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ABSTRACT 

The research work presented in this thesis discusses the fabrication of an immunosensor that uses 

a biological recognition element in direct contact with a transducer to deliver quantitative 

information. The biological sensing element and the bio-receptor are the two primary 

components that make up a biosensor. A specific analyte can be detected by using an enzyme, 

antibody, DNA, or other bio-element. In contrast, the transducer part converts the biological 

signal into a measurable electrical signal. A new generation of biosensors has recently been 

developed to assist the combination of biomolecules with biocompatible conducting frameworks. 

Many interdisciplinary areas of science and technology can be employed to innovate biosensors 

used in clinical diagnostic and therapeutic applications.  

Cancer, which has long been considered the world's top cause of death, is more likely to occur as 

a result of the enormous population growth and changing lifestyles. Every day, there are an 

increasing number of new cases of cancer. In a healthy adult, the mechanism of cell formation is 

a constant and consistent process that maintains the proper number of cells in different tissues. 

The formation of cancer, which typically manifests as a swollen mass called a malignant tumor, 

is caused by inappropriate cell division and uncontrollable cell growth. Moles and warts are 

examples of benign tumors that are usually not dangerous or damaging. Additionally, when a 

tumor is malignant, the cells spread to surrounding organs by invading neighboring tissue 

through blood vessels. In this area, they split and grow once more, eventually forming a new 

tumor in the afflicted organ. The process by which cancer spreads to several body organs is 

known as metastasis. The highest rates of cancer-related deaths in developing countries are 

probably caused by delayed diagnosis and limited access to early, standard treatment. It has been 

noted that traditional detection methods can take several hours or, in certain cases, a few weeks 

to yield results. These conventional methods, however, are less sensitive, time-consuming, 

costly, and require specialist equipment. Therefore, the development of trustworthy, sensitive, 

specific, quick, and user-friendly tools for identifying cancer biomarkers is urgently needed. As a 

result, efforts have been made to increase the sensitivity and specificity of portable biosensors. 

In the last decade, 2D-Mxenes have delivered an excellent performance due to their outstanding 

metal-like conductivity, layered morphology, superior hydrophilicity and strong ability for 

incorporation of functional groups.  
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Furthermore, MXene possesses excellent ion-intercalation behavior, high specific surface area 

and superior electron transfer ability. Ti3C2Tx has been considered as one of the most studied 

MXene in different fields such as supercapacitors, energy conversions and biosensing fields. The 

inclusion of nanomaterials like metal particles, metal oxides and metal sulfides has sparked 

potential to customize the unique characteristics of each component into a single material. The 

biosensor’s performance has been improved by further synergistic effects of these materials, 

leading to increased sensitivity and selectivity. The present study focuses on the synthesis and 

characterization of Ti3C2Tx and its hybrid materials, for the development of highly sensitive 

electrochemical immunosensors having application in the detection of EpCAM antigen (a cancer 

biomarker). The transducer surface has been prepared by two methods viz. electrophoretic 

deposition and simple dip coating method. The anti-EpCAM has been coupled to the transducer 

material covalently by using EDC:NHS. Further, electrochemical detection has been performed 

by DPV and chronoamperometry techniques. Moreover, the clinical validation of the fabricated 

platforms has been confirmed by analyzing artificial spiked serum samples, thereby proving its 

efficiency.   
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fg/mL) 

Fig. 7.6: (A) Chronoamperometric saturated current comparison of anti-

EpCAM/Ag/Ti3C2Tx/CP electrode for EpCAM antigen in buffer and 

serum sample; (B) Interference study of anti-

EpCAM/Ag/Ti3C2Tx/CP electrode with various analytes (glucose, 

NaCl, urea and ascorbic acid); (C) Repeatability study of three 

different anti-EpCAM/Ag/Ti3C2Tx/CP electrodes; (D) Shelf life 

study of immunosensor 
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CHAPTER 1 

INTRODUCTION & LITERATURE REVIEW 

  

1.1 Introduction 

Cancer, a complicated illness, is becoming more common cause of death worldwide. As human 

body is composed of trillions of cells, that normally divide to form the new cells. When old cells 

die due to the aging, new ones take their positions. This process is known as growth and 

proliferation. Sometimes, this controlled mechanism breaks down leading to the proliferation and 

growth of these damaged cells which should not occur. The lumps of tissue formed by such 

damaged cells may be benign or malignant tumors. Cancerous tumors possess the capacity to 

metastasize, or spread into adjacent tissues, or organs. This process is known as metastasis.  

Uncontrolled cell division is the hallmark of cancer and the essential component of its 

advancement. The majorities of cancer grow gradually from normal cell structure and function 

over time. The continual accumulation of novel mutations is the driving force behind the process. 

It is important to note that in the cancerous cells, mitosis is not faster than that in the normal cell. 

Cell division completes in around 4 h in both kinds of cells. Single cell transformation from 

almost each organ in the body give rise to cancer, which spread widely and divide somewhat 

uncontrollably [1]. It is believed that the incidence of prevalent diseases like cancer increases 

exponentially with age. As the cancer cells are not very different from their original organ-

specific cells, efforts to discover a “magic bullet” to accurately identify, classify and eventually 

treat cancer have mostly been fruitless [2]. The multi-hit hypothesis of carcinogenesis, which 

holds that multi-hit accumulation is necessary for full cancer emergence, has been mentioned to 

clarify ideas like cancer latency, time gap between cancer beginning and identification, and a 

connection between the cancer and aging. According to the traditional view of carcinogenesis, 

initiators and promoters affect cells in many stages, initiating the processes of invasion, 

metastasis, transformation, and tumorigenicity. Basic stages of the cancer have been represented 

in the following Fig. 1.1. 
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Fig. 1.1: Various Stages of the Cancer Development 

According to World Health Organization (WHO), cancer poses a serious risk to human survival 

[3]. International Agency for Research on Cancer approximates the cancer incidence and death 

rate by using GLOBOCAN 2020. According to its report, cancer is the world’s leading cause of 

death recorded 19.3 million cases including 10 million deaths from this disease in 2020 alone. 

Also, it is reported that lung cancer (11.4%), the most often diagnosed cancer has been surpassed 

by female breast cancer (11.7%). The most frequent cancer is still lung cancer, followed by 

colorectal, prostate and stomach cancer. In 2040, there will likely be 28.4 million cancer cases 

worldwide [4]. There are numerous factors contributing to the high death rate from the disease, 

such as tumor resistance to current treatments and delayed detection brought on by ineffective 

screening and diagnostic programs. 

1.2 Classification of cancer 

There are around 200 distinct forms of cancer. Cancer can be classified on the basis of type of 

cells, or tissues and body part, in which the cancer begins. Some other types are characterized on 

the basis of tumor grade, genetic profile and cancer stage. The nomenclature employed to 
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categorize diverse forms of cancer is predicated on the basis of organ of origin, for example lung, 

prostate, breast, etc. and a specific tissue of genesis within that particular organ. There are 

mainly four tissues viz., muscle, connective tissue, nerves and epithelium. Epithelium is main 

tissue that covers each body surface- internal and exterior. The malignant tumors arising from 

the epithelium are called carcinomas [5]. Depending on the kind of cell, there are six main forms 

of the cancer which have been discussed in the following sections. 

1.2.1 Carcinomas 

Eighty to ninety percent of cancers are carcinomas, the most prevalent kind of cancer cell. This 

type of tumor mainly arises in epithelial cells, which are found in the skin, body cavities and 

organs. Normal epithelial cells are tightly bonded to the beneath basement membrane as well as 

to one another. They never come into contact with blood vessels or lymphatic vessels, nor leave 

their avascular epithelial compartment above the basement membrane. Upon maturing into a 

carcinoma, these essential characteristics disappear. Based on their distinctive characteristics, 

carcinomas are further divided into subtypes. In general, carcinomas fall into just three 

fundamental groups, namely, neuroendo-crine carcinoma, adenocarcinoma and squamous cell 

carcinoma and the last two accounts for the great majority of carcinomas. 

1.2.2 Sarcomas 

Sarcomas are the malignancies of the bones and soft tissues in the body composed of 

mesenchymal cells. Bones, muscles, nerves, tendons, ligaments, cartilage, blood vessels, nerves, 

and fatty tissues are all affected by this type of cancer. 

1.2.3 Myelomas 

Multiple myeloma, commonly known as myeloma, is a malignancy of the immune system’s 

plasma cells. The type of cells which produce antibodies are called plasma cells. 

1.2.4 Leukemias 

Leukemias is blood cells cancer which starts in the bone marrow. Compared to the myelomas 

and lymphomas, leukemias are referred to as “liquid cancers” among blood-related cancers. 

These malignancies are generally treated like solid cancers that have spread because they involve 

blood-circulating cells. 
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1.2.5 Lymphomas 

A kind of cancer which develops from immune system cells is called a lymphoma. Such type of 

tumors can originate from extranodal locations like testicles, stomach, or they might originate in 

lymph nodes.  

1.2.6 Mixed types 

It is not unusual for a malignancy to exhibit traits from multiple tissue types. Certain 

malignancies can have striking similarities to the healthy cells from which they developed. These 

are referred as well-differentiated tumors. Some might not resemble with normal cells at all. 

Their description as undifferentiated can appear on a pathology report. Furthermore, the majority 

of the cancers exhibit heterogeneity. This implies that the appearance of cells in a tumor’s 

distinct section can differ greatly. For instance, certain cells in a lung cancer may resemble 

adenocarcinomas, while other cells may resemble squamous cell carcinomas. It is mentioned to 

have adenosquamous characteristics in pathology report. One form that is sometimes 

differentiated from the rest is blastomas. These are the malignancies that develop in embryonic 

cells, which are the cells that have not yet decided to develop into mesenchymal or epithelial 

cells [6]. 

1.3 Diagnosis of cancer 

One of the most common symptoms experienced by cancer patients is pain. In order to provide 

cancer patients with appropriate and comprehensive pain treatment tailored to their specific 

needs, a patient’s medical history, clinical examination, cause of pain diagnosis and adherence to 

the WHO analgesic ladder principles must be taken into account. 

The incidence and mortality of cancer can be considerably decreased by an efficient early 

detection and treatment. Magnetic resonance imaging (MRI), computed tomography (CT), X-

rays, endoscopy, biopsy, thermography, and sonography are a few of the sophisticated clinical 

techniques being utilized to diagnose the malignancies [7-10]. Most commonly, there is an 

imaging technique employed as well, positron emission tomography (PET) [11]. These 

techniques take a lot of time since they need sample processing and they can only detect 

malignancies that are at different stages [12]. 
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1.3.1 Biomarkers based early identification of cancer 

According to WHO, a biomarker is a substance which can be evaluated in the body and measure 

the incidence of disease [13]. Potential biomarkers include peptides, proteins (enzymes or 

receptors), nucleic acids (DNA or RNA), antibodies, proteomic signatures, metabolic signatures 

and cell mutations. Cancer biomarkers (CB) are the biological substances produced by the cancer 

cells or that are present in bodily fluids and tissues [14]. They provide genetic information about 

the formation of cancerous cells. They can help to determine whether a disease is biologically 

normal or abnormal. The utilization of CB can serve as a vital component in the diagnosis of 

patients’s overall cancer status. Numerous circulating, oxidative stress, protein and cytogenic 

biomarkers have been found via an extensive research. These biomarkers can be measured 

precisely in a clinical setting and may help to ensure the early diagnosis of a number of cancers 

including head, brain, neck, prostate, lung, oral, colorectal, small intestine, endocrine, 

osteosarcoma, renal and pancreatic cancer [15]. It is possible to verify the existence of these 

biomarkers by examining bodily fluids from humans, including blood, urine, serum, plasma and 

tumor cells. Because of their pertinent capabilities with point of care (POC) applications, CB can 

be utilized for an early cancer detection, risk assessment and therapy evaluation [16]. Fig. 1.2 

below illustrates the uses and clinical applications of CB. 

 

Fig. 1.2: Clinical Applications of Cancer Biomarkers 
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1.3.2 Cancer biomarkers 

To mention a few, Prostate-specific antigen (PSA) is a biomarker for prostate cancer that may be 

found in both semen and blood, and it is extensively utilized in the diagnosis and treatment of 

prostate cancer [17].   

Comparably, P53 is another promising cancer biomarker that causes unchecked cell development 

in the body. Hence, it can be used to diagnose a variety of malignancies, like leukemia, lung, 

ovarian, breast and bone cancers [18]. 

Furthermore, it has recently been shown that cancer antigen 15-3 is a potential blood biomarker 

for the identification of breast cancer. CD44 is an additional surface biomarker that may be 

useful for the detection of breast cancer in stem cells (BCSCs) [19]. 

A well-known novel biomarker for the early detection of bladder cancer is apolipoprotein-A1 

(Apo-A1) [20]. 

Additionally, other biomarkers- AFP, CEA and CA125, that are present in the blood or urine of 

patients represent the features of four distinct types of lung cancer [21]. 

Another possible CB is Y-box 2 (SOX2), which can be used to detect cancer early in the course 

of skin, breast, lung, prostate and other cancers [22]. 

Cell adhesion molecules (CAMs) are the receptors on the cell surface that facilitate cell 

attachment in the extracellular matrix (ECM), also enabling intercellular communication and 

interaction. EpCAM, epithelial cell adhesion molecule is a distinct type I membrane protein 

found in CAMs. EpCAM overexpression is highly correlated in most cancer cells with poorer 

survival rates and worse prognosis for cancer patients. For instance, the expression levels of 

EpCAM have been linked to a decline in the overall survival rate of patients with gallbladder 

cancer and are substantially connected with tumor recurrence in colon. Moreover, it has been 

demonstrated that EpCAM gene silencing reduces lymph node metastasis in both primary and 

metastatic breast cancer, migration and cell proliferation. Conversely, EpCAM creates functional 

antagonistic effects on E-cadherin-mediated adhesions and encourages homophilic cell-cell 

interactions. 
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1.4 Techniques for the cancer biomarker detection 

Numerous immunoassays are employed to identify biomarkers in biological fluids and serum. 

Immunoassays are based on the characteristic of particular biorecognition of antigens by 

antibodies [23]. There are weak non-covalent interactions of secondary forces like van der Waals 

forces and hydrogen bonds etc., between the antibodies and antigen epitopes. The strength with 

which antibodies attach to antigens is influenced by these reversible interactions. Primary 

antibodies (pABs) are defined as antibodies in immunoassays that bind directly to a target 

antigen. The secondary antibodies (sABs) have the ability to attach antigen epitopes apart from 

those that are bound by the pABs. The sABs are helpful, since they are typically conjugated or 

labeled with enzymes, they can be used to measure the amount of antigen binding to pAB. The 

immunoassays can be very sensitive and specific, as long as the pABs and sABs have a high 

degree of binding specificity to the antigens that are used as biomarkers. Consequently, an active 

conformation of pAB and sAB determines the specificity and sensitivity of any immunoassay. 

The most widely explored methods in molecular diagnostics are immunoassays. Most commonly 

used techniques including Enzyme-linked immunosorbent assay (ELISA) [24], surface enhanced 

Raman spectroscopy (SERS), electrochemiluminescence immunoassay [25] and 

radioimmunoassay (RIA) [26] have been discussed and summarized also in the Table 1.1.  

1.4.1 Enzyme-linked immunosorbent assay (ELISA) 

The antibodies which are produced in animals directed against a particular biomarker are 

commonly used in ELISA. A particular antigen epitope binds to the immobilized pABs on the 

solid surface. On the other hand, there is bonding between other epitopes and the enzyme-linked 

sABs, creating a sandwich type complex. The enzyme activity which converts a substrate into 

the colorful product is helpful to detect the binding of the antigen with pAB. In biological fluids 

and serum, ELISAs are helpful tools for identifying and measuring biomarker proteins [27]. The 

immobilization chemistry employed to attach the pABs on the surface has an impact on the 

assay’s specificity, which makes the specificity of ELISA-based assays a significant cause for 

worry. pABs can be immobilized by hydrophobic, ionic and covalent interactions. The gradual 

loss of pABs activity leading to non-specific interactions is the main problem with direct protein 

immobilization on the surface. 
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1.4.2 Surface enhanced Raman spectroscopy (SERS) 

Using the ultrasensitive vibrational spectroscopy, the biomarker proteins present on, or near the 

surface of plasmonic nanostructures can be found. The scattering cross-sections of molecules 

immobilized on the metallic nanostructure in SERS are critical to the technology’s usefulness in 

the environmental monitoring, clinical diagnosis and biochemical research. As a result, the 

metallic nanostructures and the immobilization of antibodies on them are essential to the success 

of SERS. New nanoprobes known as SERS tags have been designed as a result of recent 

developments in SERS. By generating robust and distinctive Raman signals, the SERS-active 

nanoprobes can be employed in laser Raman spectrometry or SERS microscopy to identify the 

biomarkers [28]. 

1.4.3 Electrochemiluminescence immunoassay (ECLIA) 

ECLIA works on the same principle as ELISA, antigen-antibody interaction is investigated by 

the fluorescence produced by the chemical reaction. The ECLIA employs specialized reagents, 

such as a captured antibody to neutralize the antigen and a tagged antibody to detect contact. On 

a sturdy support, such as microplate or magnetic bead, the capture antibody is rendered immobile 

[29]. On the other hand, the labeled antibody has an electrochemically active molecule and a 

luminous marker coupled to it. 

1.4.4 Radioimmunoassay (RIA) 

The radioimmunoassay relies on labeled and unlabeled antigens competing with one another for 

a particular antibody sites to generate antigen-antibody complexes. The binded radioactive 

complex gets separated from a free radioactive antigen upon reaching equilibrium. The amount 

of non-radioactive antigen determines the ratio of bound to free forms. A ratio of bound to free 

forms, which is derived by incubating different amounts of known non-radioactive antigen with 

an equal quantity of the antibody, determines the concentration of analytes in blood samples. An 

antibody with a high affinity constant and a highly specific, tagged antigen are needed for this 

procedure. The antibody’s specificity depends on its capacity to identify minute structural details 

of the analytes. They can be quantitatively measured using the radioimmunoassay approach 

because of its many advantages, including high precision, high sensitivity, signal detection 

without optimization, ease of isotope conjugation, and the stability against environmental 
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interference. However, the limited reagent shelf life and requirement for radiation safety 

precautions are the drawbacks of radioimmunoassay. 

Table 1.1: Summary of numerous techniques used for cancer biomarkers detection  

 

1.5 Advanced detection techniques 

The aforementioned techniques typically require laborious separations and complex label 

processing, and thus are unable to satisfy the growing clinical needs for the quick detection of 

cancer biomarkers. Furthermore, the identification of tumor markers with low biogenic 

concentrations is not effectively served by the current methods. Therefore, novel and 

commercially viable techniques that can identify biomarkers quickly and sensitively are the need 

of time. 
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In last ten years, several biosensors have been developed for the early and efficient detection of 

the biomarkers [7, 30, 31]. These biosensors are remarkable because of their high sensitivity, low 

detection limit, great specificity, multiplexing capability and ease of use.   

1.6 Biosensors: A new approach to detect biomarkers 

An analytical tool called a biosensor is used to find any chemical substance or a particular target 

molecule. It is made up of a transducer that generates an electronic signal and a biological 

sensing device. It recognizes the overall physiological shift in the process, which is followed by 

the information transfer that generates the signal. The man known as the father of biosensors is 

Prof. Leland C. Clark. In 1962, he created the first enzyme electrode for glucose analysis using 

glucose oxidase, thus introducing the term “biosensor”. The first biosensor for quick glucose 

detection in the blood samples was introduced to the market commercially in 1975 [32]. 

Currently, numerous research groups are investigating a range of biosensing approaches that are 

utilized in diverse industries. Biosensors are rapid, portable, highly selective and sensitive 

analytical tools. Over the last ten years, biosensors have emerged as the most dependable, 

efficient and precise analytical methods for the biomarker detection globally. The schematic 

representation of biosensor is shown below in Fig. 1.3.                          

 

Fig. 1.3: Schematic View of Biosensing Device 
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1.6.1 Components of a biosensor 

1.6.1.1 Bio-receptor  

Bio-receptors, also known as bio recognition elements are the molecules that particularly interact 

with the analyte, such as an enzyme, antibody, cell, DNA, etc. Bio-receptors require a high 

degree of selectivity towards the particular analyte molecules. 

Antibodies are the most often employed bio-receptor in biosensors; they are categorized as 

polyclonal, monoclonal, or recombinant depending on their production technique and selective 

characteristics. The optimal method for the interaction between an antigen and its specific 

antibody is like a lock and key fit model. 

1.6.1.2 Immobilization matrix 

Bio-recognition components are integrated onto the transducer’s surface using a matrix. It can 

support the preservation of the biomolecule’s functionality and increase the analyte molecule’s 

accessibility. The optimal solid support should possess characteristics, which can improve the 

electron kinetics and biosensor performance. Furthermore, it should be inert, having strong 

bioaffinity, being hydrophilic and readily available at a low cost [33]. The immobilization 

process- covalent bonding, adsorption, trapping, cross-linking, etc., is entirely determined by the 

solid surface that are the chemical characteristics of the bio-receptors. To date, a number of 

immobilization matrices have been proposed by the researchers.  

1.6.1.3 Transducer 

An interaction between the biological sensing element and the analyte turns into a measurable 

electrical signal by transducer. In other words, it has the ability to transform energy from one 

form to another. This procedure is referred as signalization.  

Biosensors can be classified as optical, calorimetric, piezoelectric and electrochemical based on 

the nature of transducing element [34]. Mainly, we are focusing on the electrochemical 

biosensors. 

 1.6.2 Electrochemical biosensors 

Electrochemical biosensors are becoming more and more popular, Because of their excellent 

sensitivity, high selectivity, ease of instrumentation and high reproducibility. They are comprised 

of three electrodes in which Ag/AgCl behaves like reference electrode, Pt works as counter 
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electrode and the prepared electrode functions as a working electrode. On the basis of bio-

receptor such as enzyme, aptamer, nucleic acid and antibody; electrochemical biosensors are 

divided in to four categories. A complete classification of a biosensor is presented in the 

following Fig. 1.4. 

 

Fig. 1.4: Classification of a Biosensor 

1.6.2.1 Electrochemical enzymatic biosensor 

The fundamental idea of electrochemical enzyme biosensors is the detection of an electroactive 

entity following a redox reaction occurring either on electrode or through the use of a mediator. 

There are various advantages to enzyme biosensors. A variety of commercially available 

enzymes have the ability to improve the catalytic properties of an enzyme or its substrate 

specificity. A steady supply of material can be used to catalyze the amplification of a biosensor's 

response [35]. 

1.6.2.2 Electrochemical aptasensor 

Utilizing aptamer biorecognition elements along with other pseudo-natural modalities opens up a 

vast array of biosensor applications that can target different bioanalytes such as proteins, metal 

ions, tiny compounds and even more complicated targets like entire cells. A combinatorial 

selection method namely systemic evolution of ligands by exponential enrichment (SELEX) was 

used to create the single-stranded oligonucleotides known as aptamers. Finding significant 

binding affinities between the target analyte and oligonucleotide sequences is the iterative 

process of SELEX, which ensures the strong and selective interaction pair. 
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1.6.2.3 Electrochemical geno-biosensor 

Nucleic acid (NA) biosensors also known as genosensors are often made up of single-stranded 

(ss) DNA; that hybridizes with the complimentary strand with a very high efficiency and strong 

specificity, making it simple to identify a complementary strand DNA or RNA. In general, the 

use of NA sensors makes it possible to detect various analytes by using functional nucleic acids 

(FNAs) as their probe molecules, many of which go beyond the inherent function of NAs [36]. 

1.6.2.4 Electrochemical immunosensor 

Electrochemical immunosensors are a great biosensing platform for precise measurement of 

protein biomarkers. The biological recognition element, which usually comprises of antibodies 

or antibody fragments, is the essential part of an immunosensor. Electrochemical biosensor that 

monitor the interaction between antibody and antigen is known as electrochemical 

immunosensor. This technique offers high selectivity, sensitivity and low detection cost through 

the process of antibody-antigen interaction. Additionally, immunosensors enhance their 

analytical performance, particularly the sensitivity, in order to meet the demand for a precise 

assessment of the ultra-low quantities of the protein biomarkers. Then, a growing number of 

signal amplification approaches will be widely used in the immunosensing field, such as 

molecular biological techniques and nanosignal amplification strategies. In conclusion, 

immunosensors will become more and more crucial for precise protein biomarker identification 

in the realm of clinical diagnosis due to their rapid development. 

1.6.3 Electrochemical immunosensors for cancer biomarkers detection 

The development of electrochemical immunosensors holds up the possibility of an intriguing 

solution to the problems in the field of cancer diagnostics [37, 38]. Through the straightforward 

transmission of electrical signals originating from the particular antibody-antigen interaction, 

which produces a direct readout, these immunosensing approaches can quickly detect the tumor 

markers. However, the need for intricate setups, labeled antibodies, or tagged antigens frequently 

prevents these techniques from being widely used. Label-free analysis and detection is therefore 

the better option [39]. Label-free detection helps with shrinking and the development of 

extremely portable equipment in addition to saving laborious and time-consuming operations. 

The label-free immunosensors can immediately analyse the electrochemical signals produced as 

a result of immunochemical reaction on electrode’s surface by using a redox probe. The redox 
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probe will experience a decreased electrochemical signal as a result of the non-conductive 

immunocomplex that was produced as a result of the particular immunological reaction. This is 

because the immunocomplex will increase in impedance and prevent the direct electron transfer 

through the redox probe. Real-time and in-situ detection is made possible by the redox probe's 

electrochemical signal's direct reliance on biomolecular interactions. Though there have been 

some recent advancements [40, 41], these methods are still in their early stages and additional 

research is undoubtedly needed. A modification is still required for further improvement in the 

sensitivity and selectivity of immunosensor. The most important factor to improve the sensitivity 

of electrochemical immunosensors is based on the highly active transducer material having a 

large specific surface area and numerous active sites. 

1.7 Two dimensional (2D) materials 

Crystalline solids with one or more atomic layers make up 2D materials. On the basis of 

chemical composition and structural arrangement, the 2D materials are classified as insulators, 

superconductors, metallic and semiconductors.  Specifically, 2D materials are the best choice for 

enhancing their physicochemical characteristics and creating their functionalities at the atomic 

level through element doping, bandgap engineering, surface functionalization or chemical 

modification and thickness control, all of which are challenging to accomplish in bulk materials 

[42]. Recently, there is a significant interest in 2D ultrathin materials, such as grapheme and 

transistion metal dichalcogenide (TMDs), as well as other 2D materials, such as hexagonal boron 

nitride (h-BN), MXenes, transition metal oxides (TMOs), graphitic carbon nitride (g-C3N4), 

layered double hydroxide (LDH) with modified physiochemical and electrical characteristics. 

The schematic representation of various 2D-materials along with their structures is shown in Fig. 

1.5. 

The most studied material, graphene possesses extraordinary properties such as 2D planar 

structure, high surface area, excellent thermal conductivity and fast carrier mobility.  
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Fig. 1.5: Schematic representation of 2D-materials along with their structures, Adapted with the 

permission from [43]. Copyright © 2022 Elsevier 

The development of 2D heterostructures is driven by their potential applications and areas of 

crucial interest. Generally, the creation of a heterointerface through the stacking of two distinct 

materials is referred as a heterostructure [44]. Based on the various functions, a variety of 

heterostructures have been described, including inorganic–semiconductor, semiconductor–metal, 

and semiconductor–carbon. On the other hand, the design and consumption of 2D/2D 

heterostructures have gained attention in electrochemical applications [45]. 2D heterostructures 

are fabricated by both ex-situ and in-situ techniques. The ex-situ synthetic approach involves the 

preparation of each 2D material component individually, after which the 2D heterostructure 
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composite is formed via liquid-phase exfoliation, chemical vapor deposition (CVD), or epitaxial 

growth [46]. In terms of cost-effectiveness and scalability production, the ex-situ synthetic 

approach offers a number of benefits. However, it takes a long time to get the component 

ingredients and involves multiple intricate synthesis techniques and expensive instruments. The 

hydrothermal, solvothermal and sol–gel techniques are the part of in-situ synthesis strategy and 

can manufacture 2D heterostructure at the nanolevel with uniform distribution [47]. The 

diagrammatic representation of synthesis methods and properties of 2D hetrostructures is shown 

in Fig. 1.6. 

 

Fig. 1.6: Diagrammatic representation of synthesis methods and characteristics of 2D-materials, 

Adapted with the permission from [43]. Copyright © 2022 Elsevier 
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The 2D heterostructures exhibit remarkable characteristics, such as good electric conductivity, 

reasonably high electrocatalytic activity, and high concentrations of the electroactive sites. These 

improved characteristics enable the redox properties of the various electroactive molecules or 

ions, thereby improving peak-to-peak separation, selectivity, and sensitivity in complex samples.  

On the other hand, 2D material surfaces functionalized with biomolecules and/or linkers offer 

mechanical stability, conductivity, and affix sites to enhance direct electron transport [48]. 

Because of this, 2D materials have been used to develop the biosensors. Additionally, by simply 

functionalizing their surfaces, 2D materials can work as extremely effective probes for the 

detection of biomolecules and cancer biomarkers. Recently, MXene has been extensively studied 

as a novel material. MXene possess distinct electronic characteristics, high surface area, 

excellent biocompatibility as well as terminated with multiple active groups, including hydroxyl 

groups, oxygen ions and fluorine ions, which make it a suitable candidate for the cancer 

biomarker detection [49]. 

1.7.1 MXene 

In 2011, researchers at Drexel University made the discovery of a brand-new class of 2D-

materials called MXenes [50]. The MXenes group consists of carbonitrides, carbides and nitrides 

of transition metals having the general formula Mn+1Xn, where X is carbon and/or nitrogen, M is 

early transition metals (Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo etc.) and n is 1, 2 or 3 [51]. The name 

“MXene” is chosen to detect the parent carbonitride, nitrides and carbide, or MAX phases, that 

are the main precursors for MXenes synthesis, as well as to highlight the similarities between the 

2D-materials family and graphene. The general formula for MAX phases, which are stacked 

ternary carbides and nitrides, is Mn+1AXn, where A represents group 13 or 14 elements [52].  

The first step in the synthesis of MXene is to etch the A-element atomic layers of the MAX 

phase. Generally, ‘A’ layers etching from the MAX phase results in the surface modified with 

various functional groups (–OH, –F, –O), which further provide a favorable microenvironment 

for the bioreceptor (DNA, enzymes, proteins, etc.) immobilization and help to retain their 

bioactivity and stability. After etching, multilayered MXene sheets are produced having 

hydrogen bonds and van der Waals forces among the 2D-layers. Since, all the A-element layers 

have been removed, therefore washing is necessary to eliminate the remaining acid and the 

reaction products and bring the pH down to a safe level (about 6). Typically, washing involves 
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decanting the acidic supernatant and repeatedly centrifuging the multilayered MXene to separate 

it from the acidic solution. The multilayered flakes can be collected, either by vacuum-assisted 

filtering or vacuum-dried. It is well known that the Ti3C2Tx is one of the most studied MXene 

having a large specific surface area, good biocompatibility, and the excellent electrical 

properties. Such features enable Ti3C2Tx for its better applications in supercapacitors, sodium 

and lithium ion batteries, biosensing and energy conversion fields. The 2D-structure of Ti3C2Tx 

has been shown in Fig. 1.7. 

 

Fig. 1.7: Structure of Ti3C2Tx 

1.7.2 Properties of MXenes 

MXene’s notable characteristics are its tunable bandwidth, high electric and thermal 

conductivities, and maximum range of Young’s modulus, all of which are acknowledged as 

special and advantageous. Especially, the enhanced thermal conductivities and hydrophilic 

nature of MXenes distinguish them from other two-dimensional materials [53]. Finally, 

morphology/geometric structure correlations, surface functionality and composition can all be 

used to modify the related features and explosive performances. MXene’s tunable bandwidth, 

widest Young’s modulus range, and enhanced thermal and electrical conductivities are 

considered as unique and most beneficial attributes. 

1.7.2.1 Mechanical properties 

Using atomic force microscopy measurements, the Young’s modulus and breaking strength of 

Ti3C2Tx (MXene) flakes were found to be 333 GPa and 17.3 GPa, respectively. The value of 

Young’s modulus was found to be highest, when compared to the other similar 2D-materials, 
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such as graphene oxide etc. In comparison to graphene membranes, the synthesized Ti3C2Tx 

monolayer via HF etching giving a flexible layer which exhibits much more localized punctures. 

MXenes have better interaction with polymeric matrix because of the surface functionalities than 

graphene in composite applications [54]. Some theoretical research indicates that functional 

groups improve the mechanical characteristics of MXene. MXene’s -F, -O and -OH terminals 

have the ability to relieve both monoiaxial and biaxial stresses. Once comparing the MXene to 

graphene compounds, it is far better for further use. The functional groups increase the 

mechanical flexibility by preventing the atomic layer disintegration. The MXene planes exhibit 

stronger bonding than other planes. Therefore, it is feasible to mechanically exfoliate MAX 

phase as opposed to chemically exfoliate them. 

1.7.2.2 Electrical and thermal properties 

Ti3AlC2 exhibits high thermal oxidation and thermal conductivity. Thermal conductivity for 

Ti3C2Tx films is discovered experimentally to be approximately 2.84 W/m K. Ti3C2Tx films are 

extremely flexible in nature and have a metallic conductivity of 2400 S/cm [55]. It is reported 

that the annealing temperature and film thickness have a big impact on the sheet conductivities. 

1.7.2.3 Optical properties 

Two main optical characteristics of MXene are their high transparency and photothermal effect. 

Another crucial characteristic of Ti3C2Tx films is the strong surface plasmonic effect [56].  

1.7.2.4 Chemical properties 

MXenes often have a surface that is hydrophilic. High volumetric capacitance is a property of 

titanium-based MXene due to the redox-active Ti atom. The carbide layer owing to its 

conductive nature has the ability to increase the flow of electrons toward redox-active spots [57]. 

Additionally, it can transport ion quickly. As a result, it gained popularity as a candidate for 

pseudocapacitors, which increase energy density by utilizing the rapid redox reactions. 

1.7.3 MXene-based hybrid materials 

MXene sheets are bound together by van der Waals forces of attraction. There may be restacking 

due to weak forces present in between the sheets, which further reduces the exposure of 

electrochemical active sites. Furthermore, MXene has a serious disadvantage of agglomeration in 

biological medium [58]. Hence, it becomes necessary to modify the MXene’s surface to improve 
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its stability in biological sensing applications. Consequently, in order to improve the stability and 

biocompatibility of MXene, numerous metals, metal oxides and metal sulphides are being 

studied for MXene-based hybrids formation.    

1.8 Synthesis of MXene 

To synthesize MXene, numerous top-down and bottom-up methods have been devised. These 

methods include non-etching methods such as chemical vapor deposition as well as etching of 

MAX phase precursors and other ternary stacked carbides [59].  

1.8.1 Top-down approach 

Top-down technique is generally used to fragment bulk materials thereby producing 

nanostructured materials. MXenes are currently being synthesized by various methods via top-

down approach. Hydrogen fluoride (HF) etching, electrochemical etching, hydrothermal etching 

and fluorine-free etching etc are such methods. These preparation techniques not only have a 

significant impact on MXene's shape, but also determine the properties of the prepared material 

simultaneously. General synthesis of MXene is represented in Fig. 1.8. 

 

Fig. 1.8: General synthesis of MXene 

1.8.1.1 HF etching 

Recently, HF etching of MXenes has become more and more popular, with potential global 

applications. In-situ HF etching and direct HF etching are two most popular techniques used for 

the preparation of MXenes. 

In-situ HF etching is usually produced by HCl and LiF mixture, which are less aggressive 

etchants. They can produce MXene flakes with greater lateral dimensions, improved 

electrochemical parameters and lesser flaws [60].  
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On the other hand, direct HF etching is based on immeressing MXene’s precursors directly in 

HF, for example, the Al layer from Ti3AlC2 to create multi-layered Ti3C2Tx, where the 2D layers 

are held together by hydrogen and van der Waals forces [61]. In the first synthesis method, 

Naguib et al. used direct HF as an etching reagent to create MXene from the MAX phase 

(Ti3AlC2). They dissolved Ti3AlC2 powder in a 50% aqueous dispersion of HF and agitated the 

mixture for 2 h at 25 °C [62]. This approach is based on the following reaction: 

Mn+1AXn+ 3 HF → Mn+1Xn (s) + AF3 + 3/2 H2 (g) 

Mn+1Xn (s) + 2 HF → Mn+1XnF2 + H2 (g) 

In this process, the “A” layer etching of the MXene precursors results in the multilayered MXene 

nanosheets [63]. According to the aforementioned equation, hydrogen evolution paves the stage 

for the probable exfoliation of MXene’s adjacent layers. Furthermore, intercalation and 

delamination of etched MXene are often needed to increase the interlayer spacing between the 

MXene sheets so that these may be converted into the individual 2D sheets. Polar chemical 

compounds like tetramethyl ammonium hydroxide (TMAOH) and dimethyl sulfoxide (DMSO) 

are often used as intercalants [64]. 

1.8.1.2 Bifluoride salt etching 

Bifluoride salts are another alternative to HF, as they are somewhat milder etchants. Etching the 

“A” layers from MAX phases may require more time and higher temperature when using the 

milder etchant. Ammonium bifluoride (NH4HF2), sodium bifluoride (NaHF2), and potassium 

bifluoride (KHF2) are the three types of salt that are being utilized most frequently [65].  

Ti3C2Tx nanosheets were created by Feng et al. using the etchants NH4HF2 and HF [66]. A 

comparative morphological and electrochemical analysis was then conducted for the purpose of 

desalination. The results showed that the HF-etched Ti3C2Tx interlayer spacing rise by 1.6 Å 

from 18.4 to 20.0 Å, while the NH4HF2-etched Ti3C2Tx interlayer spacing increased by 6.4 Å. 

Furthermore, it has been reported that the high value of O and F content in NH4HF2-etched 

Ti3C2Tx as compared to the HF-etched Ti3C2Tx further improves the conductivity and oxidative 

stability. 
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1.8.1.3 Molten salt-based etching 

Molten salt etching has proved to be one of the most popular etching techniques as an alternative 

to HF-etching. Urbankowski et al. created titanium nitride (MXene) using molten salt etching 

technique [67]. Since HF is not used, this method of etching MAX phase is far safer than 

previous techniques. A replacement reaction mechanism is employed to etch Max phase by 

heating them in the presence of molten Lewis acid salt. This method broadens the range of 

MAX-phase precursors that can be used to create new 2D materials and presents significant 

chances to adjust the surface chemistry, characteristics of MXenes, and oxidative stability [68]. 

1.8.1.4 Electrochemical etching  

It is an intrinsically electron transfer electrochemical mechanism which is used during the 

etching process. Although the majority of techniques depend on the etchants, they can modify 

the etching outcomes to a certain degree, however this can be disregarded in electrochemical 

etching because it doesn't need an etchant [69]. This method can be applied to carbide-derived-

carbon (CDC) by employing salts based on fluoride and chloride as the electrolytic system. 

Although, this method is frequently criticized for producing low yields due to the concurrent 

CDC layer over MXenes, it is possible to selectively remove the "A" layer under a specific 

voltage by using the MAX phase as an electrode, and precise control over the synthesis is made 

possible by the modulation of the etching voltage window [69]. CFC substrates and diluted HCl 

electrolytes are two of the most common electrochemical etching materials. 

1.8.1.5 Hydrothermal etching 

An effective method for isolating HF exposure and etching MXene precursors in a closed 

environment is the hydrothermal technique. Composites with controlled morphologies and high 

crystallinity can be made by sealing etchant and MAX phase in a vessel at high temperature and 

pressure [70]. Guo et al. reported the complete etching of Ga from Mo2Ga2C at 140–180 °C in 24 

h [71]. Ti3C2Tx and Nb2CTx were synthesized by Peng et al. in an autoclave by using a mixture 

of NaBF4 and HCl, and then compared with their equivalents that were directly HF etched. By 

using hydrothermal treatment, it takes 16 h to thoroughly etch the Al layer from Ti3AlC2. That 

was proved by very less shift of (002) diffraction peak than that of its HF-etched counterpart, 

suggesting a greater interlayer gap. It's noteworthy to understand that, in contrast to the 

conventional HF etching, strong peaks of TiC impurities are started to appear after etching for 
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more than 20 h at temperatures of 140–180 °C. This analysis reveals the efficacy of 

hydrothermal treatment for precursors which are unable to exfoliate easily.  

1.8.1.6 Ionic liquid-based etching 

During synthesis of MXene, fluorine based etchants generally produce fluoride ions, which are 

bad for the environment and people. Recently, Husmann et al. reported a novel synthesis 

technique that uses fluorine-containing ionic liquids (IL) to etch off the Al from Ti3AlC2 and 

Ti2AlC to generate Ti3C2Tx and Ti2CTx, respectively, without the need of acid [72]. In an 

aqueous environment, ILs such as 1-butyl-3-methylimidazolium hexafluorophosphate 

(BMIMPF6) and 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4) act as etching and 

intercalating agents. The IL serves as an etchant and an intercalant, therefore it creates MXenes 

with more interlayer space in between the sheets. Unlike other fluorine-containing acid methods, 

this method does not cause fluorine to dissociate as fluoride ions. 

1.8.2 Bottom–up approach 

The needs of various point-of-care devices are still not met by MXenes synthesized using the 

aforementioned top-down approaches. The use of MXenes in electrochemical applications may 

be limited by their weak electrical characteristics, faulty structure and surface entanglement with 

numerous functional groups, including -Cl, -OH, -F, and -O. Fortunately, bottom-up methods 

such as CVD offer innovative ways to create high-grade, thermally stable MXenes [73].  

1.8.2.1 Chemical vapour deposition (CVD) 

CVD is frequently utilized as a fluorine-free etching technique to fabricate 2D-nanosheets. Xu et 

al. have used this technique to produce ultrathin Mo2C with a large and clean surface area. The 

growth of 2D-Mo2C crystals was characterized by HAADF-STEM and could be regulated by 

applying a high temperature to achieve thick and lateral size. The remarkable chemical and 

thermal stability of ultrathin-Mo2C made their superconductivity exceptionally dependable. 

Additionally, the MXenes produced by this flexible CVD growth process have rather high 

transverse dimensions. Even so, a great deal of research has shown that pyrolysis and CVD are 

effective ways to produce MXenes. However, the shape of the MXenes synthesized using this 

approach varies, making it challenging to identify the MXene structure. 
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1.9 Applications of MXenes and MXene-based hybrids for cancer biomarker detection  

The review of existing literature reveals that MXenes and their hybrids have been utilized as a 

sensing platform for cancer biomarkers detection. An electroactive screen-printed electrode 

(SPE) platform based on MXene has been developed by Selcan et al. [74] for the detection of 

sarcosine (a prostate cancer biomarker). An efficient SPE based on MXene pre-loaded with 

methylene blue has been proposed by Sana et al. [75] for selective detection of CD44 proteins. 

Further, Sue et al. [76] constructed a novel bifunctional electrochemical biosensor for circulating 

tumor cells (CTCs) detection using prussian blue-MXene composite films. A surface plasmon 

resonance biosensor has been designed by Anil et al. [77] for CEA detection using graphene, 

MXene and MoS2. A gold nanoparticles and MXene composite based electrochemical sensing 

platform has been developed by Xiongtao et al. [78] for KRAS gene detection. The Ti3C2Tx-Au 

hybrid was further used by Gul et al. [79] to fabricate a novel electrochemical immunosensor for 

calreticulin detection. An esophageal cancer marker, CA19-9 has been detected by Qifie et al. 

[80] using MXene based electrochemical immunosensor. Qiong et al. [81] developed a two-

dimensional amino-functionalized MXene based SPR biosensor for CEA antigen detection. The 

aminosilane functionalized MXene nanosheets have been developed by Saurabh et al. [82] for 

CEA antigen detection. Further, Quan et al. [83] proposed an electrochemical immunoassay 

based on AuNPs/M-NTO-PEDOT composite for sensitive detection of prostate specific antigen. 

Huixin et al. [49] developed an electrochemical biosensor by in-situ hybridization of Prussian 

blue on the surface of MXene for successful detection of exosomes. Furthermore, a sensitive 

electrogenerated chemiluminescence (ECL) biosensor was reported by Huixin et al. [84] based 

on aptamer modified MXene nanosheets for exosomes detection. A novel sandwich type 

biosensor has been fabricated by Linlin et al. [85] for high performance detection of exosomes. 

They used amino-functionalized Fe3O4 combined with EpCAM aptamer modified MXene 

nanosheets. Further, exosomes are identified by Qiannan et al. [86] by constructing an 

electrochemical biosensor using Au-nanoarray modified MXene nanosheets as a transducer. 

1.10 Objective 

The main objective of this thesis is to develop an immunosensor by using a new class of 2D-

materials, MXene and its hybrids with metal, metal oxides and metal sulphides for the detection 

of cancer biomarker. The fabrication of electrochemical immunosensor has been accomplished 

by following stages: 
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 Synthesis and modification of MXene by less hazardous method as well as investigating the 

parameters, which affect the electrochemical performance. 

 Characterization of synthesized materials by structural and morphological techniques. 

 Fabrication of transducer matrix by electrophoretic deposition of material on ITO electrode 

and dip coating method. 

 Covalent immobilization of antibody onto the prepared coated electrode. 

 Electrochemical response studies of the bioelectrode using different electrochemical 

techniques for cancer biomarker detection. 

 Reproducibility, selectivity and stability studies of immunosensors. 

 Clinical validation of the results using spiked artificial serum samples with biomarker. 

1.11 Thesis Organization 

This thesis focuses on the synthesis, characterization and application of Ti3C2Tx and its hybrid 

with Ag, TiO2 and CuS, in order to create efficient electrochemical immunosensors for the 

targeted detection of EpCAM antigen.  

This thesis comprises of eight chapters highlighting the research work in the following 

sections: 

Chapter 1 presents a thorough overview of cancer, its classification and various techniques 

available for the detection. Further, biomarker based early cancer detection has been explained 

with special emphasis on electrochemical biosensors. In addition, an attempt has been made to 

provide a descriptive literature review of MXene especially properties and different methods of 

synthesis. 

Chapter 2 outlines the details of experimental methods used for the structural and 

morphological analysis of all prepared materials and modified electrodes. These methods include 

scanning electron microscopy (SEM), transmission electron spectroscopy (TEM), X-ray 

diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX). Further, there have been 

attempts to explain all the electrochemical techniques such as differential pulse voltammetry 

(DPV) and chronoamperometry which are being used to characterize all the fabricated electrodes 

and electrochemical immunsensors.  
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Chapter 3 describes the fabrication of electrochemical immunosensor by using the Ti3C2Tx for 

cancer biomarker detection. The hydrothermally synthesized-Ti3C2Tx has been proved to be an 

efficient material to fabricate the immunosensor’s platform for biosensing studies due to its high 

metal-like conductivity and hydrophilic nature. The electrochemical response data of the 

fabricated BSA/anti-EpCAM/Ti3C2Tx immunosensor show a very broad linear range (0.1 fg/ml 

to 100 ng/ml) for the detection of EpCAM antigen. Additionally, the long stability of this 

immunosensor provides a benefit for EpCAM antigen detection in serum samples. 

Chapter 4 deals with the research findings of novel CuS-anchored 2D-Ti3C2Tx hybrid based 

electrochemical immunosensor. Wherein, a CuS/Ti3C2Tx hybrid has been synthesized by a novel 

one-pot hydrothermal method. The synthesized material was then deposited onto the ITO 

electrode by electrophoretic method. It was observed from the investigations that there is an 

increase in the rate of electron transfer for CuS/Ti3C2Tx@ITO electrode as compared to 

Ti3C2Tx@ITO, thereby making it promising material for anti-EpCAM immobilization. Further, 

the electrochemical results with anti-EpCAM/CuS/Ti3C2Tx@ITO electrode demonstrated the 

good reproducibility, selectivity and stability for EpCAM antigen detection.  

Chapter 5 reveals the development of an extremely sensitive electrochemical immunosensor for 

the detection of label-free EpCAM antigen by using 2D/2D TiO2/Ti3C2Tx hybrid. An in-situ 

development of 2D-TiO2 on Ti3C2Tx-sheets leads to the enhancement of surface area and 

biocompatibility of immunosensor. The immunosensor is developed by immobilization of anti-

EpCAM onto the electrophoretically deposited ITO electrode. The developed BSA/anti-

EpCAM/TiO2/Ti3C2Tx@ITO immunosensor is found to possess very low detection limit (0.7 

ag/mL) and extremely high sensitivity. This immunosensor has exceptional selectivity, excellent 

long term stability and specificity.  

Chapter 6 elaborates the fabrication of a cost effective, biodegradable and flexible paper-based 

immunosensor for EpCAM antigen detection. The conducting paper (CP) was fabricated by the 

dip coating of Whatman paper in aq. suspension of CuS and PEDOT:PSS. Further, 

electrochemical parameters were enhanced by doping the CP with dimetyl solfoxide (DMSO). 

Then, anti-EpCAM was immobilized and the resulted immunosensor was further utilized to 

detect the EpCAM antigen. It was observed that, the immunosensor shows an excellent 
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reproducibility, stability and selectivity along with high sensitivity (104.31 µA pg
-1

 mL) for 

EpCAM detection. 

Chapter 7 deals with the fabrication of novel CP immunosensor based on Ag, Ti3C2Tx and 

PEDOT:PSS for EpCAM antigen detection. CP based transducer matrix was prepared by dip 

coating method. Further, anti-EpCAM was covalently immobilized and kept the same for 8 h at 4 

°C in a humid chamber. The electrochemical studies suggested that the biodegradable 

immunosensor shows the good selectivity (Kselectivity < 1), and clinical applicability to detect the 

EpCAM antigen in humans. 

Chapter 8 outlines the summary of all the investigations and applications of MXene-based 2D-

materials for cancer biomarker detection. Further, the potential avenues for future research based 

on 2D-materials have also been reported in this chapter. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL TECHNIQUES 

 

2.1 Introduction 

The details of all the materials and experimental techniques used for the fabrication of MXene 

and its hybrids based electrochemical immunosensor to detect the EpCAM antigen have been 

reported in this chapter. Further, a range of analytical methods were used to characterize the 

Ti3C2Tx, CuS/Ti3C2Tx, TiO2/Ti3C2Tx and Ag/Ti3C2Tx and other modified electrodes. An attempt 

has been made to provide an explanation of the methods and techniques employed to estimate 

several factors associated with the effectiveness of synthesized materials for detecting the cancer 

biomarkers. Moreover, various factors are being discussed for the effective immobilization of 

antibody onto the fabricated transducer surfaces. This chapter also covers the summary of 

different protocols used to estimate the performance-related characteristics for the reliability of 

immunosensors. 

2.2 Materials 

All the details of materials utilized during different studies are being reported in the following 

sections. 

2.2.1 Chemicals 

Titanium aluminium carbide (Ti3AlC2), sodium tetrafluoroborate (NaBF4), copper sulfate 

pentahydrate (CuSO4.5H2O, ~98.5%), sodium thiosulfate pentahydrate (Na2S2O3.5H2O), 

hydrochloric acid (HCl, 36.46%), PEDOT:PSS (1.3 wt% dispersion in H2O), silver nitrate 

(AgNO3, ~99%), PEDOT:PSS (1.3 wt% dispersion in H2O), N-(3-dimethyl aminopropyl)-N'-

ethyl carbodiimide hydrochloride (EDC), artificial human serum, N-hydroxy succinimide (NHS), 

epithelial cell adhesion molecule (EpCAM) antigen and bovine serum albumin (BSA)  all were 

procured from the Sigma-Aldrich, USA. Atlas Antibodies provided the epithelial cell adhesion 

molecule antibody (anti-EpCAM) while Thermo-Fischer Scientific provided the ethylene glycol 

(EG), potassium phosphate (KH2PO4), N,N-dimethyl formamide (DMF), dibasic potassium 

phosphate (K2HPO4), dimethyl sulfoxide (DMSO), sodium chloride (NaCl) and N,N-dimethyl 

acetamide (DMA). The Whatman filter paper grade 1 (thickness ~ 0.18 mm) was purchased from 

GE healthcare, UK. Indium tin oxide (ITO) coated glass sheet was procured from Techinstro. All 
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the solutions including buffers were freshly prepared in distilled water (Milli-Q, 18.2 MΩ cm) 

prior to their use. 

2.2.2 Buffers 

 0.2 M phosphate buffer saline (PBS) having 0.9% NaCl of pH 7.4 

 PBS (pH= 6 to 8.2) containing 5 mM [Fe(CN)6]
3-/4-

 

2.3 Structural and morphological characterization techniques 

The research work presented in this thesis focuses on the (1) synthesis of MXene (Ti3C2Tx) and 

its hybrids (CuS/Ti3C2Tx, TiO2/Ti3C2Tx, Ag/Ti3C2Tx), followed by fabrication of transducer by 

using glass substrate coated with ITO and Whatman paper, and then (2) immobilization of anti-

EpCAM (antibody) onto the fabricated electrodes for investigating their potential for EpCAM 

antigen detection. The prepared materials and the modified electrodes were structurally 

characterized at different stages of fabrication by techniques like Fourier transform infrared 

(FTIR) spectroscopy and X-ray diffraction (XRD). An elemental characterization was done by 

energy dispersive X-ray (EDX) spectroscopy, while scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) techniques were used for the morphological analysis.    

2.3.1 X-ray diffraction (XRD)  

It is a structural characterization method explored to detect the crystalline nature, chemical 

composition of unknown material in depth. The atomic structure of macromolecules can be 

ascertained with this technique, whereas for extremely small-sized materials, it can determine the 

material’s crystallinity, composition, strain, crystal size and crystal structure. This method is also 

useful to describe the preferred orientation, crystallite size and crystallographic structure of a 

polycrystalline sample [1]. This technique’s operation is based on Bragg’s rule, which describes 

how an X-ray beam strikes the sample’s crystal lattice and reflected at specific angles, revealing 

the details about the sample’s composition and structure. The X-ray diffractometer is being used 

to capture the XRD patterns. A pictorial representation of X-ray diffractometer is shown in Fig. 

2.1.  
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Fig. 2.1: (A) Schematic view of XRD; (B) XRD diffraction pattern of Ti3C2Tx  

Additionally, the data of five highly intense peaks are utilized to determine average peak 

broadening. Thereafter, the material’s structural characteristics can be examined with this data 

[2]. An average particle size of a material can be calculated by using the Eq. 2.1, namely, Debye-

Scherrer equation as given below. 

D = Kλ / βcosθ                                                                                                                          (2.1) 

Where, D denotes the crystalline size of particle, λ is the X-ray wavelength, K is the Scherrer’s 

constant (0.98), θ is the Bragg’s angle and β is the line broadening at full-width half maxima. 

In this thesis, a Bruker D-8 advance X-ray diffractometer having radiation of monochromatic 

wavelength radiation (1.54 Å) is used to perform structural characterization of all the synthesized 

materials and electrodes. 

2.3.2 Fourier transform infrared (FTIR) spectroscopy 

The foundation of the Fourier transform infrared spectrometer is infrared spectroscopy which is 

useful to study the interaction of electromagnetic radiation with the material. Due to its excellent 

accuracy, quick analysis, easy handling and increased sensitivity, it is widely used for the 

structural characterization. The basic idea behind FTIR is that certain infrared radiation energy or 
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frequencies are absorbed by molecules due to their atomic vibrations. Once the material absorbs 

electromagnetic radiation from a light beam at each wavelength, it creates a variety of spectral 

lines that further reveal the chemical composition of the material [3].  

The Michelson interferometer has been found helpful to examine the chemical composition of 

any material in FTIR spectroscopy. Basically, it is made up of four parts: (a) a filament, (b) a 

beam splitter, (c) a detector and (d) two mirrors positioned as depicted below in Fig. 2.2. The 

infrared radiation is emitted by the source and splits into two parts via a beam splitter. These two 

distinct light beams continue travel on two separate paths, and reflecting off by mirrors at the 

end.  Following reflection, these distinct beams merge to produce interference, which is then 

analyzed by the detector. FTIR is an effective characterization method that has many benefits 

over other dispersive measurements, like greater spectrum range, increased sensitivity, quicker 

data acquisition, reduced sample requirements, improved signal to noise ratio etc [4].  

 

Fig. 2.2: (A) Schematic view of Michelson interferometer; (B) FTIR spectra of Ti3C2Tx 

In this thesis work, the FTIR Perkin Elmer Spectrum 2 in attenuated total reflection (ATR) mode 

is being used to investigate the functional groups present in all the sample materials (MXene and 

its hybrids) and modified electrodes from 400–4000 cm
-1

 frequency range. 
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2.3.3 Scanning electron microscopy (SEM) 

The purpose of this technique here is to examine the sample’s surface morphology. An image of 

a sample is observed by the SEM using electrons instead of light. In comparison to other 

microscopes, SEM has the advantage of providing a considerably higher depth of field, which 

allows for the simultaneous access to more specimens. 

The primary parts of a SEM are an electron source, a column through which an electron beam 

travels by using electromagnetic lenses, an electron detector, a specimen chamber, a computer 

and a display unit that shows the images. As seen in Fig. 2.3, the SEM uses a concentrated, high-

energy electron beam to produce signals at the surface of the solid objects [5]. 

 

Fig. 2.3: (A) Pictorial illustration of SEM instrumentation; (B) SEM image of Ti3C2Tx 

The principle of this technique is based on the production of high-energy electrons at the top of 

the column, where they accelerate downward and pass through several lenses to form a 

concentrated electron beam that strikes the specimen surface [6]. Additionally, SEM uses a 

variety of pumps to create vacuum conditions in the specimen chamber, which produces 
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specimen micrographs. As the specimen and electrons interact, resulting in the production of 

signals which are subsequently detected by the detector. In this work, the morphology of the 

synthesized 2D-materials and the constructed electrode surface before and after antibody 

immobilization were examined by using SEM (EVO-18, ZEISS).  

2.3.4 Transmission electron microscopy (TEM) 

TEM is being used to study the smallest structure of any material or specimen. High-energy 

electrons are utilized under this microscope to provide information about the sample’s 

morphology, crystallographic data and composition. TEM can both visualize a specimen’s 

nanoscale range in detail and magnify it up to a million times.  

In comparison to other microscopes, TEM employs an electron beam that is far shorter in 

wavelength than visible light, which further increases the resolution of this instrument. This 

explains TEM’s enormous importance in the biological and medicinal domains [7]. The process 

of image visualization in TEM is quite similar to that of SEM. The mechanism of TEM includes 

the production of high-energy electron beam by an electron gun, which further travels through 

the microscope’s vacuum tube as shown in Fig 2.4.  

 

Fig. 2.4: (A) Pictorial view of TEM instrumentation; (B) TEM image of Ti3C2Tx 
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The electrons move through the tube in a fine beam that is focused by the electromagnetic lens 

positioned in between, and then striking the thin specimen. Depending on how this turned out, 

the electrons may either hit or scatter onto a fluorescent screen that is positioned at the bottom of 

the microscope. Subsequently, the display device reflects the specimen’s image. Basically, the 

image consists of different shades of the specimen’s sections based on how densely the specimen 

displays on the screen [8].  

In this thesis, the layered morphology of MXene was observed by using CYRO-transmission 

electron microscope (TALOS). 

2.3.5 Energy dispersive X-ray (EDX) spectroscopy 

It is an excellent method for measuring the chemical compositions in conjunction with TEM. 

Although EDX is not a quantitative technique, it can identify the contaminants by detecting the 

small amounts of elemental composition. The mechanism of EDX speaks about the interaction of 

TEM’s electron beam and atoms present in the sample when it strikes on the sample surface. An 

X-ray radiation is produced by this interaction that is unique to each element. Hence, the 

chemical elements in the sample are identified and quantified using this characteristic X-ray.  

It is simple to quantify the content and amount of heavy metal ions using the EDX, but it is more 

difficult to identify the elements with atomic numbers lower than 11. When heavy metal ions 

such as palladium, silver, and gold are present in the material that are close to or at the surface of 

the sample, the composition of these particles can be analyzed by using the EDX [9]. Here, we 

have used the TEM-EDX (TALOS) to perform the elemental evaluation of prepared materials. 

2.4 Electrochemical techniques  

To study the electrochemistry of the samples, we employed an electroanalytical technique, where 

potential or current responses are measured that occurs within the electrochemical cell. In case of 

biosensors, this method is very helpful to determine the reactivity of analyte by measuring 

current or potential changes against the concentration of analyte. In majority of the 

electrochemical methods, three electrodes set up are employed: the counter electrode (CE), the 

reference electrode (RE) and a working electrode (WE) [10].  A potentiostat is attached to these 

three electrodes, a device that measures the current generated by adjusting the working 

electrode’s potential. The electrochemical experiment typically involves an application of 
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voltage to a working electrode, and measures the resulting current, and plotting that data against 

time. In a different scenario, the applied potential is varied in a linear manner and resulting 

current is plotted against the varying potential. Nernst’s equation correlates the equilibrium 

concentrations of redox couple’s reduced and oxidized forms in a solution to the potential (E), as 

depicted by Eq. 2.2. 

E = Eo + (RT/nF) ln {[oxi]/[red]}                                                                                              (2.2) 

Here, Eo = standard potential, R = universal gas constant, F = Faraday’s constant, T = 

temperature, [oxi] and [red] = conc. of oxidized and reduced species, respectively. The redox 

couple presents at the electrode modify their concentration ratios in accordance with Nernst’s 

equation on the application of potential to WE.  

In this thesis work, all the electrochemical characterizations have been performed by using 

Autolab Potentiostat/Galvanostat (EcoChemie, Netherlands), having Ag/AgCl as a reference 

electrode and platinum as a counter electrode (CE). Different electrochemical techniques such as 

cyclic voltammetry (CV), chronoamperometry (CA) and differential pulse voltammetry (DPV) 

are being used to perform electrochemical studies of various modified electrodes. A potentiostat 

uses a DC power source to generate a precisely calculated and maintained potential by supplying 

the system with an even fraction of current at a steady voltage. A pictorial view of the 

potentiostat work station is shown in Fig. 2.5 as given below. 

 

Fig. 2.5: Schematic view of Poteniostat workstation with three electrode set-up 
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2.4.1 Cyclic voltammetry (CV) 

CV is a useful electro-analytical technique for studying the electrochemical characteristics of the 

electro-active species. In this study, the potential of the working electrode changes over time and 

returns to the initial point after reaching the fixed point. Such potential cycles may be swept as 

necessary to create a cyclic voltammogram. Further, to learn more about the electrochemical 

processes with known redox potentials for electroactive species, cyclic voltammetry is 

employed. During the potential scans against a constant RE potential, the current is monitored at 

the WE. Here, the CE conducts electricity from the signal source to WE. During the redox 

process, the electrolytic solution facilitates the supply of ions to the electrodes [11]. In CV 

studies, various physical parameters can be calculated on the basis of obtained peak current 

value, to investigate the efficiency of fabricated electrodes. Laviron’s theory is used to calculate 

the α (electron transfer coefficient) and Ks (charge transfer coefficient) with the help of equations 

2.3 to 2.5. 

Epa = 2.303 RT/(1-α) n F; and Epc =    2.303 RT/α n F                                                              (2.3) 

ΔEp = Epa     Epc                                                                                                                           (2.4) 

ln Ks = α. ln(1     α) + (1     α). ln(α)     ln(RT/n F ν)     α (1     α). n F. ΔEp/RT                            (2.5) 

Where, Epa & Epc represents the anodic and cathodic peak potentials, respectively. ν is the scan 

rate.  

Electrochemical parameter like D (Diffusion coefficient) can be calculated by using Randles-

Sevick equation (Eq. 2.6) and τ (surface coverage) [12] of modified electrodes were evaluated by 

Eq 2.7 given below: 

Ip = 2.69   10
5 

n
3/2

ACD
1/2

 ν
 ½

                                                                                                    (2.6)  

Ip = n
2
F

2
Aτν/4RT                                                                                                                       (2.7) 

Here, Ip denotes the anodic peak current, n is the electrons oxidized or reduced, C represents the 

[Fe(CN)6]
3-/4-

 concentration (mole/cm
3
). This thesis work contains the CV studies at different 

scan rates (10 mV/s to 400 mV/s) for all different modified electrodes. 
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2.4.2 Differential pulse voltammetry (DPV) 

The DPV study provides an improved detection limit over the CV technique and also allows the 

resolution of electrode processes that are close together. Here, a ramp that grows linearly is used 

to subject the electrode to the voltage versus time program. The current between the pulse 

voltage and ramped baseline voltage is presented after a series of modestly amplitude pulses are 

superimposed on a ramped voltage. Prior to the application of each pulse, the current has been 

measured (first point), and after the pulse has ended, the current has been measured (second 

point) [13]. The locations were also picked to permit the non-faradic (charging) current to fade. 

The base potential of each pulse is recorded based on variations in current measurements at these 

points. DPV has a higher detection limit than CV and other voltammetric methods, due to its 

stronger selectivity between charging current and impurity Faradic currents. 

2.4.3 Chronoamperometry 

An electrochemical technique called chronoamperometry is the simplest time dependent 

electrochemical analysis technique. Basically, it is used to record the current response against 

time in order to investigate the behavior of an electrochemical system. It is especially beneficial 

for studying processes involving electron transfer reactions, including enzyme reactions, 

electrode reactions, and chemical reactions involving redox species. The working electrode is 

here subjected to a constant voltage, and the resulting current is continuously measured. 

Measurements of low currents with high sensitivity are possible with this approach [14]. 

Considering that paper electrodes often have poor conductivity and can produce lower currents 

than other electrodes, this is especially advantageous for paper electrodes. The efficiency of 

paper-based biosensors is improved overall by the high sensitivity of chronoamperometry, which 

makes it possible to detect low analyte concentrations. Hence, chronoamperometry has been 

considered as a highly sensitive method owing to its independency on biological recognition 

element that is used for immunosensing application [15]. In this research work, paper based 

immunosensors have been characterized by using this technique and reported in chapter 7 and 

chapter 8. 

2.5 Antibody immobilization to MXene-based matrix 

To improve the stability, longevity, efficacy and reusability of fabricated biosensors for cancer 

biomarker detection, the successful immobilization of antibody onto the appropriate matrices is 
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crucial. After conjugation, antibodies must maintain their proper shape, particularly at the active 

region, to produce a fully functioning and efficient antibody. The primary determinant 

responsible for the performance of an immunosensor depends on the extent of antibody-antigen 

bonding. It’s crucial to remember that immobilized antibodies indirectly boost the signal and 

improve sensitivity [16]. Mainly, there are two strategies to immobilize antibody discussed in the 

following sections. 

2.5.1 Site oriented antibody binding technique 

To increase the sensitivity of the electrochemical immunosensors, the site oriented binding 

strategies have been used. The primary advantage of site-directed conjugation is its ability to 

enhance the antigen-binding capacity by up to 8 times, leading to an improved stability and 

sensitivity in the detection of different biomarkers. Site-directed immobilization of antibodies 

can be achieved by targeting multiple functional groups on antibodies. 

2.5.2  Random immobilization 

Random immobilization can be done in two ways as discussed in the following sections: 

2.5.2.1 Non-covalent immobilization 

Non-covalent immobilization is based on electrostatic interactions between proteins and 

substrates. Although non-covalent immobilization is an easy and affordable method, it frequently 

results in weaker, random immobilization and denaturation of antibodies, which ultimately leads 

to poor reproducibility. Because of the steric hindrance, random immobilization reduces the 

accessibility of the active sites. Guadalupe et al. have studied the impact of pH on the orientation 

of antibodies that are physically adsorbed onto gold nanoparticles by electrostatic interactions 

[17]. It was discovered that the antigen-binding site's accessibility increases with decreasing pH, 

because of the variation in surface charge distribution on the antibodies.  

The physical adsorption technique is frequently ineffective and sensitive to temperature and pH 

resulting in inadequate operational and storage stability, as well as poor analytical performance. 

In order to limit nonspecific binding, some blocking agents such as PEG (polyethylene glycol) or 

BSA (bovine serum albumin) are frequently added. 
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2.5.2.2 Covalent immobilization 

Covalent immobilization is a very robust technique for immobilizing the antibodies. The 

existence of mutually combining groups on the transducer’s surface and antibody is necessary 

for the covalent antibody conjugation process. Reactive groups on antibodies include primary 

amines found in lysine amino acid, imidazole found in histidine, carboxylic acid found in 

aspartic acid, thioether found in methionine, thiol found in cysteine and guanidino found in 

arginine. In line with this, the substrate needs to be functionalized for the conjugation with 

different groups such as amino, carboxyl, and sulfhydryl. The covalent connection between the 

antibody and the carboxylated substrate can be achieved by targeting antibodies with amino 

groups and -COOH groups using carbodiimide (EDC) in conjunction with N-hydroxy 

succinimide (NHS). The creation of an amide linkage during random contact between antibodies 

and substrate is determined by the distribution of amine and carboxyl groups on the antibody. 

Hence, as compared to physical adsorption, the covalent immobilization approach produces 

remarkable results with higher repeatability. 

EDC/NHS has been used in the present work as a crosslinker for MXene and its hybrids to create 

a bonding between the amino group of antibody and hydroxyl group present on the substrate’s 

surface. 

2.6 Protocols used for estimation of various performance-related metrics for MXene and its 

hybrids-based immunosensors 

2.6.1 Linear detection range, detection limit and sensitivity 

The concentration range across which the current response varies proportionately with the 

analyte concentration is known as the biosensor's linear detection range. In this thesis work, 

linear range has been determined by DPV as reported in chapter 3 to 5 and chronoamperometry 

reported in chapters 6 and 7. 

The sensitivity (S) of a biosensor is the connection between the variation in analyte concentration 

and strength of the signal generated by the transducer. In general, an immunosensor should be 

capable to detect even the slightest variation in the concentration of the target analyte and give a 

signal. The sensitivity can be calculated by using the following equation 2.8. 

Sensitivity = slope/effective surface area                                                                                  (2.8) 
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Detection limit (LOD) is expressed as the lowest concentration of analyte which is detectable by 

the immunosensor reliably. LOD can be calculated by using the following relationship as given 

in equation 2.9. 

LOD = 3σ/m                                                                                                                               (2.9) 

Here, m = slope of calibration plot and σ = bioelectrode’s standard deviation.  

2.6.2 Reproducibility and shelf-life of the immunosensors 

The biosensor's lifespan has been determined on the basis of its repeatability and shelf life. The 

term "shelf life" describes how long a sensor is appropriate to store without losing its highest 

level of activity. This can be accomplished by periodically monitoring the bioelectrode’s current 

response. Reproducibility, on the other hand, is the measurement of the drift or scatter in a series 

of the observations or conclusions over time. On the other hand, the current response of various 

bioelectrodes at constant analyte concentration is monitored in order to verify repeatability. The 

material utilized to produce the sensor, the morphology of the matrices and the method used to 

immobilize biomolecules are very important factors which influence the stability of bioelectrode. 
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CHAPTER 3 

MXENE BASED ELECTROCHEMICAL IMMUNOSENSOR FOR CANCER 

BIOMARKER DETECTION 

 

3.1 Introduction  

Here, we are presenting the novel approach for developing a Ti3C2Tx (Mxene) based 

immunosensor for EpCAM antigen (cancer biomarker) detection. 2D-Ti3C2Tx has been selected 

as a transducer material owing to its exceptional metal-like conductivity, high hydrophilicity, 

large surface area and superior capacity for incorporation of functional groups [1, 2]. Ti3C2Tx has 

been synthesized by a less hazardous hydrothermal method followed by its deposition on an ITO 

coated glass substrate electrophoretically. The details for the synthesis, characterization, 

optimization and electrochemical studies of immunosensor have been described in the following 

segments. 

 

Fig. 3.1: Diagrammatic illustration of the immunosensor based on Ti3C2Tx 
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3.2 Experimental section 

3.2.1 Synthesis of Ti3C2Tx 

Two distinct techniques, namely, co-precipitation and hydrothermal method, were used to 

synthesize 2D-Ti3C2Tx. In case of co-precipitation, 30 mL of 9M HCl solution was stirred with 

the addition of 1g LiF. To prevent a rapid reaction, 1g of Ti3AlC2 (MAX phase) was then added 

gradually. After stirring this mixture at 35 °C for 24 h, it was washed with deionized water till 

the pH value of supernatant reaches to 6. Subsequently, the suspension was filtered and vacuum-

dried for overnight [3].   

On the other hand, hydrothermal method includes the dispersion of 1g NaBF4 in 20 ml HCl (36 

wt%) under stirring. Next, 0.35 g of Ti3AlC2 was gradually added to the suspension as mentioned 

above, and stirred constantly until it dissolves. This mixture is placed in an autoclave and heated 

to 170 °C for 16 h. After cooling down to room temperature, the resultant suspension was 

centrifuged with deionized water and dried for 12 h at 70 °C in a vacuum oven [4].  

After comparing the two techniques, it was determined that the hydrothermally produced 

Ti3C2Tx has a 2D-layered sheet-like structure free of aluminum traces. This was verified by SEM 

and XRD characterization, which have been further detailed in sections 3.1 and 3.2 of the results 

and discussion. Therefore, in all subsequent research procedures, Ti3C2Tx (hydrothermal) was 

employed.  

3.2.2 Electrophoretic deposition (EPD) of Ti3C2Tx onto ITO electrode  

Initially, a colloidal suspension of Ti3C2Tx (50 µg/mL) was prepared by ultrasonically sonicating 

it in deionized water. The smooth deposition of Ti3C2Tx onto the pre-hydrolyzed ITO electrode 

was optimized by experimenting with a range of potentials. It was observed that a consistent 

layer of Ti3C2Tx was produced on ITO substrate after 8s at DC potential of 10 V. On the other 

hand, burning of the electrode was noticed at greater potential and no film was visible at lower 

potential. 

3.2.3 Fabrication of immunosensor 

The Ti3C2Tx@ITO electrode was incubated for 40 min at room temperature with 10 µL of 2mM 

EDC and 10 µL of 5mM NHS. Next, 20 µL of anti-EpCAM (40 µg/mL) was immobilized at 4 

°C for 12 h. The -COOH groups that are present in the antibody structure were invertibly 

activated by the crosslinker EDC:NHS. An ester bond was formed by covalently joining the 
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accessible hydroxyl groups present on the surface of Ti3C2Tx with the activated carboxylic 

groups [5]. To prevent any non-specific binding with antigen, the anti-EpCAM/Ti3C2Tx/ITO 

electrodes were also treated with 1% BSA and then washed with PBS.  

3.3 Results and discussion 

3.3.1 Structural characterization of Ti3C2Tx  

Fig. 3.2A depicts the XRD pattern of the powdered samples- Ti3AlC2, Ti3C2Tx (co-precipitation), 

and Ti3C2Tx (hydrothermal), as represented by curves (a), (b), and (c), respectively. Peaks at 2θ = 

9.63°, 39.14°, 41.90°, and 60.29° are visible in the Ti3AlC2 spectra (curve a). A strong 

diffraction peak of Ti3AlC2 at 2θ = 9.63° in curves (b) and (c) migrating towards a lower angle at 

2θ = 6.36°, indicating that the Ti–Al bond is ruptured. Additionally, there is broadening of peak 

indicating the decrease in crystallinity in Ti3C2Tx. This finding is consistent with the literature 

report [6]. The existence of peaks in curve (b) at 9.63° and 39.14° suggests that the co-

precipitation approach has not entirely removed the Al from the Ti3AlC2. On the other hand, the 

primary peak of aluminum at 39.14° is absent from the Ti3C2Tx (hydrothermal) spectra (curve c), 

indicating that the Ti3AlC2 has been successfully exfoliated to Ti3C2Tx using the hydrothermal 

approach. Moreover, the interlayer spacing (d) can be easily determined by applying Bragg's 

equation, which is 2d sinθ = nλ. The etching of Al from Ti3AlC2 is further confirmed by the 

observation that the interlayer spacing of Ti3C2Tx (hydrothermal) increases to 13.88 Å (the d-

spacing of Ti3AlC2 is 9.18 Å). 

Fig. 3.2B shows the FTIR spectra of Ti3C2Tx/ITO (hydrothermal, curve a) and anti-EpCAM/ 

Ti3C2Tx/ITO (curve b). The distinctive band at 1216 cm
-1

 in curve a, is observed due to the 

stretching vibrations in the C–F bond. The stretching vibrations of the O–H and C=O bonds are 

responsible for the peaks at 1366 and 1738 cm
-1

, respectively [7]. Conversely, the distinctive 

C=O bond stretching vibrations that emerged at 1738 cm
-1

 is displaced to a lower wavenumber at 

1638 cm
-1

 for immobilization in the FTIR spectra of anti-EpCAM/Ti3C2Tx/ITO (curve b) due to 

the formation of ester bond after antibody immobilization. The characteristic peak at 1043 cm
-1

 

is ascribed to C–O bond stretching vibrations. The O–H stretching vibrations are responsible for 

the broad peak seen at 3300 cm
-1

. 
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Fig. 3.2: (A) XRD diffraction pattern of (a) Ti3AlC2, (b) Ti3C2Tx (co-precipitation) and (c) 

Ti3C2Tx (hydrothermal); (B) FTIR spectra of (a) Ti3C2Tx/ITO and (b) anti-EpCAM/Ti3C2Tx/ITO; 

(C) and (D) TEM image and Cross-sectional image of Ti3C2Tx (hydrothermal) 

3.3.2 Morphological study of Ti3C2Tx 

The transmission electron microscope (TEM) is used to examine Ti3C2Tx (hydrothermal), as 

illustrated in Fig. 3.2C, where the micrograph depicts the two-dimensional sheet-like structure of 

Ti3C2Tx. A cross-sectional picture of multilayered Ti3C2Tx is shown in Fig. 3.2D. The distinct 

layers of titanium and carbon atoms that make up the structure of Ti3C2Tx are shown by the red 

dotted lines [8].  

Using a scanning electron microscope (SEM), the morphology of Ti3C2Tx produced by two 

distinct techniques was examined. In Ti3C2Tx made by the co-precipitation approach, as shown 

in Fig. 3.3A, no layered sheet-like structure is clearly visible. It seems that agglomeration in 

layers occurred during the synthesis. A distinctive two-dimensional layered structure of Ti3C2Tx 

sheet produced by hydrothermal technique is shown in Fig. 3.3B. For the purpose of anti-

EpCAM immobilization, the loosely packed multilayered structure provides a large surface area 

[9]. Since, it has been demonstrated that Ti3C2Tx made via hydrothermal process has superior 
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structural properties, and therefore it is utilized for all the subsequent characterization and 

electrochemical studies. 

 

Fig. 3.3: SEM micrographs of (A) Ti3C2Tx (co-precipitation); (B) Ti3C2Tx (hydrothermal); (C) 

Ti3C2Tx/ITO electrode; and (D) anti-EpCAM/Ti3C2Tx/ITO electrode 

The Ti3C2Tx/ITO electrode SEM image (Fig. 3.3C) reveals that 2D-sheets are dispersed across 

the ITO electrode surface. The covalent interactions alter the layered morphology of Ti3C2Tx, 

when anti-EpCAM is immobilized onto the Ti3C2Tx/ITO electrode, further demonstrating that 

the anti-EpCAM has been coated on the electrode surface, as shown in (Fig. 3.3D).  

Fig. 3.4 represents the energy-dispersive X-ray (EDX) data of Ti3C2Tx. The synthesis of Ti3C2Tx 

is again confirmed by the EDX peaks corresponding to Ti, C, O, F, and Cu. The copper grid 

utilized for the TEM-EDX investigation is the cause of an extra peak of Cu.  
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Fig. 3.4 EDX analysis of Ti3C2Tx (hydrothermal) 

3.3.3 Electrochemical characterization 

Using DPV technique, the fabricated electrodes were characterized electrochemically in PBS 

(7.4 pH) containing [Fe(CN)6]
3-/4- 

(5mM). According to Fig. 3.5A, the Ti3C2Tx@ITO electrode 

displays the highest electrochemical current (0.169 mA), while a bare hydrolyzed ITO electrode 

displays the lowest current (0.074 mA). The addition of Ti3C2Tx enhances the electrode's 

effective surface area, which further speed up the electron transport and considerably raises the 

redox peak current. The blocking of the electrode's conducting area by the antibody causes the 

reduction of electrochemical current to 0.136 mA. 

The CV scan rate (ν = 10 to 300 mV/s) analysis of the Ti3C2Tx@ITO electrode is shown in Fig. 

3.5B. This figure clearly demonstrates that the reduction peak goes towards a more negative 

value as the scan rate increases, while the oxidation peak shifts towards a more positive value. 

Fig. 3.5C inferred a linear relationship between peak potentials and log (scan rate) as described 

by Eqs. (3.1) and (3.2). 

Epa (V) [Ti3C2Tx/ITO] = 0.1313 (V) + 0.0668 (V) * log    ; R2
 = 0.97                           (3.1) 

Epc (V) [Ti3C2Tx/ITO] = 0.1446 (V)     0.05937 (V) * log   ; R2
 = 0.98                                 (3.2) 

Using the Laviron’s theory (Eqs. 2.3 to 2.5), α and Ks for the Ti3C2Tx@ITO electrode is 

calculated to be 0.893 and 0.127 s
-1

, respectively.  



56 
 

 
 

 

Fig. 3.5 (A) DPV plot for different electrodes; (B) Scan rate study of Ti3C2Tx@ITO; (C) Peak 

potential against log (ν) for Ti3C2Tx@ITO electrode; and (D) anodic and cathodic peak current 

against ν
1/2

 for Ti3C2Tx@ITO in PBS (200 mM, pH =7.4) having [Fe(CN)6]
3-/4-

 (5 mM) 

In Fig. 3.5D, anodic and cathodic peak current densities are shown to have a linear relationship 

with the square roots of their corresponding scan rates. It is thus verified that the electron transfer 

from the Ti3C2Tx@ITO electrode follows the eqs. 3.3 and 3.4, which describe a surface-

controlled mechanism.  

Ipa (µA) [Ti3C2Tx/ITO] = 934.48      + 48.90       s/mV) *  1/2
; R

2
 = 0.99                        (3.3) 

Ipc (µA) [Ti3C2Tx/ITO] = – 128.24          36.70 (     s/mV   1/2
; R

2
 = 0.98                 (3.4) 

The electrochemical parameters are calculated on the basis of aforementioned equations and 

Randle‐Sevick equation (Eqs. 2.6 and 2. ). The surface coverage (   and effective surface area 

(A) for the Ti3C2Tx@ITO electrode is calculated as 0.27 cm
2
 and 3.57   10

-8
 mole/cm

2
, 

respectively. 
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3.3.4 Optimization studies 

Several immunosensing parameters have been optimized with the support of DPV technique in 

order to assess the efficacy of the fabricated immunosensor for EpCAM antigen detection. The 

pH of the electrolytic solution has a major impact on the electrochemical performance of 

Immunosensor [10]. Therefore, a change in response current has been evaluated after applying 

the different pH values between 6 - 8 to the BSA/anti-EpCAM/Ti3C2Tx@ITO electrode. The 

electrolytic solution at pH 6.5 displays the maximum current, which is shown in Fig. 3.6A. As a 

result, this pH is considered an ideal for further research. Another crucial factor influencing the 

immunosensor's efficacy is the EpCAM antigen's incubation period. As the incubation period 

increases, the peak current value falls and hits a plateau after 8 min, indicating the completion of 

reaction as seen in Fig. 3.6B. 

 

Fig. 3.6 Optimization of (A) pH; and (B) Time of incubation for EpCAM antigen  

3.3.5 Electrochemical immunosensing studies 

The electrochemical response of BSA/anti-EpCAM/Ti3C2Tx@ITO electrode is examined by 

using DPV technique for the detection of EpCAM antigen. Fig. 3.7A displays the bioelectrode's 

DPV response for different concentrations between 0.1 fg/mL to 100 ng/mL of EpCAM antigen 

in PBS (6.5 pH) and 5 mM concentration of [Fe(CN)6]
3-/4-

. The combination of antigen and 

antibody on the bioelectrode surface slows down the flow of electrons from the electrolytic 

solution to the bioelectrode, which is the cause of the declining trend of peak current. The 

calibration plot of the observed peak current with the log of EpCAM antigen conc. suggested the 

linearity of biosensor (Fig. 3.7B) and follows the Eq. 3.5. 

(A) (B) 
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Current ( A) = 190.955  A     1.813 µA/ (fg/mL) × log CEpCAM; R
2
 = 0.98                             (3.5) 

The sensitivity (Eq. 2.8) of the immunsensor was calculated to be 29.22 µA/ (fg/mL. cm
2
) and 

LOD (Eq. 2.9) was calculated to be 0.1 fg/mL. It has been observed that the proposed BSA/anti-

EpCAM/Ti3C2Tx@ITO immunsensor proved to be an efficient platform for the detection of very 

low concentrations of EpCAM antigen.  

 

Fig. 3.7 (A) DPV response of BSA/anti-EpCAM/Ti3C2Tx@ITO electrode for the detection of 

EpCAM antigen (0.1 fg/mL to 100 ng/mL, top to bottom) in PBS pH 6.5 containing 5 mM 

[Fe(CN)6]
3-/4-

; (B) Plot depicting the linear relationship between log (CEpCAM) and peak current; 

(C) Selectivity study of immunosensor in different analytes (100 pg/mL) with respect to EpCAM 

antigen; and (D) Reproducibility of immunosensor 

3.3.6 Interference, reproducibility, repeatability and stability studies 

The selectivity of electrochemical immunosensor was evaluated by using the interfering 

substances such as ascorbic acid, glucose, BSA and NaCl. Even with 100 times higher 

concentrations of interfering species (1 pg/mL) than EpCAM antigen (0.01 pg/mL), the 

immunosensor demonstrated a minor change in current with an average RSD of 1.38%. 

Additionally, a mixture of the aforementioned analytes containing EpCAM antigen was tested to 

assess the specificity; the results indicate a positive response for the detection of EpCAM, as 
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shown in Fig. 3.7C. It infers that the produced immunosensor is particular and selective for 

EpCAM antigen detection. 

To check the reproducibility of produced immunosensor, DPV response was recorded ten times 

at each concentration of EpCAM antigen, i.e., 0.1 fg/mL (low), 1 pg/mL (middle), and 100 

ng/mL (high), as shown in Fig. 3.7D. With respect to 0.1 fg/mL, 1 pg/mL, and 100 ng/mL 

EpCAM antigen, the RSD values for the BSA/anti-EpCAM/Ti3C2Tx@ITO immunosensor are 

2.39%, 3.03% and 2.90%, respectively. The produced immunosensor demonstrated a good 

reproducibility and repeatability, as seen by the low relative standard deviation values. 

Finally, the stability of immunosensor is assessed by using 10 fg/mL EpCAM antigen for a 

period of six weeks (Fig. 3.8A). Every week, the DPV response is monitored, and after five 

weeks, the electrode retains 77% of its initial response, indicating the satisfactory stability.  

 

Fig. 3.8 (A) Stability study of BSA/anti-EpCAM/Ti3C2Tx@ITO electrode and (B) DPV 

response for serum sample spiked with EpCAM 

3.3.7 Human serum analysis 

Artificial human serum is used to investigate the clinical usefulness of the manufactured 

immunosensor. Different concentration of EpCAM antigen was added to diluted human serum 

and DPV response was recorded (Fig. 3.8B). In Table 3.1, we have reported the recoveries 

(B) (A) 
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(97.93% to 99.94%) for each analysis of the serum sample. Therefore, the proposed 

immunosensor has a good potential for EpCAM antigen detection, as evident by the RSD of less 

than 1.5%. 

Table 3.1: Detection of biomarker in spiked serum using BSA/anti-EpCAM/Ti3C2Tx@ITO 

 

3.4 Conclusion 

In this chapter, we have successfully fabricated an ultrasensitive electrochemical immunosensor 

based on Ti3C2Tx that can detect EpCAM antigen without the need of any label. This 

immunosensor exhibits impressive results due to great biocompatibility, excellent dispersion in 

aqueous phase, high specific area and outstanding electrical conductivity of Ti3C2Tx. The 

electrochemical immunosensor has a good sensitivity of 29.22 µA. mL. fg
-1

. cm
-2

 for EpCAM 

antigen detection and a broad linear range (0.1 fg/mL to 100 ng/mL). Additionally, the EpCAM 

detection in human serum has proved the immunosensor's precision and usefulness.  

 

 

 

 

 

The results presented in this chapter have been published in “Applied Organometallic 

Chemistry” 38(8) (2024) e7570. 
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CHAPTER 4 

TITANIUM DIOXIDE GRAFTED ON MXENE-BASED IMMUNOSENSOR FOR 

CANCER BIOMARKER DETECTION 

 

4.1 Introduction 

An ultrasensitive immunosensor has been developed using 2D-TiO2 grown onto the layered 2D-

Ti3C2Tx sheets by hydrothermal method for label-free EpCAM antigen detection. Here, TiO2 

improves the stability of Ti3C2Tx in two ways: (1) by serving as protecting layer to prevent the 

oxidative deterioration of the inner structure of Ti3C2Tx, and (2) by increasing the interlayer 

spacing in MXene sheets [1, 2]. The details regarding the synthesis of 2D/2D TiO2/Ti3C2Tx 

hybrid followed by structural, morphological and electrochemical characterization have been 

discussed in the following sections. 

 

 

Fig. 4.1:  Schematic representation for the fabrication of BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO 

immunosensor 
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4.2 Experimental work 

4.2.1 Synthesis of Ti3C2Tx & TiO2/Ti3C2Tx  

The synthesis method of Ti3C2Tx has already been covered in chapter 3. To prepare the 

TiO2/Ti3C2Tx hybrid, 70 mg of Ti3C2Tx were mixed to 10 mL of 0.1 M HCl under constant 

stirring. After that, 110 mg of NaBF4 was added in this mixture and the suspension so obtained 

was stirred for 1 h. Further, the suspension has been placed in a Teflon-lined autoclave at 180 °C 

for 10 h. The resulting solution was centrifuged, cleaned with DI water and dried in a vacuum 

oven at 60 °C [3].  

4.2.2 Electrophoretic deposition of TiO2/Ti3C2Tx hybrid 

An ITO-coated glass substrate has been used to deposit TiO2/Ti3C2Tx hybrid. Pt electrode was 

placed at 1 cm distance from working electrode for EPD. A colloidal suspension of TiO2/Ti3C2Tx 

(80 µg/mL) has been prepared by ultrasonication in DI water prior to deposition. Several 

potentials have been optimized for smooth deposition. A uniform film of TiO2/Ti3C2Tx has been 

prepared at DC potential of 10V applied for 10s. 

4.2.3 Fabrication of TiO2/Ti3C2Tx hybrid based immunosensing platform 

In order to design the immunosensor, the above prepared electrode was incubated for one hour 

with 20 µL EDC:NHS (1:1). Subsequently, immobilization of anti-EpCAM (40 µg/mL) was 

carried out by drop-casting method followed by incubation for one night at 4 °C.  

4.3 Results & discussion 

4.3.1 Structural analysis 

Fig. 4.2A depicts the XRD pattern of Ti3AlC2, Ti3C2Tx and TiO2/Ti3C2Tx. The characteristic 

peak of aluminium (Al) at 2θ = 39.1° (Ti3AlC2, curve a) was not observed in the XRD pattern of 

Ti3C2Tx and TiO2/Ti3C2Tx, confirming that Al has been completely etched out. The main 

diffraction peak appeared at 2θ = 9.6° (Ti3AlC2, curve a) has been shifted to 6.4° (Ti3C2Tx, curve 

b) and 5.6° (TiO2/Ti3C2Tx, curve c), indicating that the interlayer spacing has further been 

increased during the synthesis of TiO2/Ti3C2Tx hybrid. The interlayer spacing was found to be 

9.2, 13.8 and 15.8 Å (calculated by 2d sin θ = nλ) for Ti3AlC2, Ti3C2Tx and TiO2/Ti3C2Tx, 

respectively. In curve c, the collection of diffraction peaks at 25.4°, 38.1°, 48.1°, 54°, 55.1°, 63°, 
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69.1° and 75.2° were observed, representing the anatase form of TiO2 in the TiO2/Ti3C2Tx hybrid 

[4].  

FTIR spectroscopy technique has been used to examine the chemical structure of the prepared 

materials (Fig. 4.2B). Due to the C-H bond stretching vibrations, the FTIR spectra of Ti3C2Tx 

(curve a) and TiO2/Ti3C2Tx (curve b) show two vibrations at 2981 and 2904 cm
-1

 [5]. The  

functional groups present in the Ti3C2Tx were confirmed by the characteristic bands that 

occurred at 1617, 1400 and 1065 cm
-1

, respectively, and these were attributed to the stretching 

vibrations of the bonds, namely, C=O, O–H, and C–F. Furthermore, the signals observed within 

the 400–800 cm
-1

 range correspond to the stretching vibrations of the Ti–O bond (curve b) [3].  

 

 Fig. 4.2 (A) XRD spectra of (a) Ti3AlC2, (b) Ti3C2Tx (c) TiO2/Ti3C2Tx; (B) FTIR peaks of (a) 

Ti3C2Tx (b)TiO2/Ti3C2Tx; (C) SEM analysis of Ti3C2Tx; and (D) SEM analysis of TiO2/Ti3C2Tx 

4.3.2 Morphological characterization  

The surface morphological behaviour of the produced samples was examined by using the SEM 

technique. Here, we have observed a 2D laminar structure with a smooth surface in the 

synthesized Ti3C2Tx (Fig. 4.2C). However, the SEM image of 2D-TiO2/Ti3C2Tx illustrates a 

clear, evenly sized and well distributed 2D-sheets of TiO2 at the edges of Ti3C2Tx layers (Fig. 
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4.2D). Further, a fast electron transport through the redox probe was seen to be facilitated owing 

to the increase in surface area of the hybrid by the biocompatible TiO2 [6]. 

4.3.3. Electrochemical characterization 

CV analysis was performed to assess the electrochemical performance of various electrodes by 

using a scan rate of 50 mV/s which is presented in Fig. 4.3A. On comparing with Ti3C2Tx@ITO 

electrode (0.462 mA, curve b) and the ITO electrode (0.308 mA, curve a), the 

TiO2/Ti3C2Tx@ITO electrode displays the maximum current (0.723 mA) as shown in curve (c). 

The increased effective surface area following TiO2 integration may be the cause of the 

TiO2/Ti3C2Tx@ITO electrode's improved conductivity. Curve d indicates that the presence of a 

nonconducting layer of antibody on the surface of the TiO2/Ti3C2Tx@ITO electrode after 

immobilization causes a decline in current.  

 

Fig. 4.3 (A) CV analysis of (a) bare ITO, (b) Ti3C2Tx@ITO, (c) TiO2/Ti3C2Tx@ITO and (d) 

BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO; (B) Scan rate analysis of TiO2/Ti3C2Tx@ITO; (C) Peak 

potential against log (ν) for TiO2/Ti3C2Tx@ITO electrode and (D) anodic and cathodic peak 

current against ν
1/2

 for TiO2/Ti3C2Tx@ITO in PBS (200 mM, pH =7.4) having [Fe(CN)6]
3-/4-

 (5 

mM) 
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The scan rate investigations from 10 - 300 mV/s have also been carried out by using the CV 

technique for TiO2/Ti3C2Tx@ITO electrode as depicted in Fig. 4.3B. A linear pattern was 

observed as shown in Fig. 4.3C when the peak potentials have been plotted against the log (scan 

rates) by using the Eqs. 4.1 and 4.2. 

Epa (V) [TiO2/Ti3C2Tx@ITO] = 0.1650 (V) + 0.0632 (V) * log ν; R
2
 = 0.96                            (4.1) 

Epc (V) [TiO2/Ti3C2Tx@ITO] = 0.1 48 (V)     0.0456 (V) * log ν; R
2
 = 0.97                             (4.2) 

The slopes of the aforementioned equations and Laviron's equation (Eqs.2.3 to 2.5) were used to 

compute the value of ɑ and Ks for the TiO2/Ti3C2Tx@ITO electrode. The values of ɑ and Ks were 

determined to be 0.974 and 2.255 s
-1

, respectively. Further, it was found that there is a linear 

relationship between anodic & cathodic peak currents with the square root of the corresponding 

scan rates as shown in Fig. 4.3D. Eqs. 5.3 and 5.4 represent that the electron transmission 

through the electrodes is a surface-controlled process.  

Ipa (µA) [TiO2/Ti3C2Tx@ITO] = 123.6 (µA) + 86.98 (µA) (s/mV)
1/2

 * ν
 1/2

; R
2
 = 0.99            (4.3) 

Ipc (µA) [TiO2/Ti3C2Tx@ITO] =     212.6 (µA)     60.68 (µA) (s/mV)
1/2

 * ν
 1/2

; R
2
 = 0.98          (4.4)  

On the basis of above equations and Randles-Sevick equation (Eqs.2.6 and 2.7), the 

electrochemical kinetics parameters D, A and τ were calculated to be 43.76   10
-6

 cm
2
/s, 0.31 

cm
2
 and 3.64   10

-8
 mole/cm

2
, respectively. 

4.3.4 Optimization studies
 

DPV technique was used to optimize several biosensing parameters in order to increase the 

constructed immunosensor's efficiency. The activity of the antibody has been influenced very 

significantly by the pH of a solution. Once, the BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO electrode 

was subjected to the different pH (6 - 8), the current was reported at each pH. The highest current 

value was observed at pH 6.5 (Fig. 4.4A), and hence it is regarded as ideal pH for biosensing 

studies. Furthermore, the duration of EpCAM antigen incubation on BSA/anti-

EpCAM/TiO2/Ti3C2Tx@ITO biosensing platform significantly influences the immunosensor's 

performance. The DPV response was recorded with different incubation time upto 15 min as 

seen in Fig. 4.4B. Here, a decrease in current was also observed with increase in time upto 10 

min, after that a saturation stage reaches which is pointing out the completion of reaction. 
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Fig. 4.4: Optimization of (A) pH and (B) Time of incubation for EpCAM antigen.
 

4.3.5 Electrochemical immunosensing studies  

Using the DPV method, the electrochemical response for different concentrations of EpCAM 

antigen has been examined on a fabricated BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO biosensing 

platform. The BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO immunosensor was subjected to an 

increasing concentration of EpCAM antigen (1 ag/mL to 10 ng/mL) which results to a decrease 

in  the current response (Fig. 4.5A). This decline in peak current is due to the formation of 

antigen-antibody immune-complex on the immunoelectrode’s surface, which further obstructs 

the flow of electrons from the electrolytic solution to the immunoelectrode [7]. The plot between 

the inhibition current (ΔI) and the log CEpCAM depicts the linearity in the detection as seen in Fig. 

4.5B by using equation 5.5.  

Current (µA) = 124.37 µA + 2.06 µA/ag.
 
mL x log CEpCAM; R

2
 = 0.96                                    (4.5) 

The sensitivity and detection limit of the immunosensor (Eqs. 2.8 and 2.9) were calculated by 

using the above regression equation and found to be 6.661 µA /(ag
 
mL

-1
 cm

2
) & 0.7 ag/mL, 

respectively. A high sensitivity, low LOD and broad linear range of a fabricated electrochemical 

immunosensor are due to a synergistic effect of 2D-TiO2 and 2D-Ti3C2Tx. 

(A) (B) 
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Fig. 4.5 (A) DPV response of BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO biosensing platform for the 

detection of EpCAM antigen (from top to bottom, 1 ag/mL to 10 ng/mL) in 6.5 pH PBS 

containing 5 mM [Fe(CN)6]
3-/4-

 (inset shows the magnified view of peak currents) (B) Plot 

depicting a linear relationship of inhibition of peak current with log (CEpCAM) (C) Selectivity 

study of different analytes (10 fg/mL) w.r.t  EpCAM antigen and (D) Reproducibility of 

immunosensor 

4.3.6 Interference, reproducibility and stability studies 

The specificity of an electrochemical immunosensor has been investigated in presence of 

different analytes, such as ascorbic acid, glucose, BSA and NaCl. An equal amount of analytes 

(10 fg/mL) having 100 times more concentration than EpCAM antigen was incubated with 

BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO electrode and DPV response was recorded that indicates 

almost no change in current (Fig. 4.5C). Additionally, a mixture of various analytes along with 

EpCAM antigen (conc. of 10 fg/mL each) has been used to test the immunosensor's specificity. It 

was discovered that the current response had decreased, proving the specificity of fabricated 

immunosensor.  
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To check the reproducibility, an experiment was conducted by using three different electrodes in 

10 ag/mL of EpCAM antigen (Fig. 4.5D). The results display an RSD of 3.56%, indicating that 

the fabricated immunosensor possesses an acceptable reproducibility.  

Additionally, the immunosensor’s shelf life study was assessed for eight weeks with 10 ag/mL of 

EpCAM antigen. After six weeks, the peak current dropped by 27%, according to the DPV 

response, which was measured once a week (Fig. 4.6A). After that, the peak current dropped by 

33%, indicating that the immunosensor’s stability is adequate.  

 

Fig. 4.6 (A) Stability study of immunosensor; and (B) Peak current of immunosensor in (a) 

buffer and (b) serum sample  

4.3.7 Human serum analysis 

In order to validate a clinical utility of this developed immunosensor, an artificial human serum 

sample has been analyzed using the BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO electrode. Firstly, a 

serum sample has been diluted ten times using PBS (7.4 pH) before analysis. After that, sample 

was spiked with varying the EpCAM antigen concentrations from 100 ag/mL to 1 pg/mL and 

then recorded its DPV response. Interestingly, a spiked serum sample and buffer at the same 

conc. of EpCAM antigen were found to be in good agreement (Fig. 4.6B). Table 4.1 shows that 

the recovered percentage of EpCAM antigen ranges from 95.56% to 97.14%. As a result, we can 

infer that there is great potential for this immunosensor to identify EpCAM antigen. 
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Table 4.1: Detection of EpCAM in spiked serum sample with BSA/anti-

EpCAM/TiO2/Ti3C2Tx@ITO electrode 

 

4.4 Conclusion   

In this chapter, 2D/2D TiO2/Ti3C2Tx hybrid has been synthesized successfully by one pot 

hydrothermal method. This hybrid offers a large surface area that is particularly effective for the 

immobilization of anti-EpCAM due to the synergistic effect of TiO2 and Ti3C2Tx. The 

electrochemical experiments demonstrate a high sensitivity of 6.661 µA /(ag
 
mL

-1
 cm

2
) and an 

extremely low LOD as 0.7 ag/mL for EpCAM antigen detection. Furthermore, this 

immunosensor exhibits good repeatability, excellent selectivity and stability. Additionally, the 

immunosensor’s clinical applicability was validated using human serum samples. The 

immunosensor has been found to have a potential for EpCAM antigen detection based on the 

satisfactory results. 

 

 

 

 

 

The results presented in this chapter have been published in “Journal of Colloids and 

Interface Science” 652 (2023) 549-556. 
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CHAPTER 5 

CuS-DOPED Ti3C2Tx-BASED ELECTROCHEMICAL IMMUNOSENSOR FOR EpCAM 

ANTIGEN DETECTION 

 

5.1 Introduction 

Here, a novel CuS-anchored 2D-Ti3C2Tx-based electrode has been developed to achieve highly 

sensitive detection of EpCAM by using anti-EpCAM (Fig. 5.1). CuS, when combined with 

Ti3C2Tx works in a synergetic manner to increase the overall stability of hybrid with an improved 

electroactive surface area supporting the loading of antibody [1]. All the details regarding the 

synthesis, structural and electrochemical characterization for the fabrication of BSA/anti-

EpCAM/CuS/Ti3C2Tx@ITO immunosensor have been discussed in the following sections.  

 

Fig. 5.1: Schematic representation for the fabrication of BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO 

platform for EpCAM antigen detection 
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5.2 Experimental section 

5.2.1 Synthesis of CuS and CuS/Ti3C2Tx  

CuS was synthesized by the method as reported earlier with a little modification [2]. 0.8 g of 

sodium thiosulfate (0.125 M) and copper sulfate (0.5 M) were dissolved in 40 mL and 20 mL 

DIW, respectively. After 30 min, both solutions were mixed under stirring and transferred to an 

autoclave and kept for 12 h at 180 °C. The resulting dark-colored suspension was washed with 

DIW and ethanol under centrifugation, respectively. Subsequently, the precipitate was vacuum-

dried at 70 °C to obtain powdered CuS. 

CuS/Ti3C2Tx hybrid was synthesized by one-pot hydrothermal method. Here, 150 mg of each 

Ti3C2Tx, Na2S2O3 and CuSO4 were dispersed in 10 mL of DIW separately. Subsequently, mix all 

the solutions under constant stirring and transfer them to a Teflon-lined autoclave by keeping for 

12 h at 180 °C. This mixture has been washed with DIW multiple times under centrifugation and 

dried in a vacuum oven at 60 °C.   

5.2.2 Electrophoretic deposition of CuS/Ti3C2Tx hybrid 

CuS/Ti3C2Tx hybrid was deposited onto the indium-tin-oxide (ITO) coated glass substrate by 

using a deposition technique like electrophoretic deposition consisting of two electrodes system. 

Before deposition, a colloidal solution was prepared with CuS/Ti3C2Tx hybrid (0.1 mg/mL) in 

DIW. The electrophoretic deposition was then carried out for 18 s at an ideal DC potential of 10 

V. A smooth film appeared on the surface of ITO resulting in the fabrication of 

CuS/Ti3C2Tx@ITO electrode. 

5.2.3 Fabrication of biosensing platform 

Firstly, the CuS/Ti3C2Tx@ITO electrode was incubated with crosslinker EDC: NHS (20 µL) for 

30 min. Subsequently, the fabricated electrode was drop-casted with anti-EpCAM (20 µL) and 

incubated for 8 h at 4 °C. Here, EDC: NHS works in reverse manner and activates the carboxylic 

groups of the antibody, which further makes the covalent bonds with the functional groups 

(−OH) of Ti3C2Tx. Further, to prevent non-specific reactions, 1% BSA was applied to the 

immuno-electrodes for 30 min. Finally, the immuno-electrodes were washed with PBS (7.4 pH) 

three times for further use. 
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5.3 Results & discussion 

5.3.1 Structural analysis 

The X-ray diffraction studies of Ti3C2Tx, CuS and CuS/Ti3C2Tx are represented in Fig. 5.2A. The 

broad diffraction peak at 6.5° in the spectra of Ti3C2Tx clearly shows the successful synthesis of 

Ti3C2Tx. The XRD curve of CuS shows the peaks at 29.5°, 32°, 48.1°, 53° and 59.5° (JCPDS: 

06-0464) [3]. On the other hand, CuS/Ti3C2Tx hybrid matches all the characteristic peaks of CuS 

at 29.3°, 31.9° and 48° and the main peak of Ti3C2Tx shifts from 6.5° to 6.3° indicating an 

increase in interlayer spacing, which further improves the effective surface area of transducer.    

    The chemical bonds present in the structure of CuS, Ti3C2Tx and CuS/Ti3C2Tx hybrid is 

demonstrated by FTIR spectroscopy (Fig. 5.2B). The dominant band at 598 cm
-1 

in FTIR spectra 

of CuS is due to the stretching vibrations of Cu–S bond. The additional bands seen at 847 and 

1084 cm
-1

 are owing to C–H bending vibrations and C–O stretching vibrations of absorbed 

alcohol, respectively [4]. The FTIR spectrum of Ti3C2Tx displayed C–H bonds stretching 

vibrations at 2980 and 2908 cm
-1

. The vibrations at 1393 and 1059 cm
-1

 are attributed to the O–H 

and C–F bonds stretching vibrations, respectively, which further proved the existence of surface 

groups (–OH and –F) [5]. The FTIR spectra of the CuS/Ti3C2Tx hybrid thus exhibited all the 

characteristic peaks of CuS and Ti3C2Tx.   

 

Fig. 5.2: (A) XRD spectra of Ti3C2Tx (a), CuS (b) & CuS/Ti3C2Tx (c) (B) FTIR spectra of CuS 

(a), Ti3C2Tx (b), and CuS/Ti3C2Tx (c) 
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5.3.2 Morphological Characterization  

The surface structure of the synthesized Ti3C2Tx and CuS/Ti3C2Tx hybrid were analyzed by using 

a scanning electron microscope. Fig. 5.3A represents the 2D-layered accordion-like architecture 

of Ti3C2Tx. It is visible that the different layers are separated and parallel to each other. Fig. 5.3B 

revealed that the sphere-like morphology of CuS is anchored onto the surface of Ti3C2Tx sheets. 

The spherical structures of CuS in the magnified view (Fig. 5.3C) clearly show a conductive 

network and space to CuS/Ti3C2Tx hybrid for a better immobilization of antibodies. Fig. 5.3D 

depicts the TEM image of CuS/Ti3C2Tx hybrid, in which CuS particles are distributed onto the 

2D- sheet of Ti3C2Tx. The size of spherically shaped CuS was found to be 22-25 nm (Fig. 5.3E). 

 

Fig. 5.3: (A) SEM micrograph of Ti3C2Tx; (B) and (C) SEM image of CuS/Ti3C2Tx; (D) and (E) 

TEM micrograph of CuS/Ti3C2Tx 

5.3.3 Electrochemical characterization of fabricated electrodes 

The different electrodes fabricated such as (a) bare ITO, (b) Ti3C2Tx@ITO, (c) 

CuS/Ti3C2Tx@ITO and (d) BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO were electrochemically 

characterized by cyclic voltammetry (CV) analysis (Fig. 5.4A) which has been conducted at 50 

mV/s [scan rate (ν)] in PBS (0.2M) at 7.4 pH containing 5 mM [Fe(CN)6]
3-/4-

. It is observed here 

that the electrochemical current becomes almost 1.5 times after incorporation of CuS, i.e., 
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CuS/Ti3C2Tx@ITO (0.65 mA) in comparison to Ti3C2Tx@ITO (0.442 mA). The electrochemical 

current decreases to 0.418 mA after immobilization of the antibody resulting to an insulating 

layer of antigen and antibody on the transducer. Further, the scan rate study (10 - 400 mV/s) of 

CuS/Ti3C2Tx@ITO electrode (Fig. 5.4B) demonstrates that a linear trend is observed when we 

plot peak potentials vs. log ν graph, by using Eqs. 5.1 and 5.2 as shown Fig. 5.4C. 

Epa [CuS/Ti3C2Tx@ITO] = 0.138 (V) + 0.0623 (V) * log ν; R
2
 = 0.9703                               (5.1) 

Epc [CuS/Ti3C2Tx@ITO] = 0.151 (V) - 0.0546 (V) * log ν; R
2
 = 0.9871                                (5.2) 

    The values of electron transfer coefficient (ɑ) and hence apparent charge transfer rate constant 

(Ks) for CuS/Ti3C2Tx@ITO electrode are calculated to be 0.893 and 0.1337 s
-1

 respectively, by 

using Laviron’s equation (2.3 to 2.5) reported earlier [6].  

 

Fig. 5.4: (A) CV plots of bare ITO (a), Ti3C2Tx@ITO (b), CuS/Ti3C2Tx@ITO (c), and BSA/anti-

EpCAM/CuS/Ti3C2Tx@ITO (d); (B) Scan rate study (10 – 400 mV/s) of CuS/Ti3C2Tx@ITO; (C) 

Plot of the potential with log of scan rate for CuS/Ti3C2Tx@ITO; and (D) Plot between the Ipa, Ipc 

and square root of scan rate of CuS/Ti3C2Tx@ITO electrode 
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 We can see here a linear relationship between peak currents and the square root of scan rates as 

depicted in Fig. 5.4D by using the Eqs. 5.3 and 5.4, which further demonstrates that electron 

transfer is a surface-controlled process.  

Ipa [CuS/Ti3C2Tx@ITO] = 166.5 (µA) + 67.53 (µA) (s/mV)
1/2

 * ν
 1/2

; R
2
 = 0.9936                  (5.3) 

Ipc [CuS/Ti3C2Tx@ITO] = - 233.3 (µA) - 42.16 (µA   s/mV)
1/2 
* ν

1/2
; R

2
 = 0.9801                 (5.4) 

The Randles-Sevick equation is given as Ip = 2.69   10
5 

n
3/2

ACD
1/2
ν

1/2
;
 
where n is no of 

electrons, C (mole/cm
3
) is concentration, ν (V/s) is scan rate and Ip (A) is the peak current. The 

slopes of above equations were used to calculate the diffusion coefficient (D), and effective 

surface area (A). The D and A values for CuS/Ti3C2Tx@ITO electrode were found to be 51.72  

 10
-6 

cm
2
/s & 0.22 cm

2
, respectively. Furthermore, an average surface coverage area (τ  for 

CuS/Ti3C2Tx@ITO electrode was calculated to be 6.2    10
-8

 mole/cm
2
, [Ip = n

2
F

2
Aτν/4RT]. 

5.3.4 Electrochemical immunosensing study for EpCAM antigen detection  

An electrochemical analysis of the BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO electrode was 

performed by using the DPV technique, over a wide range of EpCAM antigen concentrations 

(0.01 fg/mL - 100 ng/mL). The DPV responses of fabricated immunoelectrode were recorded by 

incubating different concentrations of EpCAM antigen, with an incubation time of 10 min. A 

peak current was found to be decreased as the concentration of EpCAM antigen increased (Fig. 

5.5A). There is a combination of antigen and antibody on the immunosensing electrode, resulting 

in the reduction of active sites, which in turn slows down the flow of electrons via the redox 

probe [7].  

Fig. 5.5B shows a calibration curve plotted between the inhibition current (ΔI) and logarithmic 

scale of EpCAM antigen concentrations. The linearity plot follows the regression equation: [y = 

2.336 x + 16.991; where y = current, x = logarithm of the concentration of EpCAM and R
2
 = 

0.9779]. By using the slope of the above Eq., the sensitivity and limit of detection were 

calculated as 461.85 µA fg
-1 

mL cm
-2

 and 0.0057 fg/mL, respectively.  
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Fig. 5.5: (A) DPV study showing the response of BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO 

electrode with increasing conc. of EpCAM antigen (0.01 fg/mL - 100 ng/mL); (B) Linearity plot 

between peak current change and log of EpCAM antigen concentration; (C) An interference 

study of immunosensor with multiple analytes (100 pg/mL); (D) Reproducibility study of 

immunosensor 

5.3.5 Selectivity, reproducibility and shelf life studies 

The interference study of BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO immunosensor was studied by 

incubating different interfering species such as sodium chloride (NaCl), immunoglobulin G 

(IgG) and glucose having a concentration of 100 fg/mL each. The magnitude of peak current did 

not show much changes with all these species in comparison to EpCAM antigen (10 fg/mL) (Fig. 

5.5C). Furthermore, the specificity of the fabricated immunosensor was tested with a mixture of 

all the above analytes in addition to EpCAM antigen. The electrochemical peak current was 

decreased, which confirms the specificity of the immunosensor.  

The reproducibility of this fabricated immunosensor has been examined by DPV technique with 

four different electrodes prepared in samilar conditions by incubating EpCAM antigen (10 

fg/mL) (Fig. 5.5D). A very low relative standard deviation (RSD) of 2.12% was determined with 

the constant surface area, thereby proving an excellent reproducibility of this immunosensor. 
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Finally, the shelf life of this fabricated immunosensor has been tested by using the DPV 

technique. The analysis was done by incubating EpCAM antigen (10 fg/mL), every 6 days, for 

up to 42 days. It was observed that the peak current shows a minimal decrease even after 42 

days, hence proving the acceptable stability of the immunosensor (Fig. 5.6A).   

 

Fig: 5.6: (A) Shelf life study of BSA/anti-EpCAM/CuS/Ti3C2Tx@ITO; (B) Comparison of DPV 

response (a) in buffer sample, and (b) in spiked serum sample (0.1 – 10000 fg/mL) 

5.3.6 Human serum analysis 

The clinical applicability of the fabricated immunosensor was analyzed with a diluted artificial 

human serum. The serum was then spiked with various EpCAM antigen concentrations (0.1 

fg/mL to 10000 fg/mL) and the electrochemical response was recorded with the BSA/anti-

EpCAM/CuS/Ti3C2Tx@ITO electrode (Fig. 5.6B). In Fig.4D, the bar diagram represents the (a) 

peak current in buffer solution and (b) peak current in spiked serum samples. The results 

presented in Table 5.1 show a good recovery (96.23% to 98.05%) with %RSD less than 3%. 

Therefore, these results indicate that the immunosensor could be reliable for EpCAM detection. 
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Table 5.1: Detection of EpCAM in spiked serum sample with BSA/anti-

EpCAM/CuS/Ti3C2Tx@ITO electrode 

 

5.4 Conclusion   

    In this chapter, we have developed a CuS/Ti3C2Tx hybrid based label-free electrochemical 

immunosensor for EpCAM antigen detection. This hybrid platform works as an excellent 

transducer surface due to the synergetic effect. The electrochemical experiments show an 

incredibly low LOD of 0.0057 fg/mL; for EpCAM antigen, with an ultra-broad detection range 

of 0.01 fg/mL - 100 ng/mL. Additionally, this fabricated immunosensor delivered an excellent 

reproducibility, high specificity and selectivity. Furthermore, the serum samples were used to 

verify the applicability of this immunosensor and found a satisfactory performance.  

 

 

 

 

 

The results presented in this chapter have been published in “Applied Organometallic 

Chemistry, 39(2) (2025) e7975. 
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CHAPTER 6 

ELECTROCHEMICAL PAPER BASED IMMUNOSENSOR GRAFTED BY USING 

CuS@PEDOT:PSS FOR EpCAM ANTIGEN DETECTION 

 

6.1 Introduction 

This chapter describes the development of a cheap, biodegradable and highly sensitive paper-

based immunosensor by using CuS grafted PEDOT:PSS for the detection of EpCAM antigen. 

The electrochemical paper (EP), DMSO treated CuS@PEDOT:PSS/WP has been fabricated by 

dip-coating method [1, 2]. The flexible nature of EP allows the effective immobililization of anti-

EpCAM. This EP-based Immunosensor, BSA/anti-EpCAM/EP has further been utilized to detect 

EpCAM antigen. Therefore, it may be a promising cost-effective substitute over other costly 

conventional techniques for biosensing applications [3, 4].  

 

 

Fig. 6.1: Scheme showing the fabrication and mechanism of EP-based immunosensor  
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6.2 Experimental Section 

6.2.1 Synthesis of CuS 

A straightforward hydrothermal technique was used to prepare CuS [5]. Initially, 2.50 g of 

CuSO4.5H2O was dissolved in 80 mL of deionized water while constant stirring. In another 

beaker, 2.48 g of Na2S2O3.5H2O was mixed 20 mL of deionized water. To create a colloidal 

suspension, the prepared solutions were then gradually mixed. Next, this suspension is placed in 

an autoclave and heated to 180 °C for duration of 12 h. After the mixture has reached room 

temperature, it is centrifuged and cleaned using a 1:1 ratio of deionized water to ethanol. The 

final step is to vacuum dry the produced product at 60 °C. 

6.2.2 Fabrication of PEDOT:PSS/WP and CuS@PEDOT:PSS/WP electrodes 

Conducting paper electrodes were prepared by dip coating method [6]. Firstly, prepare the 

aqueous suspension of 20% PEDOT:PSS {poly(3,4-ethylenedioxythiophene): 

poly(styrenesulfonate)} (20 mL) and add 4 mg of CuS to the 10 mL of aforementioned 

suspension under constant stirring for 2 h in separate beaker. Then, stabilized Whatman paper 

(WP) was dipped into the above prepared solutions for 30 min and then dried in vacuum oven. 

This process was repeated three times to obtain the desired flexibility and stability of paper. 

After that, the CuS@PEDOT:PSS/WP electrode was doped with dimethyl sulfoxide (DMSO) 

and then vacuum dried. This fabricated paper is referred as electrochemical paper (EP).      

6.2.3 Fabrication of Immunosensor 

To fabricate Immunosensor, the surface of EP (1x1 cm) electrodes was immobilized with 20 µL 

of anti-EpCAM (40 µg/mL) by dropcasting method. After that, the Immunosensor has been 

incubated for 12 hours in a humid chamber. In addition, 1% BSA (20 µL) was applied to the 

anti-EpCAM/EP electrodes for a duration of 1 h in order to prevent non-specific antigen binding.  

6.3 Results and discussion 

6.3.1 Morphological characterization  

SEM examination was used to determine the surface morphologies of various prepared 

electrodes and powdered CuS (Fig. 6.2). The SEM image of stabilized bare WP presents the 

fibrous structure of cellulose as shown in Fig. 6.2A. Further, the SEM micrograph of 
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PEDOT:PSS/WP clearly indicates the uniform adsorption of PEDOT:PSS onto the fibres of 

paper (Fig. 6.2B) [7]. An enlarged view of the polymer’s smooth adsorption onto the WP is 

shown in Fig. 6.2C. The SEM image of CuS powder shows sphere like morphology along with 

some tubular structures (Fig. 6.2D). Moreover, CuS combined with PEDOT:PSS/WP exhibits 

the similar morphology, indicating the successful production of CuS@PEDOT:PSS/WP (Fig. 

6.2E). The magnified image of CuS after incorporation onto the paper is shown in Fig. 6.2F.  

 

Fig. 6.2: SEM micrographs of (A) WP; (B) PEDOT:PSS/WP; (C) magnified image of 

PEDOT:PSS adsorption; (D) CuS powder; (E) CuS@PEDOT:PSS/WP and (F) magnified view 

of CuS structure incorporated into paper 

6.3.2 Structural characterization 

The XRD patterns for CuS powder and the fabricated electrodes are shown in Fig. 6.3A. Curve a 

represents the XRD spectra of PEDOT:PSS/WP, in which the characteristic peak of PEDOT:PSS 

is a broad peak that appears at 2θ = 23°. Curve b depicts the XRD spectra of 

CuS@PEDOT:PSS/WP, the two primary peaks of CuS at 29.6° and 48.7° are seen in the 

diffraction pattern in addition to PEDOT:PSS peak at 23°. And curve c represents the XRD 

spectra of CuS powder. The peaks located at 27.2°, 27.9°, 29.5°, 32.0°, 32.9°, 48.2°, 52.9° and 
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59.6° confirms the successful synthesis of CuS [8]. These peaks match the standard CuS data 

(JCPDS No. 06-0464) well.  

 

Fig. 6.3 (A) XRD and (B) FTIR spectra of PEDOT:PSS/WP (a), CuS@PEDOT:PSS/WP (b) and 

CuS powder (c); (C) Diagramatic view of EP foldings and (D) Plot of relative conductivity vs. 

angle of bending 

FTIR spectroscopy was used to evaluate the surface structures of the different produced 

electrodes, as illustrated in Fig. 6.3B. The symmetric and asymmetric stretching vibrations of the 

–SO3 group in the PSS molecule are responsible for the bands seen at 1037 and 1110 cm
-1

, 

respectively. The stretching vibrations of the C–S and C–O bonds found in PEDOT are 

responsible for the peaks that appear around 600 and 1317 cm
-1

, respectively. The –OH groups 

that have been adsorbed on the electrode surface are responsible for the broad absorption peak 

that appears at 3325 cm
-1

. Since CuS is present in extremely small amount in the PEDOT:PSS 

suspension, CuS@PEDOT:PSS/WP (curve b) exhibits nearly identical FTIR spectra. However, 

CuS powder's FTIR spectrum is displayed. Conversely, the inset (curve c) displays the FTIR 

spectrum of CuS powder. The presence of a Cu–S bond is shown by the primary absorption 

peak, which appears at 600 cm
-1

. The C–O stretching vibration of the ethanol absorbed during 

the washing process may be the cause of the bands seen at 1056 and 1091 cm
-1

.  
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6.3.3 Flexibility study 

Conducting paper electrodes were folded in a range of directions from -180° to +180° to 

determine their degree of flexibility (Fig. 6.3C). The downward and upward folding of the 

electrode is represented by negative and positive angles, respectively. The ratio of observed 

conductivity (σo) and initial conductivity (σi), also known as relative conductivity, were 

displayed against the folding angle (Fig. 6.3D). The graph shows the extremely slight 

conductivity fluctuation of up to 7% suggesting that the paper electrodes are flexible in nature. 

Moreover, after bending the electrochemical paper hundreds of times, a conductivity experiment 

is carried out. Conductivity is found to drop by just 13.5%, which could be because of tearing of 

cellulose fibres. 

6.3.4 Electrical conductivity study 

The electrical conductivity of the all the fabricated electrodes were calculated by using four point 

probe method. Additionally, the CuS@PEDOT:PSS/WP electrode was doped with various 

organic solvents including DMF, DMA, EG and DMSO, to enhance the electrochemical 

behavior. The conductivity of all modified electrodes have been determined and presented in 

Table 6.1. The electrode treated with DMSO is found to have the maximum conductivity (6.1 × 

10
-2

 S/cm). Following DMSO treatment, there was a significant increase in conductivity, because 

the PEDOT:PSS structure was reoriented, which further improved the charge carrier mobility 

[9].  

Table 6.1: Electrical Conductivity of all Modified Electrodes 
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6.3.5 Electrochemical characterization 

Using the chronoamperometry approach, all the prepared electrodes are characterized at a 

potential of 2V at intervals of 0.1 s, electrochemically. An electrochemical method called 

chronoamperometry measures current change over time in response to potential changes. Fig. 

6.4A depicts that the CuS@PEDOT:PSS/WP doped with DMSO (EP) electrode shows the 

highest value of saturation current (2.62 mA). This is because the DMSO treatment eliminates 

the non-conducting PSS ions, thereby improving the rate at which electrons pass through the 

redox probe. Lastly, a blockage of the conducting area on the electrode surface occurs after 

immobilization of anti-EpCAM, which leads to the fall in current (1.57 mA, curve d). 

6.3.6 Optimization studies 

Several experimental parameters are tuned in order to enhance the performance of the proposed 

immunosensor. The electrolytic solution’s pH has a significant influence on how well the 

immunosensor works. Thus, the BSA/anti-EpCAM/EP electrode was exposed to varying pH 

levels, and the chronoamperometric current response was taken (Fig. 6.4B). It was observed that 

in a 7.4 pH solution, the immunosensor exhibits the maximum current, hence found to be ideal 

for biosensing studies. For the effective detection of EpCAM antigen, the antigen’s incubation 

period is another crucial factor. To check the efficient incubation time, 1 pg/mL of EpCAM 

antigen was incubated with BSA/anti-EpCAM/EP electrode, and chronoamperometric response 

was recorded from 2 to 10 min (Fig. 6.4C). A plateau is attained after current drop upto 6 min, 

signifying the end of the reaction. 
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Fig. 6.4 (A) Chronoamperometry curves of (a) PEDOT:PSS/WP, (b) CuS@PEDOT:PSS/WP, (c) 

EP and (d) BSA/anti-EpCAM/EP; (B) Optimization of effect of pH; (C) Optimization of time of 

incubation of EpCAM antigen; (D) Electrochemical response study of BSA/anti-EpCAM/EP 

electrode after incubation of different EpCAM antigen concentrations (0.01 pg/mL to 1000 

ng/mL) and (E) Linearity plot of current vs. log CEpCAM 

6.3.7 Electrochemical immunosensing studies  

The immunosensing performance was examined as a function of increasing concentration of 

EpCAM antigen (0.01 pg/mL to 1000 ng/mL) towards BSA/anti-EpCAM/EP electrode (Fig. 

6.4D). Due to the blockage of the conducting region onto the bioelectrode surface caused by the 

development of an antigen-antibody immunocomplex, the saturated current decrease with 

increasing EpCAM antigen concentration. The calibration plot for saturated current vs. log of 

EpCAM concentration is shown in Fig. 6.4E and follows the following regression equation: 

Current (µA) = 11 0  A −104.31  A/ (pg/mL) × log(CEpCAM); R
2
 = 0.99                              (6.1) 

Using the above equation, the LOD and sensitivity for this biosensor are determined to be 

104.31 µA/ (pg/mL) and 0.01 pg/mL, respectively.  

Conducting paper has several advantages over more expensive glass-based electrodes, the 

primary one being that it is biodegradable and may be disposed of simply by burning [10]. When 
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the resulting ash was subjected to the energy dispersive X-ray (EDX) analysis, the primary 

peaks of carbon and oxygen were appeared as shown in Fig. 6.5. In addition, trace amounts of 

calcium, phosphorus, iron, potassium, and sulfur are found. The low-cost biodegradable 

platform for point-of-care detection is confirmed by the absence of any harmful elements in the 

ash.  

 

Fig. 6.5 Energy dispersive X-ray (EDX) analysis of ash 

6.3.8 Interference, reproducibility and stability studies 

The selectivity of fabricated Immunosensor was studied in the presence of different analytes 

including glucose, NaCl and ascorbic acid (10 pg/mL each) (Fig. 6.6A). When comparing the 

chronoamperometry response to EpCAM antigen (1 pg/mL), there is no significant change in 

current. Additionally, the immunosensor’s specificity is evaluated by measuring the current 

response when a mixture of interferents containing EpCAM antigen is present. An observed 

decrease in electrochemical current validates the developed immunosensor’s specificity. 

Further, to check reproducibility of developed Immunosensor, chronoamperometry response of 

four distinct BSA/anti-EpCAM/EP electrodes was analyzed as shown in Fig. 6.6B. The results 

indicates that the electrode’s saturated current differs a very little with RSD of ~1.59 %.  

Lastly, for the purpose of EpCAM antigen detection (1 pg/mL), the immunosensor’s storage 

stability was assessed at regular intervals of 5 days for 30 days (Fig. 6.6C). When maintained at 

4 °C, it has been observed that the BSA/anti-EpCAM/EP electrode maintains 75% activity even 

after 30 days.  
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Fig. 6.6 (A) Interference data of BSA/anti-EpCAM/EP electrode in the presence of different 

analytes (10 pg/mL); (B) Reproducibility data of immunosensor; (C) Stability study of BSA/anti-

EpCAM/EP electrode; and (D) Saturated current of immunosensor in buffer (a) and spiked 

serum sample (b) 

6.3.9 Human serum analysis 

The precision and applicability of developed immunosensor were analyzed by taking response in 

the presence of spiked human serum sample. The serum sample was first diluted ten times with 

7.4 pH PBS, and then spiked with various EpCAM antigen concentrations (0.1, 1, 10, 100, 1000, 

and 10,000 pg/mL). The current response has been recorded, and the results showed that the 

difference between the current of the spiked serum sample and the buffer is very small (Fig. 

6.6D). Table 6.2 records the recovery, concentration, and resulting standard deviation of the 

corresponding data, demonstrating the immunosensor’s validation and viability for EpCAM 

detection in people. 
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Table 6.2: Detection of biomarker in spiked serum using BSA/anti-EpCAM/EP electrode 

 

6.4 Conclusion 

This chapter presents the fabrication of an electrochemical paper-based immunosensor for the 

efficient detection of EpCAM antigen. This immunosensor utilizes a sensing platform composed 

of CuS and PEDOT:PSS-modified conducting paper. Various experimental studies proved that 

the fabricated platform exhibits excellent electrical conductivity, flexibility and biodegradability. 

Further, the immunosensing studies of BSA/anti-EpCAM/CuS@PEDOT:PSS electrode 

confirmed a broad linear range (0.01 pg/mL to 1000 ng/mL) and a high sensitivity {104.31 µA/ 

(pg/mL)} for EpCAM antigrn detection. Additionally, it was investigated that the immunosensor 

has a 30 days long stability period.  

 

 

 

 

 

 

The results presented in this chapter have been published in “Materials Chemistry and 

Physics” 313 (2023) 128687. 
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CHAPTER 7 

Ag@Ti3C2Tx-MODIFIED CONDUCTING PAPER-BASED ELECTROCHEMICAL 

IMMUNOSENSOR FOR EpCAM DETECTION 

 

7.1 Introduction 

In this chapter, a highly bendable Whatman paper-based immunosensor has been developed for 

the highly sensitive and real time detection of EpCAM antigen. A novel Ag@Ti3C2Tx hybrid 

material is being used with aqueous PEDOT:PSS solution to enhance the numerous 

electrochemical parameters, viz, conductivity, hydrophilicity, stability etc [1]. The electrode 

fabrication has been achieved by simple dip-coating method. All the characterizations and 

biosensing parameters have been examined and reported in the following sections. 

 

 

 

Fig. 7.1: Scheme depicting the fabrication of Ag@Ti3C2Tx/CP-based immunosensor 
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7.2 Experimental section 

7.2.1 Synthesis of Ti3C2Tx & Ag/Ti3C2Tx hybrid 

Though, a synthesis of Ti3C2Tx is reported earlier in the chapter 3 of the thesis. Further, Ag 

particles have been doped onto the Ti3C2Tx sheets by one pot method by the direct reduction of 

AgNO3 salt. This procedure involves the dual action of Ti3C2Tx sheets as a self reducing agent as 

well as a matrix of support for Ag particles. Initially, 100 mg of Ti3C2Tx has been dissolved in 20 

mL of distilled water under ultrasonication to prepare 5mg/mL stock solution. In another beaker, 

33.98 mg of AgNO3 has been dispersed in 20 mL of distilled water under constant stirring. After 

that the stock solution of Ti3C2Tx has been added dropwise to the beaker containing AgNO3 with 

constant stirring for 60 min. The resulting suspension has been washed with DI water multiple 

times for the removal of impurities under ultracentrifugation. The obtained solid was dried in 

vacuum oven to obtain Ag/Ti3C2Tx hybrid [2]. 

7.2.2 Fabrication of PEDOT:PSS/WP (CP), Ti3C2Tx/CP and Ag/Ti3C2Tx/CP electrodes 

In order to fabricate the conducting paper electrodes (CP), Whatman paper (WP) made up of 

cellulose fibres was chosen as a transducer surface because of its biocompatibility and 

hydrophilicity [3]. Firstly, 20% PEDOT:PSS stock solution has been prepared in DI water. An 

optimal amount of 5 mg of each Ti3C2Tx and Ag/Ti3C2Tx hybrid have been dissolved in 10 mL 

of stock solution in two separate beakers under constant stirring for 2h. The stabilized WP (1 × 3 

cm) strips have been dipped in all aforementioned solutions separately for 30 min and then 

vacuum dried. This process has been repeated thrice to obtain better electrical characteristics and 

mechanical strength. This layer by layer stacking process ensures the formation of uniform and 

conductive layer of PEDOT:PSS on WP surface. Nevertheless, the PSS dopant increases the 

durability and processability of the polymer but decreases the electrical conductivity, thereby 

making high-performance applications inappropriate. To improve conductivity, the modified 

Ag/Ti3C2Tx/CP electrodes were doped with different concentrations of dimethyl sulfoxide 

(DMSO) for 5 min. It has been observed that the 50% V/V DMSO doped electrode has the 

highest electrical conductivity among all. 

7.2.3 Biofunctionalization of DMSO treated Ag/Ti3C2Tx/CP electrode 

The immobilization of anti-EpCAM has been achieved by physical adsorption. For that process, 

a 1:1:2 solution containing EDC, NHS and anti-EpCAM (25 µg/mL) has been prepared in an 
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Eppendorf tube. Thereafter, DMSO treated Ag/Ti3C2Tx/CP electrode was drop-casted with 25 µL 

of this active solution, and it was incubated for 6 h at 4 °C. Finally, the anti-EpCAM/Ag/ 

Ti3C2Tx/CP electrode has been washed with PBS (at pH 7.4) to get rid of unimmobilized 

antibody that was stuck to the surface of electrode.  

7.3 Results & discussion 

7.3.1 Morphological characterization  

SEM technique is used to determine the surface morphologies of sequential stages of various 

electrodes prepared in this work which are shown in Fig. 7.2. The cellulose fibres of stabilized 

WP has been uniformly covered by PEDOT:PSS as shown in the SEM image of 

PEDOT:PSS/WP (CP) (Fig. 7.2A) [4]. The SEM image of Ti3C2Tx/CP electrode (Fig. 7.2B) 

depicts the incorporation of 2D-Ti3C2Tx sheets into the polymer matrix. The SEM analysis of 

powder Ag/Ti3C2Tx (Fig. 7.2C) depicts the smooth dispersion of Ag particles onto the layered 

Ti3C2Tx sheets. Similar morphology is being observed when Ag/Ti3C2Tx has been incorporated 

in to the CP as shown in Fig. 7.2D. 

 

Fig. 7.2: SEM micrographs of (A) PEDOT:PSS/WP (B) Ti3C2Tx/CP  (C) Ag/Ti3C2Tx powder 

and (D) Ag/Ti3C2Tx/CP 
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7.3.2 Structural characterization 

XRD spectroscopy is exploited to analyze the phase purity and crystallinity of MXene derived 

from MAX phase (Fig. 7.3A). It has been observed that the MAX phase disappears completely 

after hydrothermal etching, as evident by the absence of Al peak at 2θ = 39.1° in curve b and c.  

The characteristic peak (002) of Ti3AlC2 (2θ = 9.6°) has been shifted to a broad peak at 6.4° in 

Ti3C2Tx and Ag/Ti3C2Tx suggesting a drastic loss in the crystallinity. In curve c, the additional 

peaks of Ag positioned at 38.4°, 44.5°, 64.7° and 77.5°, further confirm the incorporation of Ag 

particles into the Ti3C2Tx sheets [5]. 

The surface structure and modification of Ti3C2Tx and Ag/Ti3C2Tx has been described by FTIR 

spectroscopy ranging from 400 to 4000 cm
-1

 (Fig. 7.3B). The peak observed at 2975 cm
-1

 is due 

to the stretching vibrations of C–H bond, while the peaks appeared around 1738, 1374, and 1055 

cm
-1

 are attributed to the stretching vibrations of C=O, O–H, and C–F bonds [6]. Hence, the 

presence of –OH and –F groups has been confirmed as surface modifications in Ti3C2Tx. The 

additional peaks appeared around 611 and 563 cm
-1

 ascribed to the Ti–O and Ti–C stretching 

vibrations, respectively. In curve b, the intensity of Ti–O and Ti–C peaks decreases which may 

be due to the incorporation of Ag particles into the Ti3C2Tx sheets. In the FTIR spectra of 

Ag/Ti3C2Tx/PEDOT:PSS/WP, the additional peaks appeared at 1044 and 1160 cm
-1

 are owing 

the presence of –SO3 group (symmetric and asymmetric stretching vibrations) in PSS molecules. 

 

Fig. 7.3 (A) XRD curves of Ti3AlC2 (a), Ti3C2Tx, (b) and Ag/Ti3C2Tx (c); (B) FTIR spectra of 

Ti3C2Tx (a), Ag/Ti3C2Tx (b) and Ag/Ti3C2Tx/CP (c) 
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7.3.3 Electrical conductivity and flexibility study 

By utilizing a four-probe technique, conductivity measurement tests have been performed to find 

the conductivity of the different fabricated paper electrodes and the data are reported in Table 

7.1. Conductivity has been measured to be 2.5× 10
-3

, 7.6 × 10
-3

 and 10.9 × 10
-3

 S/cm for 

PEDOT:PSS/WP (CP), Ti3C2Tx/CP and Ag/Ti3C2Tx/CP electrodes, respectively. Further 

considering the effect of organic solvent like DMSO has been studied to improve the 

electrochemical parameters of Ag/Ti3C2Tx/CP electrode. It is reported that the DMSO treatment 

causes the rearrangement in the PEDOT:PSS structure, which further enhances the mobility of 

charge carriers and resulting in higher conductivity. In addition, DMSO forms a bond with 

PEDOT and at the same time, PSS is removed with distilled water, resulting in an increase in 

conductivity [7]. The Ag/Ti3C2Tx/CP electrode has been optimized with different concentrations 

of aqueous DMSO such as 25%, 50%, 75% and 100% (V/V). It was found that 50% DMSO 

treated Ag/Ti3C2Tx/CP electrode possesses the conductivity (763.5 × 10
-3

 S/cm) around 70 times 

higher. 

Table 7.1: The electrical conductivity data of different modified electrodes 

S. No. Modified Electrodes Conductivity (S/cm) 

1 PEDOT:PSS/WP (CP) 2.3 × 10
-3

 

2 Ti3C2Tx/CP 7.6 × 10
-3

 

3 Ag@Ti3C2Tx/CP 10.9 × 10
-3

 

4 25% DMSO treated Ag@Ti3C2Tx/CP 498.2 × 10
-3

 

5 50% DMSO treated Ag@Ti3C2Tx/CP 763.5 × 10
-3

 

6 75% DMSO treated Ag@Ti3C2Tx/CP 509.1 × 10
-3

 

7 100% DMSO treated Ag@Ti3C2Tx/CP 445.5 × 10
-3

 

Additionally, the flexibility of fabricated electrode has been investigated by folding it at the 

various angles, ranging from -180° to +180° (-ve and +ve signs show the downward and upward 

fold) as shown in Fig. 7.4A. This electrode was folded at different angles for the first time, but 

the conductivity did not alter noticeably. A plot of relative conductivity against angle of bending 
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is shown in Fig. 7.4B. A minimal change in conductivity was observed upon folding the 

electrode at different angles. Furthermore, it is worth important to mention that this low-cost and 

flexible paper based immunosensor can be easily discarded by incineration [8] and thus disposal 

is easy. The paper-based sensor can be easily burned in about 10s without producing harmful 

smoke or toxic gases into the atmosphere. 

 

Fig. 7.4: (A) Pictorial view of conducting paper folding at various angles and (B) A plot of the 

conductivity change (final/initial) against the bending angle 

7.3.4 Electrochemical characterization 

The electrochemical behaviour analysis of different electrodes has been carried out by using the 

chronoamperometry technique at an applied potential of 0.2 V with 0.1 s time interval in a 0.2 M 

PBS (at 6.5 pH) containing 5 mM [Fe(CN)6]
3-/4-

. Electrochemical response for all the fabricated 

electrodes has been recorded under the identical conditions (Fig. 7.5A). It was observed that the 

DMSO treated Ag/Ti3C2Tx/CP electrode has the highest value of saturation current (2.95× 10
-3

 

mA) in comparison to Ag@Ti3C2Tx/CP (2.09× 10
-3

 mA), Ti3C2Tx/CP (1.77 × 10
-3

 mA) and CP 

(1.14 × 10
-3

 mA). The increase in current is due to the incorporation of highly conducting Ag 

particles that works in a synergistic manner with Ti3C2Tx. Hence, the Ag@Ti3C2Tx/CP electrode 

is more conducting due to the increase in the effective surface area. 

The response time study was performed on the fabricated immunosensor, anti-

EpCAM/Ag@Ti3C2Tx/CP to optimize the time required for the completion of anti-EpCAM and 

EpCAM antigen reaction. For that purpose, anti-EpCAM/Ag@Ti3C2Tx/CP electrode was 

incubated with EpCAM antigen (50 fg/mL) for 12 min (Fig. 7.5B). The saturation current was 

measured after every 2 min and it was found that the current decreases upto 8 min and then a 
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stage of saturation was reached. Hence, it was considered as the optimal time for all biosensing 

studies. 

 

Fig. 7.5: (A) Chronoamperometric plot of CP (a), Ti3C2Tx/CP (b), Ag/Ti3C2Tx/CP (c), and 

DMSO treated Ag/Ti3C2Tx/CP (d); (B) Optimization for incubation time of EpCAM antigen; (C) 

Electrochemical response of anti-EpCAM/Ag/Ti3C2Tx/CP against different EpCAM antigen 

concentrations (1 fg/mL – 10000 pg/mL) and (D) Calibration plot of current against log 

(EpCAM antigen, fg/mL) 

7.3.5 Electrochemical response studies 

The response study was performed on the fabricated immunosensor, anti-

EpCAM/Ag@Ti3C2Tx/CP as a function of change in concentration of EpCAM antigen (1 fg/mL 

– 10000 pg/mL) in 0.2 M PBS solution at 6.5 pH containing 5 mM [Fe(CN)6]
-3/-4

]. After adding 

20 µL of various antigen concentrations, it was found that the current decreases with each 

addition of EpCAM antigen which is clearly seen in Fig. 7.5C. The formation of an 

immunocomplex on the surface of anti-EpCAM/Ag@Ti3C2Tx/CP electrode which results in a 

decline of rate of electron transfer process, probably due to the blockage of active area on the 

surface of electrode. The magnitude of current and log of EpCAM antigen concentration shows a 

linear relationship (Fig. 7.5D), as represented by the following regression equation. 
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Current = −101.66  A /(fg. mL
-1

) × log (CEpCAM) + 1.12 mA; R
2
 = 0.88                            (7.1) 

The sensitivity of anti-EpCAM/Ag@Ti3C2Tx/CP electrode was estimated from slope analysis 

and calculated as 44.12 µA. fg
-1

. mL with the detection limit of 0.8 fg/mL.  

7.3.6 Real sample studies 

The anti-EpCAM/Ag@Ti3C2Tx/CP electrode was utilized to examine a serum sample in order to 

verify the efficacy of fabricated immunosensor. Prior to being spiked with various concentrations 

of EpCAM antigen (10, 100, 1000, and 10,000 fg/mL), the serum sample was first diluted with 

PBS (pH = 7.4). The electrochemical data obtained from chronoamperometric response show a 

good correlation between the saturated current obtained from (a) spiked serum sample and (b) 

reference buffer sample as given in Fig. 7.6A and the data reported in Table 7.2. This biosensing 

platform shows an excellent precision, with an average percentage RSD of less than 2.22%. 

Table 7.2: EpCAM detection in serum sample by anti-EpCAM/Ag@Ti3C2Tx/CP electrode 

 

7.3.7 Specificity, repeatability and stability studies 

Interference test was conducted by using the chronoamperometry approach to investigate the 

impact of biomolecule like glucose, NaCl, urea and ascorbic acid that are present in the human 

on the sensing parameters. These results are shown in Fig. 7.6B. After adding these interferents 

(having concentration 50 fg/mL), there was no appreciable change in the electrochemical current 

in comparison to EpCAM antigen. The anti-EpCAM/Ag@Ti3C2Tx/CP electrode, on the other 

hand, exhibits a notable shift in electrochemical current response with the mixture of all the 

analytes containing EpCAM antigen. Hence, this immunosensor has been found highly specific 

and selective for EpCAM antigen detection.  



101 
 

 
 

For repeatability study, the chronoamperometry response of the fabricated immunosensor was 

recorded five times with each concentration of EpCAM antigen, i.e., 10 fg/ml (low), 1 pg/ml 

(medium), and 1000 pg/ml (high), as depicted in Fig. 7.6C. With respect to 10 fg/ml, 1 pg/ml, 

and 1 ng/ml EpCAM antigen, %RSD values for anti-EpCAM/Ag@Ti3C2Tx/CP electrode are 

reported as 4.95%, 4.01%, and 4.26%, respectively. Low values of relative standard deviations 

represent that the developed immunosensor exhibits an excellent repeatability and 

reproducibility.  

 

Fig. 7.6: (A) Chronoamperometric saturated current comparison of anti-EpCAM/Ag/Ti3C2Tx/CP 

electrode for EpCAM antigen in buffer and serum sample; (B) Interference study of anti-

EpCAM/Ag/Ti3C2Tx/CP electrode with various analytes (glucose, NaCl, urea and ascorbic acid); 

(C) Repeatability study of three different anti-EpCAM/Ag/Ti3C2Tx/CP electrodes; (D) Shelf life 

study of immunosensor  

Additionally, the shelf life of the anti-EpCAM/Ag@Ti3C2Tx/CP electrode has been assessed up 

to 35 days at the intervals of 7 days, in the presence of 50 fg/mL EpCAM antigen as depicted in 

Fig.7.6D. These findings show that the immunosensor maintained 84% of the current response 

up to 28 days. After that the saturated current was declined to 71% of initial value. This stability 
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is noticeably better than our previous reported immunosensor, BSA/anti-EpCAM/EP, which has 

a 28-day shelf life. 

7.4 Conclusion 

This chapter presents the successful invention of an inexpensive, portable, highly stable 

conducting paper-based immunosensor by using the Ag@Ti3C2Tx and PEDOT:PSS. The anti-

EpCAM/Ag@Ti3C2Tx/CP immunosensor was fabricated by immobilizing anti-EpCAM by drop-

cast method. The results of chronoamperometric response study reveal the accurate, rapid and 

non-invasive detection of EpCAM antigen. This immunosensor displays a good sensing 

performance with an extremely low LOD (0.8 fg/mL). Furthermore, the extraordinary flexibility 

and long term stability (35 days) of this immunosensor enables the accurate EpCAM detection 

with quick response time. The clinical validataion of this paper-based sensor was confirmed by 

detecting the EpCAM antigen with spiked serum samples. Thus, a wide range of applications for 

biomarker monitoring could benefit greatly from the use of this portable, accurate, and efficient 

paper-based immunosensor.  
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CHAPTER 8 

CONCLUSION, FUTURE SCOPE AND SOCIAL IMPACT 

 

8.1 Conclusion  

The current thesis describes the structural, morphological, and electrochemical properties of 

Ti3C2Tx and its hybrids with TiO2, CuS, and Ag particles as well as their prospective applications 

in biosensors. A number of ultrasensitive electrochemical immunosensing devices have been 

fabricated for label-free EpCAM antigen (cancer biomarker) detection. In order to improve 

sensing performance, various attempts have been undertaken to use economical and environment 

friendly methods for synthesizing different hybrids. For the fabrication of electrochemical 

immunosensor, the EpCAM antibody corresponding to EpCAM antigen has been used for 

immobilization onto the electrode surface.  

Firstly, BSA/anti-EpCAM/Ti3C2Tx@ITO platform has been fabricated for the electrochemical 

detection of EpCAM antigen. The layered structure of 2D-Ti3C2Tx provides a large specific 

surface area for better immobilization of antibody. This immunosensor showed a broad linear 

range (0.1 fg/mL to 100 ng/mL) along with high sensitivity (29.22 µA fg
-1 

mL cm
-2

) for EpCAM 

detection. Furthermore, the immunosensor successfully detected EpCAM antigen in spiked 

human serum samples with a very good recovery rate of 97.9% – 99.9%. 

To improve different electrochemical parameters such as biocompatibility, effective surface area 

and stability of Ti3C2Tx, TiO2 has been incorporated into the layers of Ti3C2Tx. This in-situ 

grown TiO2, increases the stability of Ti3C2Tx by improving the interlayer spacing in its sheets 

and serving as a protective layer to prevent the oxidative deterioration of the inner structure of 

Ti3C2Tx. The electrochemical immunosensor has been fabricated by immobilizing anti-EpCAM 

onto the TiO2/Ti3C2Tx@ITO electrode. The outstanding analytical performance of the 

immunosensor is owing to the increase in specific surface area and electrical conductivity of 

2D/2D TiO2/Ti3C2Tx hybrid. The BSA/anti-EpCAM/TiO2/Ti3C2Tx@ITO electrode provided a 

broad 1 ag/mL to 10 ng/mL range and extremely low LOD, 0.7 ag/mL for EpCAM detection. 

Furthermore, the produced immunosensor exhibits good selectivity, repeatability, and long-term 

stability (56 days). 

In the next chapter, stable CuS/Ti3C2Tx hybrid has been synthesized via one-pot hydrothermal 

technique. The increase in electron transfer rate for CuS/Ti3C2Tx hybrid due to the synergetic 
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effect of CuS and Ti3C2Tx, as compared to Ti3C2Tx makes it a promising candidate for the 

immobilization of antibody. The fabricated immunosensor, BSA/anti-

EpCAM/CuS/Ti3C2Tx@ITO offers a good linearity in 0.01 fg/mL to 100 ng/mL range with an 

excellent LOD, 0.0057 fg/mL. The validity of this sensor with spiked serum samples proved its 

clinical applicability in humans. 

Further, the CuS and Ag/Ti3C2Tx particles have been dispersed into PEDOT:PSS aqueous 

solution separately and subsequently used to fabricate paper-based electrochemical sensors for 

EpCAM detection. The conducting paper electrodes have been fabricated with the 

aforementioned suspensions by simple dip-coating technique. The modified paper electrodes 

have further been treated with dimethyl sulfoxide to enhance the electrical conductivity and 

stability of paper. The CuS/PEDOT:PSS and Ag/Ti3C2Tx/PEDOT:PSS based immunosensors 

have been found to detect EpCAM antigen with acceptable detection limit of 0.01 pg/mL and 0.8 

fg/mL, respectively. The electrochemical findings confirm that the immunosensors exhibit good 

stability, repeatability, and selectivity.  

Thus, a wide range of applications for biomarker monitoring could benefit greatly from the use 

of portable, accurate, and efficient paper-based immunosensor.  

8.2 Future scope 

 Even though EpCAM antigen has been successfully detected in human serum samples, 

additional research should be done, because no single cancer biomarker satisfies every need 

for an ideal cancer biomarker. In order to support appropriate and timely clinical decision-

making, a multiple markers detection technique combining both new and established cancer 

biomarkers must be developed. 

 The advanced synthesis and surface modification strategies are required for Mxene-based 

nanocomposites for the development of electrochemical biosensors for low concentration 

cancer biomarker detection. 

 It may be possible to develop sophisticated microfluidic devices that can detect extremely 

low quantities of biomolecules. 

 Additionally, the flexible and eco-friendly disposable paper sensor may be explored for the 

fabrication of eco-friendly low-cost point-of-care device to detect different infectious 

diseases. 
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 In future, the health and government sectors can invest in these systems and taking an 

essential step towards commercialization of these platforms. 

8.3 Social Impact 

 Remote health monitoring with biosensors helps to minimize hospitalizations and 

disruptions. 

 Early diagnosis and monitoring of pathological conditions, particularly cancer disease, may 

greatly improve prognosis and survival rates by analyzing molecular biomarkers using 

biosensor platforms. 

 Diagnostics using portable and in situ sensing equipment at the patient's bedside can 

significantly lower the death rate and enhance clinical results.  
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