulted in an enhancement of the peak current 

(Ipb) of GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA, as illustrated in Figure 52B. Figure 52C 

shows a linear curve with a slope of -0.0028 and a correlation coefficient r² = 0.993, 

representing the relationship between the current reaction and the concentrations of 

spiked Crypto. As the concentrations of spiked Crypto increased, the reduction peak 

of the GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA shifted slightly, indicating rapid electron 

transfer kinetics at the electrode-electrolyte interface. This is further demonstrated in 

Figure 52D, which has a correlation coefficient of r² = 0.99. There has been little 

research on the detection of Crypto utilizing electrochemical sensors. Table 12 

compares the aptasensor developed in this study with other electrochemical sensors 

designed to detect Crypto in water and buffer samples. 
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 Table 12: Compares the electrochemical sensors used to detect Crypto with those 

used in this work. 

Modified  
electrodes 

Techniqu
e 

Limit of 
detectio
n 
(LOD)(ng 
L -1) 

 
Linea
r     
range 
(ng L-

1) 

Reference
s 

     
SPCE-Au  EIS         0.003  0.005 -

0.02  

185 

 

SPCE-GNPs SWV 0.01  0.015 -   

0.08  

400 

ITO-AuNPs DPV 0.003    0.003 

– 0.005  

401 

SPCE-AuNPs-Apt EIS 0.010  0.05 – 

0.02  

473 

GCE-Mil101(Fe)-CQD-
TiO2 

-Apt-BSA 

SWV 0.001  0.001 – 

0.004  

   This work 

     
     

 

5.6.5 Interaction between the Mil101(Fe)-CQD-TiO2 and aptamer 

 

The enhanced electrochemical response observed in the Mil101(Fe)-CQD-TiO2-Apt-

BSA is attributed to a synergistic mechanism that facilitates electron transfer, thereby 

improving the electrochemical signal. In this process, electrons flow from the iron in 

Mil101 to the conductive CQD and ultimately reach the TiO2 structure, as shown in 

Scheme 21. Mil101(Fe) serves as the electron donor due to mixed ionic states on its 

surface, while the CQD acts as an electron mediator owing to its oxygen-containing 

surface groups. This property enhances charge transfer in the poorly conductive TiO2 

and Mil101(Fe), promoting rapid electron movement to the working electrode surface. 
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Additionally, the active carboxylic groups on the ternary composite surface bind to the 

aptamer, enabling its attachment to the electrode via EDC/NHS crosslinkers, thereby 

forming strong covalent bonds. The stable attachment of the aptamer on the modified 

electrode surface is demonstrated by high values of the diffusion coefficient, 

electroactive surface area, surface coverage, and a low charge transfer rate. These 

factors indicate efficient electron transfer between the electrolyte and the sensor, 

thereby increasing the number of binding sites at the electrode interface for analyte 

attachment. The mechanism of interaction between the ternary composite and the 

aptamer is shown in Scheme 21.  

 

 

 

 

Scheme 21:Mechanisms between the Mil101(Fe)-CQD-TiO2 ternary composite and 
the aptamer. 
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5.6.6 Selectivity studies 

 

Selectivity is an essential parameter for biosensors, as it determines their capability to 

detect a target analyte in complex biological and environmental samples. In this study, 

we assessed the selectivity of the developed aptasensor by detecting a mismatched 

analyte. The experiment was conducted within a voltage range of -1 V - 0.5 V, using a 

phosphate buffer solution (pH 7.2) as the electrolyte and a scan rate of 50 mV s-1. The 

concentrations of the prepared analyte varied from 1 to 11 µM. Figures 53(A-D) 

illustrate the square wave voltammetry (SWV) response of the GCE-Mil101(Fe)-CQD-

TiO2-Apt-BSA sensor for the detection of Crypto, compared to the response to the 

mismatched analyte. Figure 53B specifically shows the SWV response of GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA at different spiked concentrations of Crypto. Figure 

53C shows the SWV response of GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA to various 

spiking mismatched analytes, whereas Figure 53D shows the two straight curves 

derived from Crypto detection and mismatched analyte detection. As illustrated in 

Figure 53A, the SWV response for the Crypto detection had a higher peak current 

response than that of the mismatched analyte. Figure 53B illustrates the SWV 

response to an increased concentration of Crypto. The peak current response 

increased with increasing Crypto concentrations. This suggests a strong correlation 

between the platform and the detection of Crypto. Figure 53C depicts the SWV 

response at different analyte concentrations with mismatch. The designed aptasensor 

showed no binding affinity with the spiking concentrations. 
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Figure 53: Depicts the SWV response obtained from Crypto detection and mismatched 

detection in 0.1 M PBS (pH, 7.2), (B) SWV response of GCE-Mil101(Fe)-CQD-TiO2-

Apt-BSA at different spiked Crypto concentrations, (C) the SWV response of GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA at various mismatched concentrations. 

The performance of the developed aptasensor was further evaluated in water samples 

for the detection of Crypto, Cd2+, and arsenic using the SWV technique, with 

acceptable recoveries. 

 

5.7 Real water applications  

 

SWV studies were conducted to evaluate the performance of the developed GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA in both wastewater and tap water. These 

investigations were conducted over a potential range of -1 - 0.5 V at a scan rate of 50 
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mV s-1. Before the analysis, the wastewater was filtered, and the pH of both the 

wastewater and tap water was adjusted to 7.2. During the SWV studies, a blank 

measurement was taken using the water samples. The working concentrations of 

Crypto and Cd2+ introduced into the water samples (both wastewater and tap water) 

were determined from the aptasensor response. 

Figure 54(A-D) illustrates the detection of Cd2+ in real water samples. Figure 54A 

shows the results of the square wave voltammetry experiment conducted with Cd2+ 

spiked concentrations on wastewater and tap water samples. It was observed that as 

the concentrations of the spiked Cd2+ increased, the peak current also increased. 

Figure 54B illustrates the relationship between peak current and spiked 

concentrations, yielding an r2 value of 0.92. In Figure 54C, the SWV response to 

varying spiked Cd²⁺ concentrations are shown, with a linear increase in current with 

higher Cd² concentrations, yielding an r2 value of 0.93. The aptasensor displayed a 

similar response for Cd2+ in both wastewater and tap water samples, with recoveries 

ranging from 72% to 89.2%. The findings from Figure 54(A-D) are summarized in Table 

13. 

Figure 55(A-D) shows the detection of arsenic in real water samples. Figure 55A 

displays the SWV measurements in the presence of spiked arsenic concentrations in 

wastewater. 55B shows the linear plot of spiked concentration vs. peak current, 55C 

shows the SWV experiment in spiked tap water samples, and 55D shows the linear 

plot of spiked concentration against peak current. As shown in Figure 55A, the spiked 

concentration increased linearly with the peak current, resulting in a high correlation 

coefficient of 0.98, as illustrated in Figure 55B. Similarly, Figure 55C shows that spiked 

concentrations increased with peak current, yielding a correlation coefficient of 0.79 

(Figure 55D). It was observed that the wastewater samples contained As3+, while the 

tap water samples contained As5+. The aptasensor exhibited a stronger 

electrochemical response in wastewater samples than in tap water, suggesting that 

wastewater has a higher arsenic concentration. The recoveries from the wastewater 

samples ranged from 87% to 93%, whereas the recoveries from the tap water samples 

ranged from 68% to 74%. The data obtained from the experiment are summarised in 

Table 14. The sensor demonstrated high precision in detecting cadmium and arsenic 

in wastewater and tap water. This was assessed by calculating the mean and standard 
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deviation of the recovery rates, which were incorporated into equation 11. The F-test 

results were 67% and 72% for cadmium, and 70% and 76% for arsenic. 

 

 

Figure 54: Illustrates (A) the SWV reaction to changing spiked Cd2+ concentrations in 

wastewater, (B) a linear curve of spiked concentration vs peak current, (C) represents 

the SWV experiment to different Cd2+ spiked concentrations, and (D) a linear curve of 

current vs spiked concentrations. 

Table 13: Shows the summarised results obtained for the detection of Cd2+ in real 
water samples. 

Sample  Added (µM) Found (µM) Recovery (%) 

  
Wastewater   

  4 1.203 74.77 

  6 1.03 82.20 

  10 1.068 89.6 
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Tap water                            4  

8 

10 

 

1.083 

1.058 

1.15 

72.92 

86.77 

88.54 

 

 

Figure 55: Display the SWV measurements in the presence of spiked arsenic 

concentrations in wastewater samples, (B) a linear plot of spiked arsenic concentration 

vs current, (C) illustrates the SWV experiment to different spiked concentrations in tap 

water, and (D) shows the linear curve of spiked arsenic concentrations vs current. 

Table 14: Shows the summarised results obtained from the detection of arsenic in real 

water samples. 

Sample Added (µM) Found (µM) Recovery (%) 
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Wastewater   2 1.01 87.01 

 4 1.04 90.23 

 6 1.08 92.65 

 8 1.1 93.56 

 
 

Tap water                               4  

6 

8 

 

0.67 

0.86 

0.94 

68.05 

 70.12 

74.23 

 

The data presented in Figures 56(A-D) shows the detection of Crypto in spiked 

wastewater and tap water. Figure 56A illustrates the SWV response to various spiked 

concentrations of Crypto in wastewater. The current response and spiking 

concentrations show a linear relationship, yielding a correlation coefficient r² = 0.99, 

as illustrated in Figure 56B. Figure 56C displays the SVW response to various 

concentrations of Crypto in tap water. It was noted that the aptasensor response in 

wastewater was significantly higher than that in tap water. Additionally, Figure 56D 

shows that as spiking concentrations increased, the current also increased. Table 15 

summarizes the recoveries for detecting Crypto in both water samples, which ranged 

from 87% to 98%. For tap water, the recovery rates varied from 67% to 80%. Overall, 

the aptasensor exhibited better performance in wastewater samples compared to tap 

water. Equation 11 was used to perform the F-test, which assessed the aptasensor's 

precision. The determined mean and δ for wastewater were (8.23 and 85), while for 

tap water they were (12.9 and 55.1). Findings indicated the practical observations 

achieved high accuracy, with 90% and 85% for wastewater and tap water, 

respectively, demonstrating adequate reproducibility. 
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Figure 56: Displays the SWV measurements of spiked Crypto concentrations in 

wastewater, (B) linear plot of spiked concentration vs.  peak current, (C) illustrates the 

SWV experiment to different spiked concentrations in tap water, and (D) shows the 

linear curve of current vs. spiked concentrations. 
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Table 15: Shows the summary of the detection of Crypto in real water samples with 

recoveries. 

Sample Added (µM) Found (µM) Recovery (%) 
  

 
  

Wastewater   1  0.127 87.3 

 4 0.140 96.5 

 6 0.147 97.55 

 8 0.152 98.1 

 
 

Tap water                               4  

6 

8 

 

1.31 

1.5 

1.75 

67.30 

75 .77 

82.28 

 

5.8 Summary and Sub-conclusion 

 

In this chapter, the hydrothermal method was effectively utilized to develop a ternary 

composite composed of Mil101(Fe)-CQD-TiO2. This ternary composite was thoroughly 

analysed using various techniques. The structural and morphological analyses 

confirmed the successful integration of CQD, TiO2 within the Mil101(Fe) framework, 

resulting in a high-surface-area composite with excellent conductivity. Electrochemical 

tests indicated that the ternary composite exhibited strong immobilisation of monolayer 

aptamers (ᴦ = 6.747 × 10-9 mol cm-2), a larger electroactive surface area (3.22 cm²), 

and significantly enhanced electron transfer kinetics, leading to improved sensor 

performance. The composite-enabled technology showcased excellent analytical 

performance in a label-free aptasensor for Cd2+, arsenic, and Crypto. It demonstrated 

a high sensitivity of 0.528 mA µM-1 for Crypto and a low detection limit of 0.001 ng L-

1, whereas the obtained limits of detection for cadmium were 0.05 ng L-1 with a 

sensitivity of 0.127 mA µM-1 and 0.092 ng L-1 with a sensitivity of 0.0065 mA µM-1 for 
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arsenic. The aptasensor platform also performed well when tested with real water 

samples, with recovery rates ranging from 67% to 98% for Crypto, 72% to 89% for 

Cd2+ and 68 % to 93% for arsenic. Selectivity experiments indicated that the 

aptasensor exhibited minimal reactivity to mismatched analytes, highlighting its 

specificity. The findings establish the platform as a versatile tool for biological and 

environmental sensing, indicating its potential for detecting other heavy metals and 

microbial diseases. 
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CHAPTER SIX: 

 Comparative Evaluation of CQD-

TiO2 and Mil101(Fe)-CQD-TiO2 

Electrocatalysts: Performance, 

selectivity and Mechanism 
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6.1 Overview  

 

This chapter summarizes the comparison between the Mil101(Fe)-carbon quantum-

dot-titanium composite and the CQD-TiO2 composite. Both nanocomposites were 

used for detecting Crypto in phosphate buffer and real water samples. Electrochemical 

techniques, including cyclic voltammetry, electrochemical impedance spectroscopy, 

and square wave voltammetry, were utilised to assess the electrochemical 

performance and mechanism at the modified electrode interface. 

 

6.2 Comparative Electrochemical properties of CQD-TiO2, 

Mil101(Fe)-CQD-TiO2  

 

This study compares the surface area, electron-transfer capability, stability, and 

sensitivity of Mil101(Fe)-CQD-TiO2 vs. CQD-TiO2 electrocatalysts. Carbon quantum 

dot (CQD) are proposed as a carbon-based material due to their high surface area-to-

volume ratio, stability, and biocompatibility. Their surface contains oxygen-related 

functional groups, making them electron-rich. Initially, CQD were doped with titanium 

dioxide to form a CQD-TiO2 nanocomposite, which was utilised as an electrode 

modifier for the detection of Crypto in buffer solutions and water samples. However, it 

did not demonstrate an improved electrochemical response. This lack of enhancement 

can be attributed to titanium dioxide being a semiconductor, which means it cannot 

donate more electrons. In contrast, carbon quantum dot are electron-rich and can 

donate electrons to the TiO2 crystal structures. When TiO2 receives enough energy, it 

can reduce oxygen and produce an enhanced electrochemical signal. The mechanism 

for electron transfer between TiO2 and CQD is shown in Scheme 22. 
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Scheme 22: Depicts the schematic mechanism of CQD-TiO2. 

Mil101(Fe) was embedded onto the surface of CQD-TiO2 to form ternary composites. 

The effect of these materials on the CQD-TiO2 surface was investigated using cyclic 

voltammetry to analyze the reaction kinetics occurring at the electrode interface. It was 

observed that all the modified electrodes compared in this work showed different peak-

to-peak separations (ΔEp). A lower ΔEp is highly preferred in electrochemistry, as it 

signifies efficient electron transfer capabilities at the electrode interface. The cyclic 

voltammetry analysis indicated that the Mil101(Fe)-CQD-TiO2 composite exhibited a 

peak-to-peak separation value of 0.88 V, which is lower in comparison to 0.90 V 

exhibited by GCE-CQD-TiO2-Apt-BSA. A lower ΔEp indicates that electrons move 

more rapidly at the electrode interface, thereby enhancing the biosensor response.  

The diffusion coefficients (D) for the modified electrodes were evaluated. A higher 

diffusion coefficient indicates that electrons are diffusing rapidly on the electrode 

surface. GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited a higher diffusion coefficient 

value of 5.994 × 10-11 cm2 s-1 compared to the GCE-CQD-TiO2-Apt-BSA, denoting a 

rapid movement of electrons. The surface coverages (Γ) were also determined to 

understand the electrode's electrocatalytic efficiency 474. A higher Γ value indicates a 

more active electrode surface. GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited a higher 

surface coverage value, indicating a more active electrode compared to GCE-CQD-

TiO2-Apt-BSA. To further understand the potential active sites for analyte detection, 

the electrochemically active surface areas (EASA) were evaluated 475. Notably, GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited a relatively higher EASA value of 3.224 cm2, 

compared to GCE-CQD-TiO2-Apt-BSA. A higher EASA value indicates that there are 

more active sites on the electrode available to bind the analyte. The observation is 

attributed to the greater porosity of Mil101(Fe)-CQD-TiO2 than that of CQD-TiO2 
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electrocatalysts. The porosity of the Mil101(Fe)-CQD-TiO2 is beneficial for analyte 

detection. 

Furthermore, Tafel slopes were assessed to quantify the efficiency of the modified 

electrodes 476. Figure 57(A-B) shows the Tafel plot of Log v vs. potential for GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA, and Figure 57B shows the Tafel plot of Log v vs. 

potential for GCE-CQD-TiO2-Apt-BSA. Tafel slopes with values between 60 decade-1 

and 120 decade-1 are advantageous, as they imply a one-electron transfer process 

during the rate-determining step 477,478. GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited 

a higher Tafel slope compared to GCE-CQD-TiO2-Apt-BSA, indicating a higher 

reaction rate at the electrode surface. All the obtained parameters are summarised in 

Table 16.  

Table 16: Summarises the parameters obtained from cyclic voltammetry experiments. 

Electrode        Diffus
ion 
coeffi
cient 
(cm2 s-

1 ) 

ΔEp       
(V) 

EASA 
   
(cm2) 

Surface    
coverage 

         (mol cm-2) 

    Tafel slope  

      

GCE-
Mil101(Fe)-
CQD-TiO2-
Apt-BSA 
 

GCE-CQD-
TiO2- Apt-
BSA 
 
 

5.994 × 

10-11  

 
 
4.54 
x10-14  

 
 
 

0.88 

 

 
      
0.90 
 
 
 

3.224  

 

  

 0.548  

          5.557 ×10-9 

 
 
 
           2.40 ×10-10  
 
 
 
             
 
 

          60.5 

 

 

         49 

 

          

 

       

The peak-to-peak separation of the modified electrodes was calculated by subtracting the cathodic peak potential from the 

anodic peak potential, while Diffusion coefficients were calculated using the Randles-Sevick equation. Surface coverages were 

determined using the Laviron equation. Additionally, the electrochemically active surface area was calculated using the slope of 

the linear plot of the square root of the scan rate and was fitted to the Randles-Sevick equation. Tafel slopes were determined 

by using the slope of the Tafel plot, which is the relationship between the log of the scan rate and the potential 
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Figure 57: Shows the Tafel plots of Log V vs. potential obtained from (A) GCE-

Mil101(Fe)-CQD-TiO2-Apt-BSA and (B) GCE-CQD-TiO2-Apt-BSA in 0.1M PBS 

(pH,7.2). 

 

6.3 Electrochemical detection of Crypto  

 

The performance of the aptasensors was evaluated by examining the relationship 

between spiked Crypto concentrations and the corresponding peak currents. The 

results are summarized in Table 17. Both aptasensors showed a linear increase in 

current with increasing concentrations of Crypto. This behaviour can be attributed to 

the aptamer's conformation, which facilitates enhanced electron movement between 

the electrode and the electrolyte. The GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited 

a low detection limit and higher sensitivity across a wide linear range. This superior 

performance is due to the increased number of active sites for analyte binding on the 

GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA electrode surface. Additionally, the greater 

porosity and conductivity of Mil101(Fe)-CQD-TiO2, compared to the CQD-TiO2 

electrocatalyst, improve electron transfer, resulting in enhanced detection 

performance 479.  
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Table 17: Summary of the parameters obtained from Crypto detection using GCE-

CQD-TiO2 and GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA. 

Electrode        Method  LOD 
(ng L-

1) 

LOQ 
(ng L-1) 

Linear 
range 
(µM) 

Sensitivity 
(mA µM-1) 

      

GCE-
Mil101(Fe)-
CQD-TiO2-
Apt-BSA 
 
GCE-CQD-
TiO2- Apt-
BSA 
 

SWV 

 

 

SWV 

 

0.001 

 

 
      
0.0024  

0.004 

 

 

0.008  

  0.0015 – 

0.004 

 
 
 
0.0025 - 
0.0045  

0.529  

 

 

0.27  

 

Notably, GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibited more active sites, faster 

electron-transfer kinetics, and enhanced selectivity for Crypto, highlighting its superior 

performance in dynamic sensing environments. Scheme 23 shows the schematic 

mechanisms of Mil101(Fe)-CQD-TiO2, illustrating the transfer of electrons from Fe in 

Mil101(Fe) through the CQD surface to TiO2. Once a sufficient number of electrons 

enter the TiO2 structure, it becomes capable of reducing oxygen, as shown in the 

reaction mechanism. 

 

 

Scheme 23 :Shows a schematic mechanism of Mil101(Fe)-CQD-TiO2. 
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6.4 Selectivity studies 

 

Selectivity is a key factor in biosensor performance, ensuring that the sensor 

accurately detects the target analyte in the presence of potentially interfering species 

480. The investigation was conducted to examine the electrochemical response of 

GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA and GCE-CQD-TiO2-Apt-BSA in the presence of 

interfering species. Giardia and Escherichia coli (E. coli) were chosen for this 

experiment. Figure 58 (A-B) shows the interference study for GCE-Mil101(Fe)-CQD-

TiO2-Apt-BSA, and Figure 58B shows the GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA.The 

electrochemical responses of both aptasensors were monitored in the presence of 

interfering species. As shown in Figures 58A and 58B, the detection of Crypto resulted 

in a high peak current response. However, when Giardia was added, the peak current 

response decreased. The addition of E. coli further decreased the current response. 

This observation suggests that the sensing platforms are selective towards Crypto, 

with GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA exhibiting better electrochemical 

performance than GCE-CQD-TiO2-Apt-BSA. 

 

 

 

Figure 58 : Shows the SWV experiment in the presence of Crypto, E. coli and Giardia 

for GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA in 0.1 M PBS (pH,7.2) (B) SWV response of 

spiked concentrations of Crypto, E. coli and Giardia for GCE-Mil101(Fe)-CQD-TiO2. 
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6.5 Summary and Sub-conclusion 

 

In this chapter, the two electrocatalysts, Mil101(Fe)-CQD-TiO2 and CQD-TiO2, are 

evaluated for their sensitivity and performance in detecting Crypto in buffer solutions. 

The results indicate that Mil101(Fe)-CQD-TiO2 exhibits faster electron-transfer rates, 

leading to improved electrochemical performance and selectivity. This highlights the 

platform's potential for identifying various analytes in both environmental and 

biological applications. Mil101(Fe)-CQD-TiO2 also exhibited lower limits of detection, 

making it a strong candidate for the trace detection of heavy metals, pharmaceuticals, 

and clinical diagnostics. In contrast, CQD-TiO2 exhibited a higher limit of detection, 

posing challenges for sensing applications. Furthermore, Mil101(Fe)-CQD-TiO2 did 

not exhibit enhanced stability, which limits the reproducibility of the results. To achieve 

lower limits of detection, faster reaction kinetics, and greater stability, it is essential to 

explore more conductive electrocatalyst materials. 
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Conclusion and Future Outlooks 
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7.1 Conclusion 

 

In this work, we aimed to develop a nano-engineered electrochemical aptasensors for 

the label-free detection of Crypto and potential heavy metals in water. The aim was 

achieved by focusing on the objectives implemented. All the nanomaterials (CQD, 

TiO2, Mil101(Fe), CQD-TiO2, CQD-TiO2-Mil101(Fe), were synthesised. Various 

characterisation techniques, such as HR-TEM, HR-SEM, FTIR, XPS, TGA, and XRD, 

confirmed the successful synthesis of the materials. The as-synthesised materials 

were then used to develop electrodes. All modified electrodes were characterised 

using CV, EIS, and Cp to investigate the electrochemical properties. The combination 

of carbon-based nanomaterials with metal oxide has been shown to improve 

electrochemical properties. The synergistic effects of these composites enhance 

electron transfer kinetics, creating more active sites for analyte detection and 

significantly boosting sensor performance. Among these, the Mil101(Fe)-CQD-TiO2 

ternary composite stands out as the most effective, with lower detection limits, higher 

sensitivities, and rapid kinetics. This combination facilitates fast electron movement 

and enhances the overall electrochemical response. The GCE-Mil101(Fe)-CQD-TiO2-

Apt-BSA aptasensor platform demonstrated superior performance in detecting Crypto, 

Cd2+, and arsenic in both buffer solutions and real water samples. In conclusion, all 

the aptasensor platforms developed in this work were selective for Crypto and 

successfully detected it in both phosphate buffer and real water samples. However, 

only the GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA could detect Cd2+ in both buffer 

solutions and real water samples, as well as arsenic in phosphate buffer solutions.  

The limits of detection achieved in this thesis were comparable to those reported in 

the literature and outperformed conventional techniques. For instance, Andria and her 

team conducted a study on the detection of Cd2+ in water samples using ICP-MS, 

obtaining an LOD of 2.2 ng L-1 481. In another study by Atasoy et al. 482. used atomic 

absorption spectroscopy to detect arsenic in drinking water samples, achieving an 

LOD of 4.8 ng L-1. Additionally, Sara et al. 483 reported the development of an 

electrochemical aptasensor for arsenic detection in water, which achieved an LOD of 

0.12 ng L-1.  
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In this work, Crypto was detected by UV-Vis spectroscopy, yielding an LOD of 0.083 

ng L-1. Kapel et al. 131 employed the ELISA method for detecting Crypto, yielding an 

LOD of 88 ng L-1. Furthermore, Luka et al. 185 developed an electrochemical 

immunosensor for the label-free detection of Crypto in water samples, which achieved 

an LOD of 20 µg L-1. 

The developed GCE-Mil101(Fe)-CQD-TiO2-Apt-BSA achieved LODs of 0.05 ng L-1 for 

Cd2+, 0.092 ng L-1 for arsenic, and 0.001 ng L-1 for Crypto, all of which are below the 

WHO concentration limits. This study demonstrates that the developed aptasensor 

platform achieved lower limits of detection than conventional techniques and other 

electrochemical sensors, positioning it as a viable platform for dual detection of 

microbial pathogens and trace metals in water samples. The F-test results for the 

developed aptasensors for detecting Cryptosporidium, cadmium, and arsenic showed 

high precision in real water samples. The results provide a strong basis for expanding 

this approach to encompass multi-analyte detection and portable sensing systems 

focused on environmental and public health protection. 

The Mil101(Fe)-CQD-TiO2 electrocatalyst can be successfully scaled up using 

environmentally friendly synthesis methods, such as green synthesis. This approach 

is cost-effective, energy-efficient, and environmentally sustainable. Implementing a 

real-time monitoring and control system, possibly enhanced by machine learning, can 

further improve the electrocatalyst's scaling process. Machine learning can optimize 

synthesis pathways, help interpret data, and predict future trends for electrocatalysts. 

Additionally, strengthening collaborations between academia and industry can help 

scale up the Mil101(Fe)-CQD-TiO2 electrocatalyst.  

 

7.2 Future outlooks 

1. The sensing platforms developed in this work can be integrated with 

microfluidics and on-chip-based technology for autonomous sample processing 

and detection.  

2. Electrocatalysts can be utilised in the production of conductive screen-printed 

electrodes for pathogen, heavy metal detection and healthcare applications.  
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3. Electrocatalysts can also be used in the development of portable 

electrochemical devices, such as smartphone-based readouts for point-of-care 

applications. 

4. The development of miniaturized paper-based platforms offers a cost-effective 

approach to environmental diagnostics. 

5. Aptamers can be used for the multiple detection of pathogens, bacteria, and 

heavy metals. 

This integration will enable the creation of portable, cost-effective, flexible, and 

reliable sensing devices for the early detection of pathogens, heavy metals, and 

microbial diseases in biological and environmental samples. 
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