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Abstract 
 

The promise of biosensors offering attractive features has kept the field active and 

growing.  The aim is often to develop a device which is sensitive, specific, rapid, portable, 

cheap, and with the ability to capture an analyte in different matrices without cross-

reactivity.  The challenges increase when the aim is simultaneous multi-analyte detection 

on a single platform, without the need for complex procedures and expensive instruments. 

Such a system is invaluable in many clinical settings, where disease diagnosis and 

progression are multifactorial. Cancer is a good example of complex diagnosis 

requirements. This project is aimed at the development of biosensing platform to 

overcome the aforementioned problems and allow direct, simple analysis with the 

minimum of sample pre-treatment. The early detection of lung cancer has been chosen as 

there is no commercial biosensor available for detection of this disease and for lung 

cancer diagnosis multi-analyte recognition is necessary. 

 

This project presents the development of impedimetric and magnetic sensing 

platform for early detection of lung cancer via detecting the neuron-specific enolase 

(NSE) and carcinoembryonic antigen (CEA) which are known as potential lung cancer 

biomarkers. The sensing platform developed here comprises of magnetic manipulation, 

screen printed electrode (SPE), and magnetic nanobeads. The magnetic nanobeads (MBs) 

were functionalised with antibodies to fish the analyte from the sample, and to move them 

over the sensing area. Moreover, magnetic nanobeads were used to increase the chance 

of antigen-antibody complex formation. 

 

After cleaning the surface of electrodes with 50 mM KOH in 25% H2O2 (for 10 

minutes), immunosensors were developed by immobilising the antibodies on the gold 

working electrode of SPEs through formation of self-assembled monolayer (SAM layer) 

due to its simplicity, stability, well-organised structure and low background noise.  

 

The optimised NSE immunosensor with 10 µg/ml of 10-7937 antibody was 

successfully tested to measure various concentrations of NSE protein (0 – 100 ng/ml) in 

both PBS buffer and 100 % serum using functionalised MBs with 2.4 mg/ml of 10-7938 
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antibody. The optimised sensor achieved detection limit of 0.18 ng/ml (R2 = 0.9848) in 

buffer and 0.52 ng/ml (R2 = 0.9977) in 100 % serum with via EIS with the use of 10 mM 

potassium ferri/ferrocyanide as a redox probe.  

 

The impedimetric CEA immunosensor was developed and optimised by use of 20 

µg/ml of 12-140-01 antibody and was used to measure analyte with functionalised MBs 

with 2.4 mg/ml of 12-140-10 antibody. The CEA immunosensor was also able to measure 

various CEA concentrations (0 – 100 ng/ml) in both PBS buffer and 100 % serum in 

presence of 10 mM potassium ferri/ferrocyanide. The sensor achieved low limit of 

detection as 0.26 ng/ml (R2 = 0.9924) and 0.76 ng/ml (R2 = 0.9839) for CEA detection in 

buffer and 100 % serum, respectively.  

 

In conclusion, both immunosensors developed here, using EIS and the magnetic 

sensing platform, were capable of detecting their corresponding biomarkers in serum in 

relatively short time (40 minutes) and in the appropriate concentration range, as serum 

concentrations higher than 12.5 ng/ml and 7 ng/ml for NSE and CEA respectively can 

indicate presence of cancer. 

 

To the best of our knowledge, no one has reported a use of magnetic platform as 

the one developed in this thesis. 
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1.1. Introduction 

  

The continual proliferation and spread of unregulated cells due to mistake(s) at 

the DNA/ RNA transcription, or protein translation stage is known as cancer disease that 

can affect more than 60 organs within the human body (Altintas et al., 2012; Chen et al., 

2012; Arya & Bhansali, 2011). Cancer is the result of the interaction between genetic and 

environmental factors which can be categorised into 3 groups of chemical (e.g. arsenic), 

physical (e.g. ultraviolet radiation), and biological (e.g. viruses) carcinogens (WHO, 

2017). Cancer Research UK reported >14 million cancer incidences occurred worldwide 

in 2012 (Figure 1.1), which led to 8.2 million deaths (Cancer Research UK, 2014a). They 

have also predicted an annual cancer morbidity of 23.6 million by 2030.  

 

 

 

Figure 1.1: Worldwide Cancer Statistics (2012), A. Cancer Incidence Rate, B. Cancer 

Death Rate. (Data Extracted from www.cancerresearchuk.org (Cancer Research UK, 

2014b, 2014c). 

 

 

Figure 1.1, shows, that lung cancer was the most prevalent cancer in the world in 

2012, which caused 13% (1.8 million) cancer incidences and 19% (1.6 million) cancer 

deaths. The rates of lung cancer morbidity and mortality are rapidly increasing annually 

which make lung cancer as one of the most serious health issue (Chen et al., 2015). Li & 

Hong (2013) reported that during the last 3 decades, lung cancer increased by 464.84% 

http://www.cancerresearchuk.org/
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(Li & Hong, 2013). The most of cancer-related death, about 90%, are caused by tumour 

metastases (Tian et al., 2017a).  

 

1.2. Lung cancer 

  

Uncontrolled cell proliferation of epithelial cells within the lung airways develops 

lung cancer disease (Kashyap et al., 2015). Lung cancer (Figure 1.2) is the most common 

type of cancer and the leading cause of cancer-related death in the world. It can be 

categorised into two main types by histology: Small Cell Lung Cancer (SCLC) and Non-

Small Cell Lung Cancer (NSCLC) (Arya & Bhansali, 2011; Kalari et al., 2013; Cagle et 

al., 2013). Although there are lung cancer related symptoms, they may not appear until 

the advanced stage of the disease. The most general lung cancer symptoms are tiredness, 

shortness of breath, chest pain, persistent cough, coughing up blood, weight loss and 

difficulty in swallowing (Ettinger et al., 2015; Cancer Research UK, 2017). Lung cancer 

is classified into 4 stages based on the size of the tumour and whether it has spread out to 

other parts of the body. Depending on the stage of lung cancer, the treatment methods 

available are surgical excision, chemotherapy, and radiation therapy (Rang et al., 2007). 

Untreated lung cancer leads to the spread of cancer cells to other parts of the body in a 

process known as metastasis, and eventually this can lead to death.  
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Figure 1.2: Image of lung cancer (MedicineNet, 2010). 

 

 

1.2.1 Small Cell Lung Cancer (SCLC) 

 

SCLC includes three groups: small cell cancer, mixed small/large cell cancer, and 

combined small cell cancer (Arya & Bhansali, 2011). Approximately 10 to 15% of lung 

cancer incidences are SCLCs which are normally originated from neuroendocrine cell 

precursors and they are closely linked to smoking habits. This type of lung cancer has a 

high growth rate and has the ability of spreading quickly at early stage of cancer. Hence 

60% to 70% of patients are diagnosed at the metastasis stage of cancer. Although SCLC 

initially responds well to radiotherapy and chemotherapy, rapid drug resistance 

development might occur during treatment, which results in cancer recurring in most 

patients (Rossi et al., 2013; Früh et al., 2013; Byers & Rudin, 2015). The survival time of 

SCLC without treatment is between 2 to 4 months, whereas receiving the treatment can 

increase the survival time depending on the stage of cancer. The survival time for patients 

who received treatment with advanced SCLC is between 7 to 12 months, while it is 16 to 

24 months for patients with earlier stage disease. Therefore, early diagnosis of the SCLC 

is essential (Kalari et al., 2013; Harmsma et al., 2013). 
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1.2.2 Non-Small Cell Lung Cancer (NSCLC) 

  

NSCLC has the highest cancer related mortality rate. About 85% to 90% of lung 

cancer occurrence is caused by NSCLCs (Kashyap et al., 2015). Based on the pathological 

characterisation it can be further divided into three groups: large cell carcinoma (~10%), 

squamous cell carcinoma (~40%), and adenocarcinoma (~50%) (Cagle et al., 2013; Ali 

et al., 2016). Although NSCLC subtypes have different characterisation such as shape 

and size, they are categorised in the same group since they have almost the same 

prognosis and treatment procedure (Kashyap et al., 2015; Ali et al., 2016).  

 

Once the patient has been diagnosed with NSCLC the treatment can be started based on 

the physical health of the patient and the stage of the disease. For instance, the standard 

treatment for stage one to three is surgery and combination chemotherapy;  while for more 

locally advanced NSCLC radiotherapy and chemotherapy are suitable treatments (Chung 

& Christianson, 2014; Song et al., 2016; Tian et al., 2017b). However, the surgery is 

known as the most effective method for NSCLC treatment. Though for most patients, 

(70%) surgery cannot be used as the line of treatment as NSCLC is usually diagnosed at 

the late stage, e.g. metastatic stage (Cagle et al., 2013; Ettinger et al., 2015; Shin et al., 

2015). Therefore, the treatment options will be limited to standard treatments such as 

chemotherapy and radiation therapy, with a response rates of 30 to 40%, for most of 

patients that cannot be cured by surgery. Moreover, late diagnosis of NSCLC also results 

in 5-year survival rate of about 15% of patients with a high chance of cancer recurring; 

while the 5-year survival rate for early stage disease is >50% (Hensing & Salgia, 2013; 

Zhang et al., 2013; Cagle et al., 2013; Shin et al., 2015; Najlah et al., 2017) 

 

1.3. Diagnosis Methods Used for Lung Cancer Detection 

  

Lung cancer can be diagnosed by the following methods: sputum cytology, 

computerised tomography scan (CT scan), positron emission tomography scan (PET),   

X-ray, bronchoscopy, magnetic resonance imaging (MRI), and immunohistochemistry 

(IHC) (Sharma et al., 2012; Altintas et al., 2012; Harmsma et al., 2013; Kashyap et al., 

2015). Once the patient is suspected of having lung cancer, a series of tests and imaging 
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will be applied to confirm the lung cancer. Figure 1.3 shows the procedure used for lung 

cancer diagnosis.  

 

 

 

Figure 1.3: Lung Cancer Diagnosis Pathway.  

  

 

As Figure 1.3 shows that infection can also result in having abnormal chest X-ray. 

Therefore, further scanning such as a CT scan is required. The chest CT scan is good in 

providing critical information such as the tumour location. Since, it is not accurate in 

distinguishing the benign from the malignant tumour, a whole body PET scan is required 

for staging lung cancer and checking the cancer metastatic. Even though the CT and PET 

scan have high specificity and sensitivity, false positive results might be obtained from 

other causes such as infection. Hence, tissue biopsy is an unavoidable part of lung cancer 

diagnosis (Silvestri et al., 2003).  

 

The aforementioned methods have two main disadvantages. The first 

disadvantage is that most of them are invasive and rely on tissue biopsy especially in the 

case of SCLC, as cancer cells are located submucosally. The second one is that these 

methods are not able to detect lung cancer at an early stage. These methods are based on 

morphology of the cell and not designed for specific cancer detection.  
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The diagnosis of lung cancer through cancer biomarkers within body fluids, e.g. 

blood, can be effective, less invasive and helps in early diagnosis (Tothill, 2009; Sharma 

et al., 2012; Harmsma et al., 2013). The early lung cancer diagnosis is important as the 

highest cancer therapeutic potential is at its early stage of development, and the disease 

symptoms do not appear in patients until the late cancer stage (Arya & Bhansali, 2011; 

Zhang et al., 2013; Patra & Turner, 2014). Thus, early diagnosis of cancer increases the 

chance of respond to treatment and reduces the treatment cost.  

 

1.4. Potential Lung Cancer Biomarkers (Analytes) 

 

“Biomarker (biological marker) is an objectively measured characteristic that can 

be an indicator of a normal biological, pathologic process or pharmacologic response to 

a specified therapeutic intervention.” (Atkinson et al., 2001). 

 

As cancer cells start to grow and develop within the body, they release different 

types of biological substances such as metabolites, proteins, hormones, and nucleic acids 

(DNA and RNA) (Altintas & Tothill, 2013). Since the release of these biological 

substances is proportional to the stage of cancer, they can be used as cancer biomarkers 

(Arya & Bhansali, 2011). An individual with the same or higher biomarker concentration 

than the cut-off value is suspicious of having cancer. Detection of biomarkers within 

tumour cells,  urine, sputum, or blood fluids not only allows cancer recognition at its early 

stage; but also can help in therapeutic processes (Su et al., 2008).  

 

Cancer diagnosis via detection of biomarkers has the advantages of being less 

invasive and less painful in comparison with traditional methods of disease diagnosis such 

as tissue biopsy which is the gold standard (Tian et al., 2017a). Especially considering 

that sometimes multi-spot tissue biopsy is required, and the samples must be fresh. 

Among the sources of lung cancer biomarkers, blood might be the best choice. Ease of 

access, ability of continuously monitoring of the disease, and release of biomarkers at a 

very early stage of lung cancer development within the blood, are the advantages of using 

blood samples for cancer biomarker detection (Indovina & Marcelli, 2013; Altintas & 

Tothill, 2013; Hensing & Salgia, 2013). 
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Cancer biomarkers can be categorised into 3 categories. The first is diagnostic 

biomarkers which are normally used for detection and identification of the type of cancer, 

although they also can be used for therapeutic monitoring purposes. The second category 

is predictive biomarkers which can suggest therapeutic decisions; in other words, they 

can predict the treatment outcome as these biomarkers are the aim of therapy. Finally 

prognostic biomarkers, a third category, are used to provide information on patient 

outcome, for instance patient survival, independently from treatments (Grunnet & 

Sorensen, 2012; Chen et al., 2012; Chung & Christianson, 2014). Therefore, blood-based 

biomarkers provide key information which can be used for early diagnosis, staging and 

subtyping of the cancer, the therapeutic response, and patient survival. They are important 

lung cancer diagnostic tools which can also be applied for lung cancer patient 

management (Holdenrieder, 2016).  

 

Table 1.1 presents the list of biomarkers for lung cancer diagnosis. The most used 

biomarkers for NSCLC diagnosis are carcinoembryonic antigen (CEA), cytokeratin 19 

fragment antigen (CYFRA 21-1) and squamous cancer cell antigen (SCCA). The neuron-

specific enolase (NSE) is the most famous biomarker for SCLC diagnosis (Holdenrieder, 

2016). However, NSE protein may be found in blood of the patient with NSCLC which 

is an indicator of neuroendocrine property of the tumour that makes the cancer more 

aggressive. Although they normally respond well to chemotherapy (Kulpa et al., 2002). 

 

CEA, NSE, and CYFRA 21-1 are well known biomarkers for early diagnosis of 

lung cancer. Cytokeratin 19 fragment antigen, also known as CYFRA 21-1, is a small 

soluble protein (40 kDa) from intermediate filaments family, present in epithelia cells. 

CYFRA 21-1 protein has been known as an epithelium cell-death indicator (Altintas & 

Tothill, 2013; Anderson et al., 2006; Arai et al., 2014; Kumar et al., 2016; Luo et al., 

2013). Following cell apoptosis, caspase3 protease activity increases which degrades 

cytokeratin 19 and releases small fragments including CYFRA 21-1 into the body fluids 

and tissues during some pulmonary pathology, SCLC, and specially NSCLC (Ono et al., 

2013; Xu et al., 2014). Hence, it is considered as one of the main biomarkers for cancer 

diagnosis.  
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Table 1.1: List of lung cancer biomarkers. 

Type of 

Biomarker 

Lung cancer biomarker Reference 

Protein Carcinoembryonic antigen (CEA) (Sawabata et al., 2002) 

Serum cytokeratin fragment 21-1 (CYFRA21-1) (Pujol et al., 2004) 

Neuron specific enolase (NSE) (Kulpa et al., 2002) 

p53 (Cheng et al., 2003) 

Epidermal growth factor receptor (EGFR) (Mitsudomi et al., 2005) 

Human epithermal growth factor receptor 2 (HER2) (Brabender et al., 2001) 

Squamous cell lung carcinoma antigen (SCC) (Yu et al., 2013) 

Cyclin D1 (Gautschi et al., 2007) 

C-erbB2 (Kristiansen et al., 2001) 

Tissue polypeptide antigen (TPA) (Foa et al., 1999) 

Carbohydrate antigen 19-9 (CA 19-9) (Lin et al., 2012) 

Carbohydrate antigen 125 (CA125) (Yu et al., 2013) 

Alpha-fetoprotein (AFP) (Yoshimoto et al., 1987) 

Matrix metalloproteinase (MMP-9, MMP-7) (Jumper et al., 2004) 

(Liu et al., 2007) 

Tissue inhibitor of matrix metalloproteinase (TIMP-1) (Jumper et al., 2004) 

Interleukin 6 (IL-6); interferon γ (IFN-γ) (Martin et al., 1999) 

Genetic  Kirsten rat sarcoma (k-ras)  (Slebos et al., 1990) 

Fragile histidine triad (FHIT)  (Li et al., 2007) 

Methylation of tumour suppressor gene p16 (Hensing & Salgia, 

2013) 

Circulating micro-RNAs (miR-25, miR-223) (Kosaka et al., 2010) 

Krueppel-like factor 6 (KLF6)  (Ito et al., 2004) 

Myelocytomatosis (myc) family (Little et al., 1983)  

(Nau et al., 1986, 1985) 

Ras association domain family 1A (RASSF1A) (Liu et al., 2013) 

Cell division cycle 25 B (cdc25B)  (Sasaki et al., 2001) 

Kallikrein family (KLK5, 6, and 7) (Planque et al., 2005)  

(Nathalie et al., 2009)  
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The overexpression of CYFRA 21-1, which occurs in more than 50% of NSCLC 

patients, is strongly linked with cancer stage, relapse of the disease, and survival time 

(Chen et al., 2015, 2017; Zeng et al., 2017). CYFRA 21-1 protein has been reported as 

highly sensitive and specific prognostic NSCLC biomarker which is overexpressed in 

approximately 70 to 85% of patients (Kulpa et al., 2002; Harmsma et al., 2013; He et al., 

2013). Different studies have reported different CYFRA 21-1 cut-off levels in the blood 

and thus they obtained different sensitivity and specificity. For instance, Okamura et al. 

(2013) reported 3.5 ng/ml, Pujol et al. (2004) mentioned 3.6 ng/ml, and Swellam et al. 

(2008) indicated 5.6 ng/ml as cut-off level for the CYFRA 21-1 biomarker. Recently, 

research was carried out in the biosensor area toward the detection of CYFRA 21-1. For 

instance, Kumar et al. (2016) and Zeng et al. (2017) have used differential pulse 

voltammetry technique to measure CYFRA 21-1 and they have achieved the LoD of 

0.122 ng/ml and 0.1 ng/ml, respectively. 

 

In this thesis, CEA and NSE were selected as the biomarkers of interest to develop 

the biosensors. Therefore, these two biomarkers will be covered in more details.  

 

1.4.1 Carcinoembryonic Antigen (CEA) 

  

One of the potential prognostic biomarkers for lung cancer is carcinoembryonic 

antigen (CEA) (Figure 1.4) (Arrieta et al., 2009; Arya & Bhansali, 2011; Grunnet & 

Sorensen, 2012; Altintas & Tothill, 2013). CEAs are cell surface glycoproteins from 

immunoglobulin superfamily of cell adhesion molecules family (Moreira et al., 2016). 

These proteins have molecular weights of 180 kD and are usually produced during the 

fetal development and are not normally presents is the body of healthy individuals (Zhu 

et al., 2013).  
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Figure 1.4: The Molecular Structure of CEA Protein; It consists of 7 domains as: N 

domain, 3 of A domains and 3 of B domains. Each domain is formed by disulphide bond 

between its four cysteine residues (Kaufman et al., 2000). 

 

 

Although CEA can be found in the blood of people who smoke cigarettes (< 5 

ng/ml), the concentration of CEA increase significantly in blood serum of patients with 

lung cancer (Yu & Cao, 2012). Elevated levels of CEA protein in the blood of patients 

can be an indicator of lung cancer, breast cancer, colon cancer, or ovarian carcinoma 

(Altintas & Tothill, 2013; Grunnet & Sorensen, 2012; Harmsma et al., 2013). The cut-off 

value for CEA detection is not the same in all studies. For instance, Su et al. (2008) 

indicated that CEA concentration in blood serum of healthy individuals is 2.5 – 5 ng/mL 

although its concentration in cancer patients is higher than 100 ng/mL; while Grunnet & 

Sorensen (2012) literature review shows the use of 5 to 7 ng/ml as the cut-off value for 

the majority of researches. In recent years numerous studies have been carried out to 

develop a biosensor for detection of CEA (Table 1.2) as a potential blood marker of lung 

cancer (Fragoso et al., 2010; Špringer & Homola, 2012; Zhu et al., 2013; Lei et al., 2013; 

Yeh et al., 2013; Altintas & Tothill, 2013). 
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Table 1.2: Developed biosensors for CEA detection. 

Type of Sensor Linear Range Limit of 

Detection 

(LoD) 

Reference 

Amperometric 1 pg/ml–50 ng/ml 0.3 pg/ml (Sun et al., 2014) 

Anodic stripping 

voltammetry 

0.05 pg/ml–1 ng/ml 0.024 pg/ml (Lin et al., 2014) 

Differential pulse 

voltammetry  

1 fg/ml–100 pg/ml 0.001 pg/ml (Wang et al., 2013) 

Amperometric 0.1–2 ng/ml 60 pg/ml (Gao et al., 2011) 

Differential pulse 

voltammetry 

0.1–750 ng/ml ~90 pg/ml (Liu et al., 2015) 

Differential pulse 

voltammetry 

10 fg/ml–100 ng/ml 0.003 pg/ml (Sun & Ma, 2012) 

Surface plasmon 

resonance 

0.4 – 25 ng/ml 100 pg/ml (Špringer & Homola, 

2012) 

Impedimetric 1 pg/ml–80 ng/ml 0.64 pg/ml (Hou et al., 2013) 

Impedimetric 0.05 pg/ml–20 ng/ml 0.023 pg/ml (Zhou et al., 2017) 

Impedimetric 1.5 – 60 ng/ml 500 pg/ml (Pan & Yang, 2007) 

Impedimetric 0.5 – 20 ng/ml 100 pg/ml (Tang et al., 2007) 

Impedimetric 1 pg/ml – 0.5 ng/ml 

1 – 40 ng/ml 

0.03 pg/ml (Zhou et al., 2016) 

Impedimetric 1 pg/ml–100 ng/ml 0.1 pg/ml (Zhou et al., 2014) 

Impedimetric 0.1–1000 ng/ml 60 pg/ml (Li et al., 2017) 

 

 

1.4.2 Neuron-Specific Enolase (NSE) 

  

Enolase is a 78 kDa glycolytic enzyme that consists of αα, ββ, γγ, αγ, and βγ 

isozyme (Holmes et al., 2011). Those isozymes with γ subunit are found in neurons and 

endocrine cells (Figure 1.5), and thus are called neuron-specific enolase (NSE) (Harmsma 

et al., 2013; Altintas & Tothill, 2013; Yang et al., 2014; Yang et al., 2014). NSE is known 

to be a reliable, sensitive and specific biomarker associated with SCLC, neuroendocrine 

cancer, and neuroblastoma (Wang & Ma, 2017). Although the stroke or cerebral injury 

can also cause elevation of NSE concentration within the blood serum, the concentration 

reached the normal level within a week of the event (Holmes et al., 2011). 
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Figure 1.5: The structure of neuron-specific enolase (NSE). 

 

 

Yang et al (2014), suggested NSE to be a good biomarker as the normal 

concentration range of NSE in serum of healthy individuals is between 5 to 12 ng/ml. 

NSE is also present in the cerebrospinal fluid of healthy individuals with a concentration 

of 20 ng/ml (Han et al., 2012). The percentage of NSCLC patients that have over 

expression of NSE was found to vary between 0 – 79% in various studies. As an example, 

Petrovic et al. (2012) reported the over expression of NSE in 31%  of patients with 

NSCLC, while Harmsma et al. (2013) indicated NSE over expression in 5 – 11% of 

NSCLC patients. Another study in 2013 by Yu et al.  showed that 63.6% (out of 481) of 

NSCLC patients had more than 12.5 ng/ml of NSE in their blood serum.  

 

High levels of NSE (>100 ng/ml) is expressed in 60% – 81% of SCLC patients 

which often increases to nearly 1 µg/ml in a patient with late stages of cancer (Wang & 

Ma, 2017; Yu et al., 2012, 2015). Hence, the concentration of NSE protein in the serum 

can be used as an indicator for both early cancer diagnosis and response of patients to the 

treatment.  
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NSE might not be a suitable sole biomarker for detection of NSCLC although it 

has been suggested by several sources to be the best biomarker for the detection of SCLC. 

Thus, detection of NSE, and CEA or CYFRA 21-1 serum level of patients can help in 

distinguishing between SCLC and NSCLC. In recent years few studies have been 

reported on biosensors for NSE detection in blood serum and these are presented in Table 

1.3. 

 

 

Table 1.3: Developed biosensor for NSE detection. 

Type of Sensor Linear Range Limit of 

Detection 

(LoD) 

Reference 

Forster resonance energy 

transfer 

5 – 125 ng/ml 12 ng/ml (Geißler et al., 

2013) 

Quantum dot 0.5 – 50 ng/ml 0.2 ng/ml (Li et al., 2010) 

Deferential pulse 

voltammetry 

0 – 25 ng/ml 4.6 ng/ml (Sánchez et al., 

2016) 

Field effect transistor 1 ng/ml – 1 

µg/ml 

100 ng/ml (Cheng et al., 2015) 

Square wave voltammetry 1 – 150 ng/ml 0.9 ng/ml (Shan & Ma, 2016) 

Optical 1 – 1000 ng/ml N/A (Aono et al., 2016) 

Amperometric 0.01 – 100 

ng/ml 

0.0078 ng/ml (Wang & Ma, 2017) 

Optical 1 – 1000 

ng/ml 

0.05 ng/ml (Li et al., 2017) 

Impedimetric 1 – 50 pg/ml 0.0005 ng/ml (Barton et al., 2008) 

Square wave voltammetry 0.001 – 200 

ng/ml 

0.00026 ng/ml (Wang et al., 2017) 

Differential pulse 

voltammetry 

0.1 – 2000 

ng/ml 

0.033 ng/ml (Yu et al., 2012) 

Voltammetric  0.001 – 100 

ng/ml 

0.0003 ng/ml (Han et al., 2012) 

Electrochemiluminescence 0.01 pg/ml – 

10 ng/ml 

0.00001 ng/ml (Zhou et al., 2016) 

Quantum dot 0.001 – 100 

ng/ml 

0.0002 ng/ml (Yu et al., 2015) 
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1.5. Biosensors for Lung Cancer Diagnosis 

 

It is crucial to diagnose lung cancer at an early stage to increase the survival time 

and the chance of successful treatment, especially for SCLC. Although, lung cancer can 

be detected with current methods such as X-ray, MRI and biopsy, these methods have 

disadvantages such as high cost, use of radiation and being invasive. Therefore, a low 

cost, rapid and non-invasive detection method with high sensitivity and specificity is 

required. A non-invasive and early diagnosis of lung cancer might be possible via 

detection of biomarkers (e.g. protein) within the body fluid (e.g. blood) as the level of 

these molecules changes  (Harmsma et al., 2013; Altintas & Tothill, 2013). The low cost 

detection and simultaneously monitoring of the biomarker concentrations with an 

acceptable level of selectivity and sensitivity is possible using of biosensors (Aydın & 

Sezgintürk, 2017).  

 

Biosensors are bioanalytical devices which recognise a specific analyte through 

the use of a bioreceptor, and convert the biological responses to electrical signals via the 

action of a transducer (Newman & Setford, 2006; Zhang et al., 2013). Figure 1.6 presents 

the principle of a biosensor.  

 

 



16 

 

 

Figure 1.6: The Principle of Biosensors (Newman & Setford, 2006). 

 

 

A bioreceptor is the biological recognition element of the biosensor. Antibody, 

enzyme, molecular imprinted polymer (MIP), and nucleic acids (e.g. ssDNA) can be used 

as bioreceptors to detect the analyte of interest. The binding of the analyte of interest to 

the bioreceptor causes changes in property of the transducer such as alteration of 

refractive index in optical biosensors, or resonant frequency of the crystal in piezoelectric 

biosensors. Biosensors can be classified based on the type of the transducer such as 

optical, electrochemical, piezoelectric, magnetic, or thermometric (Newman & Setford, 

2006; Monošík et al., 2012). Each class of biosensor can be further classified into two 

groups. The response of a biosensor due to direct attachment of analyte is known as a 

label-free sensor, but if it is caused by recognition of a certain label (e.g. fluorescence) it 

is known as a labelled sensor.  

 

It is crucial to validate the biosensors to make sure the obtained results are close 

enough to the true value. There are some measurable terms to validate the biosensors and 

to assure the quality of the obtained results. These including selectivity, sensitivity, limit 

of detection (LoD), and reproducibility (Justino et al., 2016). 
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The sensitivity is the amount of biosensor response to the slight change of the 

analyte concentration. The sensitivity value can be calculated by plotting the calibration 

curve and calculating the slop of the analyte linear range detection. The selectivity is how 

well the biosensor can detect and measure the concentration of the analyte of interest in 

the presence of other molecules. The LoD is defined as the smallest concentration of the 

analyte of interest which the biosensor can detect with an acceptable degree of certainty 

(Justino et al., 2016, 2010). The LoD can be calculated from Equation 1. 

 

 

 
𝐿𝑜𝐷 =  

3 × 𝑆𝐷𝐵

𝑆𝑙𝑜𝑝𝑒
 Equation 1 

 

 

Where SDB is standard deviation of the blank and the slope is the sensitivity of 

the biosensor. The reproducibility is defined as how close are the result of the same 

concentration of analyte by repeating the experiment with the same device and materials 

but different screen-printed electrode. 

 

Below some of the most important transducers for lung cancer detection 

research will be discussed further. 

 

1.5.1 Optical Biosensors 

 

Optical transducers detect the presence of target molecule by measuring and 

converting into digital signals the changes within light amplitude, wavelength, frequency, 

or phase that are caused by biological events on the sensing layer of the biosensor (Justino 

et al., 2016). Although different types of optical transducers are available they can be 

subdivided in two main groups know as labelled, such as fluorescence and 

Chemiluminescence (Cl), and label-free (unlabelled), such as surface plasmon resonance 

(SPR) and waveguide (Fan et al., 2008; Bohunicky & Mousa, 2010; Narsaiah et al., 2012). 
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Many of the fluorescence labelled optical biosensors apply immunoassay as a 

common method for the detection of the analyte of interest. This type of immunoassay is 

based on the detection of fluorescence intensity changes that occurs after coupling of the 

target analyte to the bio-recognition element such as aptamers and antibodies (Monošík 

et al., 2012). Unlike the label-free optical biosensors, the labelled optical biosensors can 

detect biomolecules without labelling requirement. The principle of unlabelled optical 

immunoassays is based on the existence of sensing light near the sensing area which can 

change due to the presence of target molecules. Once the molecules of interest bind to the 

bio-recognition elements, the change in the refractive index will either cause changes in 

the angle of incidence or shift the wavelength which is proportional to the amount of 

analyte of interest (Fan et al., 2008; Scott & Peters, 2010). SPR (Figure 1.7) is known as 

one of the best label-free methods for detection of target molecules due its high 

sensitivity.  
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Figure 1.7: SPR illustration (A) The action mechanism of BIAcore Technology. The 

binding of analyte to the immobilised antibodies on the surface of the chip cause alteration 

of refractive index due to the mass of target molecule (detected light moved from a to b 

position). (B) Presents the change in critical angle. These changes are presented as a plot 

of resonance signal Vs. time (C). The amount of resonance signal is proportional to the 

concentration of analyte of interest (Cooper, 2002; Patching, 2014). 

 

Optical biosensors can be highly selective and specific, immune to interference 

with a low limit of detection and minimally invasive. They can be used for multi-analyte 

detection by use of either various light wavelengths or different labels. Although optical 

detection has many of advantages, it usually relies on expensive readout devices which 

make optical sensing unsuitable for some field applications (Tothill 2009; Gauglitz, 2010; 

Narsaiah et al., 2012). Numerous studies have been published for the detection of lung 
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cancer biomarkers by optical biosensors. Some of these studies are summarised in Table 

1.4.  

 

Table 1.4: Published studies on optical recognition of lung cancer biomarkers. 

Cytokeratin 7 and 17 (CK7, CK 17), Annexin A3 (ANXA3), Serum collagen type IV 

(COLIV). 

Method Recognition 

element 

Analyte LoD Reference 

Optical fiber Antibody CK 7 0.4 nM (Ribaut et al., 2016) 

Chemiluminescence Antibody CYFRA 

21-1 

0.2 

ng/ml 

(Luo et al., 2013) 

Quantum dots Antibody ANXA3 75 pg/ml (Kim et al., 2013) 

SPR imaging Antibody Podoplanin 15 pg/ml (Gorodkiewicz et al., 

2012) 

Quantum dots Antibody HER2 N/A (Ag et al., 2014) 

SPR Antibody EGFR and 

CEA 

N/A (Teotia & Kaler, 

2017) 

SPR imaging Antibody COLIV 2.4 

ng/ml 

(Sankiewicz et al., 

2016) 

SPR Antibody CK 17 1 pg/ml (Ribaut et al., 2017) 

Localised SPR Antibody Exosome 194 

ng/ml 

(Thakur et al., 2017) 

 

 

1.5.2 Magnetic Biosensors  

 

The two main components of magnetic biosensors are bio-recognition elements 

and selective labelling of the analyte of interest with functionalised magnetic beads 

(Muluneh & Issadore, 2014). Based on the type of analyte, different sizes of magnetic 

beads from micro to nano can be used. Magnetic beads have two parts, a magnetic core 

and a polymer shell. The magnetic cores comprise 50 – 60% of magnetic beads and are 

commonly made from ferromagnetic substances such as iron oxide, cobalt, and nickel. 

Use of ferromagnetic materials allows magnetic beads to be magnetised only if an 

external magnet is applied. This property of ferromagnetic elements is due to their atoms 

arrangement. For instance, atoms of these materials will be in parallel arrangement when 

they are placed into an external magnetic field. Therefore, agglomeration of magnetic 
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beads will not occur in the absence of magnetic field. The second component of magnetic 

beads is the polymer shield which allows magnetic beads to be functionalised with 

bioreceptors (e.g. DNA probes or antibodies) (Tamanaha et al., 2008; Ríos et al., 2013). 

 

Bio-recognition elements on the surface of magnetic beads are used to couple with 

analytes in the sample to form bio-complex molecules which can be detected via magnetic 

sensors through two common methods (Llandro et al., 2010; Li et al., 2012). The first is 

based on applying a magnetic field and voltage to the sample. Detection of changes in 

voltage, caused by a change of resistance due to binding of bio-complex molecules on 

magnetic sensor’s surface is then monitored. Consequently, the amount of changes in 

voltage is proportional to the amount of bound bio-complex molecules (analytes) on the 

surface of magnetic biosensor (Figure 1.8). The second method of magnetic biosensor 

detection involves the use of two magnetic fields with different frequencies. The presence 

of target molecules alters the magnetic field frequency, thus the biosensor can detect and 

quantify the amount of analyte by measuring the differences between two magnetic field 

frequencies  (Meyer et al., 2007; Grieshaber et al., 2008). 

 

 

 

Figure 1.8: Most common mechanism of magnetic biosensors. The target molecules are 

detected by primary antibodies with are immobilised on the sensing area. Then, the 

magnetic particles will attach to the captured analyte. The transducer detects changes in 

stray magnetic field caused by magnetic particles (Giouroudi & Kokkinis, 2017). 
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Magnetic biosensors use magnetic forces which give them many advantages such 

as: simple sample preparation, rapid, small amount of sample and organic solvent 

requirement, low detection limit, and no effect of chemical variables (e.g. pH) on analyte 

quantification. However, sometimes the interaction of magnetic particles may lead to 

false positive results (Meyer et al., 2007; Xu & Wang, 2012; Ríos et al., 2013). Table 1.5 

presents some of the published research for the detection of lung cancer biomarkers with 

magnetic biosensor. 

 

 

Table 1.5: Published studies on detection of Interleukin-6 (IL-6) with giant 

magnetoresistive (MR) biosensor. 

Method Recognition 

element 

Analyte LoD Reference 

GMR Antibody IL-6  (Li et al., 2009) 

GMR Antibody IL-6  (Srinivasan et al., 2009) 

GMR Antibody IL-6 125 fM (Li et al., 2010) 

 

 

1.5.3 Electrochemical Biosensors 

 

The history of biosensors began with Clark oxygen electrode transducer (1962) 

which is an electrochemical biosensor for glucose concentration measurement by 

measuring the oxygen concentration reduction (Grieshaber et al., 2008). Further attention 

was brought to electrochemical biosensor in clinical diagnosis such as Aizawa et al. 

(1979) that introduced the first electrochemical biosensor for cancer diagnosis (Wang, 

2006). 

 

Like other type of biosensors, different type of biorecognition elements such as 

antibodies (Du et al., 2010), aptamers (Song et al., 2008), enzymes (Shan et al., 2009), 

MIP (Piletsky & Turner, 2002), and nucleic acids (Ensafi et al., 2011) can be used to 

detect the target analyte in electrochemical biosensors. The attachment of the analyte to 

the biorecognition elements can be detected through the generation of measurable 

electrochemical signals as a current, potential, or impedance (resistance), which are 
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proportional to the concentration of the analyte. Based on the type of electrochemical 

detection, the electrochemical biosensors can be further classified as: voltammetric, 

potentiometric, and impedance (Perumal & Hashim, 2014).  

 

These types of transducers have received considerable attention because of their 

many advantages such as quick response, selective, sensitive, highly miniaturised, 

inexpensive, and ease of use. The use of screen printed electrodes (SPEs) has helped in 

growing developments on the use of electrochemical biosensors because of their low cost, 

mass production, reliability, and reproducibility. Hence, this type of transducer has 

become one of the most successful transducer for analyte analysis in point-of-care 

devices.  (Newman & Turner, 2005; Daniels & Pourmand, 2007; Tothill, 2009; Arya & 

Bhansali, 2011; Li et al., 2012;). Moreover, electrochemical biosensors based on SPE are 

able to detect the target molecules within small volume of analyte sample with excellent 

LoDs (Wilson & Nie, 2006).  

 

The electrochemical biosensors have some limitations. The interaction of target 

molecule with bio-recognition might results in reduction of electronic signal because of 

the steric hindrance effect of large molecules, this affect is known as high interference 

from matrix effect. Moreover, since bio-recognition molecules are immobilised on the 

surface of electrode, the electrodes are not normally reusable (Xu & Wang, 2012). 

 

1.5.3.1 Screen Printed Electrodes 

 

The electrochemical biosensors generally use screen printed electrodes (SPEs) 

which consist of 3 electrodes: a working, a reference, and a counter or auxiliary electrode. 

Their working principle is based on recognition of target molecules by the immobilised 

bio-recognition elements on the working electrode, and measurement of signal difference 

before and after binding of target molecules (Newman & Setford, 2006; Xu & Wang, 

2012). The biochemical reaction occurs on the surface of the working electrode and this 

results in producing the current. The working electrode is connected to both counter and 

reference electrode. The potential applied to the cell is applied against the reference 

electrode as it does have a constant potential that does not change. The reference electrode 

is normally made from Ag/AgCl, and since its constant potential should be stable during 
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the measurement, the reference electrode is placed in a distance from reaction site 

(Kimmel et al., 2012). The counter or auxiliary electrode is designed to detect any 

electrochemical signals which are not produced due to the redox reaction.  

 

The SPEs are low cost and produced on a large scale. They can be produced in 

different shapes and with varied materials based on the type of application. The gold, 

platinum, and carbon are most common materials to use as working and counter 

electrodes as they need to be conductive and chemically stable (Grieshaber et al., 2008). 

Another advantage of SPEs is their small dimensions as it allows them to be used in 

portable point-of-care device and reduces the consumption of biological and chemical 

reagents. Since the signals are generated by occurrence of binding events close to the 

surface of transducer, using of SPEs can help to increase the assay sensitivity. Moreover, 

the small dimension of SPE reduces the assay performance time as the analytes and the 

biorecognition elements are in close distance (Arduini et al., 2016). Subsequently, the 

type of materials which SPEs are made of and the surface chemistry of the SPE play vital 

role in electrochemical biosensors.  

 

i. Self-assembled monolayers (SAMs) 

 

 Self-assembled monolayers (SAMs) are defined as highly organised two-

dimensional molecular assemblies which are formed spontaneously through the 

interaction of active precursors and solid surface (Figure 1.9) (Cheng & Hu, 2012; Jadhav, 

2011). Formation of SAM layer on a metal substrate was reported for the first time by 

Zisman in 1946 (Watson et al., 2015). Since then, many studies have been done on 

development of different type of SAM layers and their applications. One of the most 

important studies in this area was done by Allara & Nuzzo in 1983, who for the first time 

reported the formation of alkanethiol SAM layer on gold surface (Jadhav, 2011). 

 

There are two types of SAM layer formation methods on solid surface. The first 

and the most common way is through a solution, and the second way is via vapour 

deposition (Watson et al., 2015). The simple way of developing a SAM layer on the 

surface is immersing the solid substrate into the solution. The most common formed 
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SAMs are alkanethiolates and alkylsilanes on gold and silicon surfaces, respectively (Ko 

et al., 2015). 

 

 

 

Figure 1.9: The formation of various type of SAMs on different type of materials 

(Watson et al., 2015). 

 

 

The organic building-blocks for SAM have specific structures, as those in Figure 

1.9. They consist of a head or anchor group, a chain or spacer part, and a functional or 

end group (Jadhav, 2011). All SAMs are normally formed through binding of the anchor 

group to the substrate. The anchor groups attach to the surface by forming either 

chemically or physically bonds. The strength of bonds between the anchor group and the 

surface is crucial. It must be reasonably strong to attach the molecule to the surface, but 

at the same time it needs to be sufficiently flexible as attached molecules to surfaces need 

mobility to form a dense SAM layer (Schmaltz et al., 2017). The process of thiol-based 

self-assembly formation is presented in Figure 1.10. 
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Figure 1.10: The illustration of thiol based SAM formation process on the gold surface 

(Ko et al., 2015). (a) physically adsorption of thiol molecules onto the gold surface; (b) 

formation of chemically bond between gold surface and lying down thiol molecules; (c) 

start of standing phase of thiol molecules as more thiol molecules are chemically 

adsorbed, (d) completion of SAM.   

 

 

The quality of monolayer formation depends on many factors such as cleanliness of 

the surface, concentration of the molecules in the solution and the incubation time.  Generally, 

the SAM formation process can be divided into two steps (Ko et al., 2015). The first step, 

binding of anchor end to the surface, is based on the concentration of substrate, takes up to few 

minutes and up to 85% surface coverage can be obtained, although it might not be well 

organised. During the second step, the self-organising process takes place, where the 

monolayer reaches its maximum compactness. Unlike the first step, the second is a slow 

process and takes hours (up to a day) to complete. The first step relies on formation of covalent 

bonds, while the second step mainly relies on weaker bonds such as van der Waals and 

hydrogen bonds to make a highly organised monolayer  (Gooding & Ciampi, 2011; Watson 

et al., 2015) . The result of these steps is the formation of highly organised two-

dimensional molecular assembly that has tilted alkanethiols at the angle of approximately 

30o from the surface. The compactness of SAM depends on intermolecular forces between 
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the thiol molecules. Thus, thiols with a longer chain or spacer unit can form more stable 

and organised monolayers as a result of their stronger van der Waals interactions. 

Although these interactions reduces the electron transfer across the surface which is an 

important factor in electrochemistry (Mandler & Kraus-Ophir, 2011). As Figure 1.9 

shows, variety of functional or end groups of thiols, e.g. -NH2, -OH -CH3, and -COOH 

are used to couple biorecognition elements, e.g. antibodies.  

 

The thiol based SAMs can be formed on various metal surfaces as platinum, silver, 

gold etc. Nevertheless, the strongest type of this monolayer is formed on the gold surface 

which makes gold the most common metal to use. Moreover, the gold surface is easy to 

clean which results in having better quality and more defined monolayer (Mandler & 

Kraus-Ophir, 2011; Manzanares-Palenzuela et al., 2015). The thiol based SAMs are 

robust and can tolerate high temperature (˂ 400 oC) and wide range of pH (1 – 12) 

(Samanta & Sarkar, 2011; Ko et al., 2015). The thiol based SAMs have become popular 

and attractive method to functionalise the electrode for electrochemical biosensors due to 

their ease of formation, stability, and well organised structure (Gooding & Ciampi, 2011). 

 

1.5.3.2 Types of Electrochemical Transducers 

 

Electrochemical transducers are devices that can convert the recognition signals 

to meaningful electrochemical signals of voltage, current, and impedance. They can be 

classified as: voltammetric, potentiometric, and impedimetric. 

 

i. Voltammetric  

 

Voltammetric measurement principle is based on measurement of voltage and 

current between two sets of reference – working electrodes, and working – counter 

electrodes. In the other words, if the target molecule is present on the sensing surface, by 

applying voltage to the working electrode, redox reaction will occur on the working 

electrode which will produce current. The produced current is correlated with the analyte 

concentration. The final results will be presented as graph which is plotted current against 

voltage and known as voltammogram (Grieshaber et al., 2008; Gu et al., 2012). Like other 
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electrochemical biosensors, voltammetric biosensors are highly selective and sensitive. 

Although they can be used for multi-analyte detection purpose, only if chosen analytes 

have different peak potential (Su et al., 2011).  

 

ii. Potentiometric 

 

Potentiometric biosensors are made of two electrodes; the indicator (or working) 

electrode is required for development of variable potential in case of analyte detection, 

and the reference electrode which is responsible for maintaining the constant potential. 

Potentiometric biosensors measure the concentration of substance through determination 

of potential or charge accumulation differences between the indicator and the reference 

electrodes, or two reference electrode which are separated by a permselective membrane, 

when a zero or significantly low current flows between them. The potential response of 

this type of devices is proportional to the logarithm of analyte concentration (Thévenot et 

al., 2001; Su et al., 2011; Perumal & Hashim, 2014).  

 

Potentiometric biosensors are simple to use, cheap, and quick. Although  

potentiometric biosensors are highly sensitive and selective, they are less sensitive than 

amperometric one, and may give false-positive results if various types of charged species 

are contained into the sample (Zelada-Guillén et al., 2010; Perumal & Hashim, 2014). 

One of the challenges for use of potentiometric transducers is to choose the accurate 

reference to maintain the constant half-cell potential (Su et al., 2011).  

 

iii. Impedimetric   

 

The first impedimetric biosensor was reported in 1975 (Grieshaber et al., 2008). 

These biosensors measure the target molecule concentration through detection of changes 

in current vs a small amplitude sinusoidal voltage ratio spectroscopy which is known as 

the electrochemical impedance spectroscopy (EIS).  The counter electrode produce the 

current while the working electrode is used to measure the current, and the reference 

electrode has voltage measurement function (Ates, 2011; Daniels & Pourmand, 2007). 

The impedimetric biosensors contains a frequency response analyser to establish voltage 
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and current phasor, and eventually measure the impedance; and a potentiostat to keep the 

voltage between electrodes (K’Owino & Sadik, 2005).  

 

Impedance is like resistance when the current is applied. The resistance of ideal 

resistor is defined by the Ohm’s law which is the ratio of voltage versus current which 

can be calculated by Equation 2.  

 

 𝑅(Ω) =  
𝐸(𝑣)

𝐼(𝐴)
 Equation 2 

 

Where R is resistance, E is voltage, and I is current. Since in reality, the resistance 

of circuit element is complex and cannot be defined by simple equation, it has been 

replaced by impedance which is a complex resistance of a circuit made of capacitors, 

resistors, inductors or combination of these elements when the AC current is applied 

(Fernandez-Sanchez et al., 2005). Therefore, the impedance equation can be expressed as 

Equation 3.  

 

 𝑍 =  
𝐸

𝐼
=  

∆𝐸 sin(𝜔𝑡)

∆𝐼 sin(𝜔𝑡 +  𝜑) 
 Equation 3 

 

Where Z is impedance in ohm (Ω) ∆E is the amplitude of the sine wave, ω is the 

signal frequency in rad/s (=2πf, where f is the frequency in hertz), 𝜑 is the angle of phase 

shift. The Equation 3 can be transformed into Equation 4 based on the Euler’s 

relationship. 

 

 𝑍 = |𝑍|𝑒𝑗𝜑 = |𝑍|𝑐𝑜𝑠𝜑 + 𝑗|𝑍|𝑠𝑖𝑛𝜑 Equation 4 

 

Where e is the natural logarithm and j is the imaginary unit. As Equation 4 

presents, the total impedance consists of a real and an imaginary part. The real part of 

impedance, also known as resistor, is when the phase difference between the potential 

and current is zero. While the imaginary part of it, also called reactive, may be identified 
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with the contribution of interfacial elements such capacitor and mass transport 

(Fernandez-Sanchez et al., 2005). 

 

By applying voltage, the current flows through the sample, which results in 

impedance spectroscopy. Attachment of analytes to bio-recognition elements causes a 

difference in magnitude and phase shift. The impedance measurements can be presented 

with the Nyquist diagram (Figure 1.11) which is the most common way of presenting 

impedance results. The Nyquist diagram is presented by the imaginary versus the real 

impedance; and shows the results as a curve that has two parts: a semicircle and a linear 

section. To obtain the curve the potentiostat applies 6 or 7 decades of frequency scan, 

from the highest to the lowest frequency.  

 

 

 

Figure 1.11: The Nyquist plot of Impedance Measurement; Rs: Resistance of bulk 

solution; Ret: Resistance of electron transfer; ZW: Warburg impedance. 

 

 

ZW 

Rs 

Ret 
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The Shape of the Nyquist plot can be explained by the Randles equivalent circuit. 

Figure 1.12 presents the Randles Circuit, which consists of the electrolyte solution 

resistance (Rs), the double layer capacitor (Cdl), the resistance of electron transfer (Ret), 

and the Warburg impedance (ZW).  Rs is obtained in impedance measurements when the 

applied frequency is very high at the beginning leading to prevention of effective electron 

conduction between the counter and the working electrode.    

 

 

 

Figure 1.12: The illustration of Randles equivalent circuit and electrode-electrolyte 

interface. The CDL is the double layer that forms on the surface of electrode when it has 

been immersed in an electrolyte solution; while the other elements of Randles circuit are 

arising from the ions diffusion. The CDL and Ret are affected by attachment of analyte to 

the electrode surface, while the Rs and Zw are the properties of the redox solution (Luo & 

Davis, 2013). 

 

 

Due to the application of high frequency by the potentiostat at the beginning of 

impedance which gradually decreases and based on the presence of Ret in parallel to Cdl, 

the resistance at the SPE surface will happen which causes the semicircle section of the 

Nyquist plot. Therefore, the semicircle part represents the limitation of electron transfer 
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to the surface of electrode. Hence, larger semicircles in Nyquist plot present less amount 

of electron transferred from the redox solution to the electrode surface. The linear portion 

of the Nyquist plot obtains at low frequencies represents the frequencies at which 

diffusion of the redox solution ions occur to the surface of electrode. The linear portion 

also represents the ZW of Randles circuit (Katz & Willner, 2003; Elshafey et al., 2013).  

 

The EIS technique can be categorised as Faradaic and non-Faradaic methods. The 

main difference between two mentioned methods is the presence of redox probe. The 

Faradaic EIS analyte measurement is based on reversible reduction and oxidation process 

of the redox probe and movement of the electrons from the solution to the surface of WE 

(Ret); while the non-Faradaic EIS analyte measurement is based on changes in capacitance 

of electrode – electrolyte interface (CDL). Non-Faradaic EIS can be used in miniaturised 

biosensor as it does not require redox solution, though it has been proven that Faradaic 

EIS is one of the most sensitive technique for investigating the events happening on the 

surface of electrodes such as surface electrode modifications and antigen-antibody 

interactions. The changes in Faradic EIS signals are due to the changes in amount of 

transferred electrons which can be altered because of the charges and/ or blockage of the 

electrode surface (Kazemi et al., 2015; Muñoz et al., 2017). 

 

The EIS technique is a sensitive tool that is used by many researchers to 

investigate electrode modifications, e.g. antibody immobilisation to the surface (Hou et 

al., 2013; Aydın & Sezgintürk, 2017). One of the advantageous of impedimetric 

biosensors over the amperometric and voltammetric biosensors is the use of a small 

amplitude voltage (˂ 10 mV) that makes them non-destructive device. This means 

impedimetric biosensors can measure the analyte concentration without significantly 

disturbing the biomolecular probe layer (K’Owino & Sadik, 2005; Daniels & Pourmand, 

2007).  

 

Recently, impedimetric biosensors have attracted many attentions due to their 

various advantages such as label-free detection, cost effective, robust, no need of special 

reagent, portability, ability to be used for real time analysis, and not requiring skilled 
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person. However, they have not been explored in any commercial devices yet (Tothill, 

2009; Lindholm-Sethson et al., 2010; Prodromidis, 2010; Perumal & Hashim, 2014).  

 

1.6. Magnetic Nanoparticles (Beads) 

  

Nanoparticles (NPs) are microscopic nanomaterials with the dimension of 1 – 100 

nm. NPs are benefitting from their high surface to volume ratio which gives them multiple 

molecular interaction sites, and extraordinary chemical and physical properties in 

comparison with non-NP materials. Recently, due to tremendous properties of magnetic 

nanoparticles (MNPs) (e.g. low-cost production), MNPs are of great interest to be used 

in various research such as drug delivery, MRI, water purification, sample preparation, 

and biosensors (Rocha-Santos, 2014; Ali et al., 2016; Wang et al., 2017).  

 

MNPs are normally made of iron, cobalt, nickel, and their oxides which are 

ferromagnetic particles. Magnetic particles are categorised based on their response to an 

applied external magnet into: ferromagnetic, antiferromagnetic, ferrimagnetic, and 

paramagnetic particles. Due to the sufficiently small size of MNPs, MNPs are 

superparamagnetic materials. Superparamagnetic materials are very small ferrimagnetic 

or ferromagnetic particles which are in non-magnetic state unless an external magnet is 

applied (Rocha-Santos, 2014; Ruffert, 2016). Figure 1.13 shows the difference between 

magnetic behaviour of MNPs in comparison with magnetic microparticles (MMPs). 
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Figure 1.13: The comparison of magnetic behaviour of MNPs (a) and MMPs (b) in the 

presence and absence of external magnetic field (H) (Ruffert, 2016). 

 

 

Although MNPs are superparamagnetic, a surface coating is required to make sure 

they separate and do not irreversibly agglomerate after removal of magnetic field. Further, 

the surface coating of MNPs protects them against, ions within the body fluids (e.g. Cl-, 

K+, Ca2+), air and acids which are corrosive for MNPs (Rocha-Santos, 2014; Sobczak-

Kupiec et al., 2016). The type of surface coating is crucial in functionalisation of MNPs 

with biological elements, e.g. antibodies. The materials that are used to coat the MNPs 

are transition-metal oxides, silica, gold, and carbon. Grass et al., (2007) suggests carbon 

coating as the best option to coat MNP as covalent bonds on transition-metal oxides and 

silica coat might be hydrolysed, and gold is not cost effective. The nanoparticles with 

coated magnetic core are known as magnetic beads (MB). 

 

Since MNPs become strongly magnetic in the presence of an external magnetic 

field and this property does not exist in living systems, and also as they can be quickly 

removed from the sample matrix, they are great tools to be used for working in 

biomolecular systems (Ali et al., 2016; Grass et al., 2007). MNP have been used in 

biosensors to improve the stability, sensitivity, and LoD of assays, also to reduce the 
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detection time. They can be easily functionalised with biomolecules through their active 

parts, e.g. carboxyl, which enable them to detect diverse types of analyte. Thereby, they 

can be applied for several purposes such as signal amplification labelling, analyte 

detection in the surface of sensor, and preconcentration of analyte from complex media 

to minimise non-specific adsorption. MNPs ability to carry the target molecules to a 

sensor platform allows simultaneous detection of multi-analyte. In addition, MNPs can 

work as electro-catalysts for molecules, e.g. H2O2, which results in enhancing electron 

transfer between the electroactive solution and the surface of electrode (Holzinger et al., 

2014; Rocha-Santos, 2014; Yáñez-Sedeño et al., 2016). 

 

Jin et al. (2014) used MBs for label-free CEA detection by electrochemical 

biosensor, Figure 1.14. MBs functionalised with horseradish peroxide (HRP) were first 

mixed with sample to fish the analyte before adding the functionalised gold NPs on their 

surface. Then the whole MB-CEA-AuNP-HRP was added to the reaction cell to measure 

the analyte concentration. They achieved the LoD of 5 ng/ml for detection of CEA protein 

by testing various analyte concentration, 5 – 60 ng/ml, with use of cyclic voltammetry 

(CV).   
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Figure 1.14: Schematic display of MB functionalisation and CEA detection. A magnet 

has been placed under the recognition cell to accumulate the MBs on the bottom of 

reaction cell, to increase the conductivity of graphene sheet (Jin et al., 2014). 

 

 

1.6.1 Sample Preparation Platform 

 

The concept of the sample prepration platform is based on using a rotational 

cylinder with implanted magnets for immunomagnetic sample preparation with use of 

functionalised magnetic beads followed by analyte detection on the sensing platform. The 

sample preparation technique (Figure 1.15) is known as trapping-and-releasing 

mechanism. The main part of this sample preparation platform is its three magnetic 

assemblies, which are used to continuously trap and release the magnetic beads at 

different part of the micro-channel.  
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Figure 1.15: The Schematic Illustration of the Trapping-and-Releasing Sample Pre-

concentration Mechanism (Ramadan et al., 2010). 

 

 

In the sample preparation once the sample has been mixed with magnetic beads, 

the sample will flow over the platform through micro-channel. Magnetic beads will be 

trapped when the pole of cylinder’s magnets face the channel, then magnetic beads will 

be released due to rotation of cylinder. The simultaneous trapping and releasing of 

magnetic carriers will result in separation of magnetic beads from the rest of molecules, 

which are present in the sample, as the flow speed of magnetic beads will be lower than 

the rest of molecules. The final purified sample can be collected from the separation 

chamber which is placed at the end of micro-channel on top of a strong permanent magnet 

(Ramadan & Gijs, 2011). 

 

1.8. Aims and Objectives 

 

Biosensors are facing numerous challenges which can be classified into two main 

groups, recognition receptors and device point of view. From a recognition point of view 

challenges are convenient storage condition, specificity, cross-reactivity, and multi-
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analyte detection. Device challenges are portability, reliability, reversibility, sensitivity, 

rapidity, stability, low limit of detection, rapid sample treatment, and ability to be used 

for detection of analytes with different sizes (Perumal & Hashim, 2014). 

 

This project aims at developing rapid, portable, highly sensitive and specific 

multi-analyte sensing platforms for lung cancer marker screening by use of magnetic 

platform for better and more sensitive detection of biomarkers. To achieve the goals of 

the project, we propose a magnetic sensing platform integrated with an impedimetric 

immunosensor to detect lung cancer biomarkers such as CEA, and NSE within human 

blood serum. Two types of monoclonal anti-cancer biomarker antibodies were used to 

detect each analyte of interest. The first antibody type, detection antibody, were 

immobilised on the sensing area and the second one, a capture antibody, were used to 

functionalise the magnetic nanobeads. The functionalised magnetic nanobeads were used 

to capture the analyte from the sample to increase the chance of analyte detection, and to 

enhance the immunosensor response. To accomplish the aims of the project, the 

objectives were divided into the sensing platform and analyte detection system. Figure 

1.16 presents work included in this project in the form of a flow chart. The objectives of 

this project were: 

 

• Designing and manufacturing of the platform. 

• Programming the platform stepper motor (Ardiuno Uno kit). 

• Testing the platform. 

• Selection of the optional screen-printed electrode for use in this work. 

• Functionalization of the screen-printed electrodes with detection antibody (anti-

CEA, and anti-NSE antibody). 

• Functionalisation of magnetic nanobeads with capture antibody (anti-CEA, and 

anti-NSE antibody). 

• Detection of analyte in PBS buffer and optimisation of the immunoassay for both 

biomarkers. 

• Specificity and non-specificity test of each type of immunosensor in blood serum 

samples. 
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Figure 1.16: The flow chart of the thesis content.  
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2.1. Materials 

 

2.1.1 Reagents and Chemical Products 

 

11-Mercaptoundecanoic acid (11-MUA), 1-3-dimethylaminopropyl-3-

ethylcarbodiimide hydrochloride (EDC), bovine serum albumin (BSA), cysteamine 

hydrochloride, hydrochloric acid (HCl), ethanol, ethanolamine, N,N-dimethyl formamide 

(DMF), N-Hydroxysuccinide (NHS), 1,4-phenylene diisothiocyanate (PDITC), 

potassium hexacyanoferrate(II) trihydrate, phosphate buffer saline tablet (PBS), 

potassium hexacyanoferrate(III), Potassium hydroxide, potassium phosphate monobasic, 

pyridine, sulphuric acid, turboBeads™ carboxy (50 nm), and tween 20 were purchased 

from Sigma-Aldrich (Dorset, UK). A 0.2 syringe filter was purchased from Sartorius 

(Germany). 

 

10-7937-FIT anti-NSE mouse monoclonal antibody, 10-7938-FIT Anti-NSE 

mouse monoclonal antibody, 12-140-01 anti-CEA monoclonal antibody, 12-140-10 anti-

CEA monoclonal antibody, native human CEA protein, and purified native human NSE 

protein were purchased from Fitzgerald Industries International (Acton, USA). 

 

2.1.2 Solutions and Buffers 

 

• Coupling..Buffer  

Coupling buffer was prepared at pH 5.5 by mixing 136.1 mg of potassium phosphate 

monobasic and 877 mg of sodium chloride in 100 ml of deionised water, and adjusting 

the pH by 1M hydrochloric acid. 

 

• 50 mM potassium hydroxide (KOH) 25% hydrogen peroxide (H2O2) 

The 50 mM KOH H2O2 was prepared by, first, adding 20 ml of deionised water to 100 

ml of H2O2 (30%) in order to make 25% H2O2. Then 0.2806 g of KOH was mixed in 

100 ml of 25% H2O2. 
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• 1 M Hydrochloric Acid (HCl) 

1 M HCl was prepared by adding 52 µl of HCl 37% to 10 ml of dH2O. 

 

• Piranha..Solution 

Piranha solution was prepared by adding 10 ml of H2O2 35% with 30 ml of sulphuric 

acid in a glass container. 

 

• 0.4 M.EDC.Solution…………………………………………………………..………  

0.4M EDC was prepared by dissolving 7.2 mg of EDC in 9.387 ml of deionised water. 

  

• 0.1 M.NHS.Solution…………………………………………………………………...  

0.1 M NHS was prepared by dissolving 0.1151 g of NHS in 10 ml of deionised water. 

 

• PBS.Buffer.pH.7.4 

PBS buffer pH 7.4 (10 mM phosphate buffer, 27 mM potassium chloride, and 137 mM 

sodium chloride) was prepared by dissolving PBS tablet in 200 ml of deionised water. 

 

• Standard.Buffer.(PBS.pH.7.4.+ 0.1 %.BSA.+.0.05%.Tween..20) ………………...  

The standard buffer was prepared by constituting 1.33 ml of 7.5% BSA and 50 µl of 

Tween 20 in prepared PBS buffer with pH 7.4. 

 

• 10 mM Cysteamine Hydrochloride Solution 

10 mM cysteamine hydrochloride was prepared by dissolving 11.36 mg of cysteamine 

hydrochloride into 10 ml of deionised water. 

 

• 5 mM 11-Mercaptoundecanoic Acid (11-MUA) 

5 mM 11-MUA was prepared by mixing 64 mg in 5.872 ml of ethanol. 

 

• Activation Solution (10 mM PDITC, in Pyridine and DMF [v/v 1:9]) 

The activation solution was prepared by dissolving 5 mg of PDITC in 2.25 ml of DMF 

solution, and then adding 250 µl of pyridine solution. 
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• 10 mM Ethanolamine Solution pH 7.6 

10 mM ethanolamine was prepared by adding 61.08 µl of ethanolamine solution to 10 

ml of deionised water and adjusting the pH to 8.6. 

 

• 10 µg/ml Detection Antibody Solution  

10 µg/ml of detection antibody for CEA detection sensor was prepared by adding 6.25 

µl of anti-CEA antibody (12-140-01) to 1493.75 µl of PBS pH 7.4. The 10 µg/ml anti-

NSE antibody solution was prepared by adding 12.5 µl of 10-7937 anti-NSE antibody 

in 1.2 ml of PBS pH 7.4 to make 100 µg/ml concentration. Then the 100 µg/ml 

antibody solution was diluted by 10 in PBS pH 7.4 to obtain the final concentration of 

10 µg/ml of antibody solution. 

 

• 10 mM Potassium Ferri/Ferro Cyanide Solution  

10mM potassium ferri/ferro cyanide was prepared by mixing 65.86 mg of Potassium 

hexacyanoferrate (III) and 84.48 mg of Potassium hexacyanoferrate (II) trihydrate in 

10 ml of PBS pH 7.4. 

 

2.1.3 Equipment 

 

Two types of potentiostat were used in this project for Voltametric and 

potentiometric measurements. The first device was an Auto GillAC analyser (ACM 

instrument, UK) (Figure 2.1, A) provided with ACM instrument software (version 5) and 

the second one was PalmSens3 Potentiostat (PalmSens BV, Netherlands) (Figure 2.1, B) 

in conjugation with PSTrace software (Version 4.8). 

 

 



44 

 

 

Figure 2.1: Used potentiostat in this project. A. Auto GillAC; B. PalmSens3. 

 

 

2.1.4 Screen Printed Electrodes 

  

Three types of SPE including DRP-250AT, DRP-220AT, and DRP-220BT were 

investigated in this project. All SPE types were purchased from Dropsens (Austurius, 

Spain), and consisted of three electrodes: working (WE), reference (RE), and counter/ 

auxiliary (CE) (Figure 2.2).  

  

 

 

Figure 2.2: Screen printed electrode used in this project and their configuration of their 

electrodes. A. counter electrode; B. working electrode; C. reference electrode. 
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The SPE electrodes in this investigation have the electrode configuration as 

follows: 

• DRP-250AT: gold (WE). platinum (CE), and Ag/ AgCl (RE) 

• DRP-220AT: gold (WE). gold (CE), and Ag/ AgCl (RE) 

• DRP-220BT: gold (WE). gold (CE), and Ag/ AgCl (RE) 

 

DRP-220AT and DRP-250AT SPE gold electrodes were printed using high 

temperature curing (900OC) ink, while DRP-220BT SPEs gold electrodes were printed 

with a low temperature curing ink (150OC) (Figure 2.3). 

 

 

 

Figure 2.3: SEM Images of gold working electrodes; high temperature curing ink (AT 

model) is on the left side and low temperature curing ink (BT model) is on the right side 

(www.dropsens.com). 

 

 

Figure 2.3 shows that the AT model SPEs have smoother surfaces than the BT 

model. According to the DropSens website, based on the type of surface modification and 

redox solution, they may have different behaviours. AT model SPEs benefit from better 

electron transfer than BT models in the presence of ferry/ ferro cyanide as the electrolyte 

solution, though BT model SPEs are cheaper to fabricate.  

 

 

 

http://www.dropsens.com/
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2.2. Methodology 

 

Improvements in biosensor technology  are required for the detection and analysis 

of multi-analytes for certain purposes, including cancer diagnosis through detection of 

multi-biomarkers (Tothill, 2009; Fragoso et al., 2010). The use of magnetic beads in 

biosensing platforms, e.g., protein detection, has been successful because of the 

advantages these materials can have present such as a large surface area (Altintas et al., 

2012; Li et al., 2012). Therefore, magnetic beads were used as a key component in this 

project.  

 

This project includes development of a sensing platform. The experiments were 

initiated by with building the platform and testing the Trapping-and-Realising platform 

with CEA and NSE proteins for data analysis. Since the platform should have high 

sensitivity and specificity, for each protein two monoclonal antibodies were chosen which 

recognise two distinct sites of the CEA and NSE antigens. These antibodies were chosen 

as they have successfully been used in previous work reported by Fragoso et al. (2010). 

 

2.2.1 Proposed Platform (Trapping and Releasing)  

 

The idea of the detection platform proposed here was obtained from Ramadan et 

al. (2010), as explained in Chapter 1, Section 1.6.1. The trapping and releasing platform 

consists of magnetic assemblies, which will be placed underneath the functionalised 

SPEs. The analyte detection experiment begins by immobilising detection and 

recognition monoclonal antibodies on the surface of WEs and magnetic beads (MBs), 

respectively; and preparation of analyte samples with different concentrations. 

  

Here SPEs were placed above the magnetic assemblies of the sensing platform. 

After mixing the functionalised MBs with the sample, the sample was dropped on the 

surface of the electrode. The purpose of using rotational magnetic cylinder was to 

accumulate MBs on the sensor surface for detection of the analyte via the immobilised 

antibodies. The magnetic cylinder was connected to a stepper motor to have a better 

control on the speed of magnetic beads movement over the sensor surface. The stepper 
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motor was connected to and controlled by an Arduino Uno kit (Arduino, Italy) which 

allows management of the motor speed and the number of steps. When the incubation 

time for binding of target molecules to recognition antibodies on WEs surface had been 

optimised, the magnetic beads that carry no analyte were eliminated from the sensing area 

with use of a magnet. The magnetic beads were attracted to the electrode surface several 

times to assure that the platform had detected all the captured analytes with the magnetic 

carriers. The principle of the proposed platform is shown in Figure 2.4.  

 

 

 

Figure 2.4: The platform measurement principle. A. the schematic of measurement 

process, 1) applying fished magnetic beads from the sample to the sensor, 2) attraction of 

magnetic beads to the sensing area 3) elimination of sensor surface from magnetic beads 

with no analyte via rotation of magnetic cylinder. B. the sensor response versus time 

graph, the signal difference between step 3) and 1) is proportional to the analyte 

concentration.  

 

 

This shows that only the magnetic beads carrying the analyte will remain on the 

WE, and due to use of monoclonal antibodies the method of detection should be highly 

specific for the target analyte. It was assumed that the use of this this platform would 
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reduce false positive results as no unwanted materials would exposed to the sensing 

surface. Moreover, as MBs are used in the detection process, reduction of analyte 

measurement time and achievement of a low LoD could be optimised. 

 

2.2.2 Functionalisation of Magnetic-NanoBeads with Capture Antibodies 

 

Cobalt magnetic nanobeads (15 mg) (50 nm) were added to 400 µl of coupling 

buffer (potassium phosphate monobasic + sodium chloride) in 2 ml centrifuge tube and 

dispersed in the buffer by ultra-sonication using SONIC 6MX ultrasonic bath (James 

Products Europe, UK). Then washing step was applied, by separating magnetic beads 

with magnetic rack (Invitrogen, US), and then addition of 400 µl of coupling buffer. The 

beads were then dispersed in the buffer by placing the centrifuge tube in ultrasound water 

bath for 1 minute. After final washing step, the centrifuge tube was placed in a magnetic 

rack, the supernatant was removed, and the beads were resuspended in 400 µl of coupling 

buffer, with 400 µl of EDC solution, and 400 µl of NHS solution. The magnetic beads 

were then left under slow tilt rotation for 20 minutes.  

 

The unreacted reagent solution was then removed before adding 400 µl of 

coupling buffer containing 10 µl of capture antibodies (12-140-10 for CEA 

immunosensor, and 10-7938 for NSE), the centrifuge tube was placed on slow tilt rotation 

for 30 minutes followed by three times washing with standard buffer (PBS 7.4 + 0.1% 

BSA + 0.05% tween 20) to remove unbounded antibodies. In the last step, standard buffer 

was removed from centrifuge tube and the conjugated magnetic beads with capture 

antibodies were resuspended in 400 µl of standard buffer. 

  

2.2.3 Redox Probe Selection  

 

To understand the effect of redox solution, potassium ferri/ ferrocyanide in PBS, on 

impedance measurements and selection of the best concentration, various concentration 

of potassium ferri/ ferrocyanide redox solutions were prepared in various concentration 

of PBS buffer. After preparation of redox solutions, 2 bare SPEs were used to test the 

effects of redox solution concentration. Before each impedance measurement, the SPEs 
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were washed by PBS pH 7.4 and dried with nitrogen gas. The impedance measurements 

were done by use of 50 µl of the redox solution. The auto GillAC potentiostat was used 

here to apply the impedance measurements. 

 

2.2.4 Cyclic Voltammetry 

  

In order to obtain the DC potential for impedance settings a cyclic voltammetry 

(CV) was done by PalmSens3 potentiostat in conjugation with PSTrace software (Version 

4.8) within the potential range of ±0.6 V at a scan rate of 0.1 V/S and using 50 µl of 10 

mM [K3Fe(CN6)]/[K2Fe(CN6)] in PBS pH 7.4 on a bare SPE.  

 

2.2.5 Electrochemical Impedance Spectroscopy 

 

Two types of potentiostat were used in this project, Auto GillAC and PalmSens3. 

A redox probe (50 µl of 10 mM [K3Fe(CN6)]/[K2Fe(CN6)] in 10 mM PBS pH 7.4) was 

used for all impedance measurements and all measurements were performed in a faraday 

cage. Both Auto GillAC and PalmSens3 devices were connected to PC and were used 

alongside their software. 

 

All the performed impedance measurements with both devices were done with 

frequency range between 50 kHz and 0.1 Hz and a number frequency of 51. The potential 

amplitude of 0.01 V, the applied potential of 0.12 V, and the current range of 10 µA to 

10 mA, were used for PalmSens3 potentiostat; while impedance measurements by the 

Auto GillAC were carried out by applying a wave amplitude of 10 mA and a DC offset 

of 0.1 mV. 

 

2.2.6 Data Fitting Analysis 

 

To be able to compare impedance measurements, conversion of impedance graphs 

(Nyquist plots) into meaningful numbers such as Ret, ZW, Cdl needs to be performed 

according to the equivalent circuit. There are different programs which can be used to 

simulate the graph and calculate the above-mentioned values. In this project ACM 
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analysis V4 (GillAC software) and EIS spectrum analyser software (Bondarenko & 

Ragoisha, 2008) were used to analyse the impedance measurements.   

  

The ACM analysis V4, Figure 2.5, can easily be used to calculate the desired 

values by placing the fitting circle on the semicircle part of impedance graph, and the 

software will calculate the Ret, Cdl, and Rs but not the ZW. The second software, EIS 

spectrum analyser, Figure 2.6, calculates the required values based on the chosen 

equivalent circuit from its library.  

 

 

 

Figure 2.5: The Screen print of ACM analysis V4 software used for analysing obtained 

results from Auto GillAC instrument. The red graph is the impedance result. The black 

circle is used to determine analytical values. 
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Figure 2.6: The Screen print of EIS Spectrum Analyser Software used for analysing 

obtained results from PalmSens3 device. Experimental graph (Red), fitted curve (Green); 

simulation graph (Blue). 

 

 

Figure 2.6 is a snapshot of EIS Spectrum Analyser software that has been used to 

simulate the best fitting curve to the obtained impedance results according to the 

equivalent Randles circuit, the circuit on the top corner. After fitting the results, the 

software shows the estimated value for each parameter above the plot area. The R1 and 

R2 are representing Rs and Ret respectively, and C1 and Aw1 are standing for Cdl and ZW. 

 

2.2.7 Immobilisation of Detection Antibodies on Gold Working Electrode 

 

Two methods were tested to immobilise the antibody on the surface of the gold 

working electrode based on the formation of a self-assembled monolayer (SAM layer). 

This was conducted as it is important to reduce non-specific binding and increase the 

stability of immobilised recognition elements on the electrode surface. Use of SAM layer 

has been increased in biosensor development due to its simplicity, stability, well-

organised structure, and production of low background noise (Cecchet et al., 2006; 

Ahmad & Moore, 2012; Zhang et al., 2013; Carter et al., 2015; Yang et al., 2016). 
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To confirm the success of antibody immobilisation process, the impedance 

measurements were performed before and after each step of immobilisation process. Both 

Auto GillAC and PalmSens3 instruments were used to confirm the immobilisation steps 

with the cysteamine method while only the Auto GillAC was used for 11-MUA method 

confirmation. 

 

2.2.7.1 Cysteamine SAM Layer  

 

SPEs were placed on top of a wet tissue in a petri dish, and 10 µl of 10 mM 

Cysteamine hydrochloride was added on top of SPE’s working electrodes and incubated 

at room temperature for 16 hours to allow SAM layer formation on WEs. The SPEs were 

then washed three times with 10 mM PBS pH 7.4 and dried with nitrogen gas.  

 

To activate the amino group on SPEs, 10 µl of activation solution (PDITC, in 

pyridine and DMF [v/v 1:9]) was added on top of working electrodes and incubated at 

room temperature for 30 minutes followed by washing the electrode (×3) with DMF and 

PBS pH 7.4 before drying them by nitrogen gas. The activation solution contains 1,4-

phenylene diisothiocyanate which is a homobifunctional crosslinking reagent and was 

used because of its stability and flexibility. 

 

After incubation of electrodes in 20 µl of 10 µg/ml detection antibodies (12-140-

01 for CEA immunosensor, and 10-7937 for NSE immunosensor) in PBS for two hours 

at room temperature, the SPEs were washed three times with 50 µl of PBS (pH 7.4) to 

eliminate unbound antibodies from the surface of SPE. Then 20 µl of 0.1 M of 

ethanolamine solution (pH 8.5) was added on WEs for 30 minutes, to deactivate 

thiocyanate terminal, followed by washing the electrodes three times with 50 µl of PBS 

pH 7.6. Then, the SPEs were incubated for 30 minutes in 100 µl of 1% BSA solution to 

minimise analytes non-specific binding to the surface of WEs, before rinsing the SPEs 

with PBS buffer pH 7.4. The immobilisation method of antibodies (Figure 2.7) through 

formation of a cysteamine SAM layer on gold surface has been successfully used by 

Elshafey et al, (2013). 
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Figure 2.7: Schematic illustration of antibodies immobilisation on gold WEs through 

formation of cysteamine SAM layer (Elshafey et al., 2013). 

 

 

2.2.7.2 11-Mercaptoundecanoic Acid (11-MUA) SAM Layer 

 

SPEs were immersed in 2 ml of 5 mM 11-MUA prepared in ethanol and incubated 

in the dark for 16 hours at room temperature to form SAM layer on WEs. Then the 

washing step consisting of rinsing the SPEs with pure ethanol and dH2O was applied three 

times to remove unbounded 11-MUA residues followed by drying the SPE with nitrogen 

gas.  

 

Then, 10 µl of 0.4M EDC/ 0.1M NHS (1:1) solution was added on WEs at room 

temperature for 50 minutes. EDC was used as a crosslinker to link carboxylic end group 

of 11-MUA to primary amine. The coupling reaction is not highly stable and can be 

quickly hydrolyse into the solution; therefore, the NHS is required in coupling buffer 

(Conde et al., 2014). 
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Then 20 µl of 10 µg/ml detection antibodies (12-140-01 for CEA immunosensor, 

and 10-7937 for NSE immunosensor) in PBS (pH 7.4) was added on WEs with EDC/ 

NHS-activated SAM layer for 2 hours at room temperature before washing SPEs three 

times with PBS pH 7.4 and drying them with nitrogen gas. Later, 20 µl of 0.1M of 

ethanolamine (pH 8.5) was added on the WEs for 30 minutes to deactivate the remaining 

carboxyl groups. In the last step of antibody immobilisation, SPEs were washed again 

with PBS buffer and incubated in 1% BSA for 30 minutes at room temperature to block 

non-specific sites of electrodes. The process of antibody immobilisation on gold surface 

through formation of 11-MUA SAM layer is schematically reported on Figure 2.8. 
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Figure 2.8: Schematic illustration of antibodies immobilisation on gold WEs through 

formation 11-MUA SAM layer. 

 

 



56 

 

2.2.8 SPE Selection 

 

To investigate the effect of the SPE type and to choose the best one for this project, 

three types of SPEs (Section 2.1.4) were investigated. 

 

Three SPEs, one of each type, were functionalised by 12-140-01 anti-CEA 

antibodies. Two CEA protein samples with 0 ng/ml and 100 ng/ml concentrations were 

prepared in 10 mM PBS pH 7.4. The signal measurements were done by incubating 50 

µl of 0 ng/ml CEA on WEs for 20 minutes then washing the electrode with PBS pH 7.4 

prior of recording the impedance signals in presence of 50 µl of potassium ferri/ 

ferrocyanide. Then, the electrodes were washed and dried before repeating the same 

procedure for 100 ng/ml sample. The impedance signals were measured by a PalmSens3 

instrument and its corresponding software. 

 

2.2.9 Use of One SPE for Each Concentration Vs. One SPE for All 

Concentrations  

  

This experiment was done by immobilising 12-140-10 anti-CEA antibodies on the 

MBs surface and functionalising SPEs with 12-140-01 anti-CEA antibody. The first part 

of the experiment was done by using of 3 SPEs. A single SPE was used to measure various 

concentrations of CEA protein from the lowest concentration, 0 ng/ml, to the highest 

concentration, 100 ng/ml. The electrode was washed with dH2O and dried with nitrogen 

gas before using it for the next sample measurement. The second part of experiment was 

done by using each functionalised SPEs for the measurement of only one analyte.  

 

All impedance measurements were done made with an Auto GillAC instrument 

and analysed by EIS spectrum analyser to calculate the Ret values. The calculated values 

were used to generate the %ΔRet. The %ΔRet values were then normalised against the “0 

ng/ml %ΔRet” to plot the graphs. 
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2.2.10 Electrodes Cleaning Methods   

  

The impedance measurements of bare SPEs are shown to vary from one electrode 

to another. The contamination of the electrode surface had an effect on thiol binding and 

electrochemical properties of the electrode (Fischer et al., 2009). Furthermore, chemical 

residues and dust might affect the quality of the SAM layer (Watson et al., 2015). 

Thereby, applying a cleaning method before constructing the immunosensor can help to 

improve the reproducibility. Five different electrode cleaning methods were tested to find 

the best compatible cleaning method with the chosen type of SPE. The cleaning methods 

included: 

• Immersing the SPEs in 1 M hydrochloric acid (HCl) for 10 minutes. 

• Immersing the SPEs in 50 mM potassium hydroxide in 25% hydrogen 

peroxide (KOH+H2O2) for 10 minutes. 

• Immersing the SPEs in piranha solution for 1 minute. 

• Immersing the SPEs in ultrasonic bath for 1 minute. 

• Leaving the SPEs in the oven at 120oC for 30 minutes. 

 

All cleaning methods were applied on DRP-220BT, and a PalmSens3 was used to 

measure the impedance signals. The cleaning methods were repeated three times with 

three different SPEs. All the cleaning methods had 4 steps: impedance measurement 

before cleaning process, cleaning process, rinsing SPEs with adequate amount of dH2O 

and drying them with nitrogen gas, and impedance measurement after cleaning process.  

 

2.2.11 Proposed Platform Test 

 

This experiment was designed to check whether the MBs and proposed platform 

have an effect on the analyte detection. The SPEs were functionalised with an anti-NSE 

antibody (10-7937) and the anti-NSE antibody (10-7938) were immobilised on MBs 

surfaces. All functionalised SPEs were freshly prepared on the day of experiment, and 

were checked by impedance to confirm the attachment of antibodies to the surface of 

WEs. The impedance measurements of this section were performed by PalmSens3 and its 
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corresponding software with settings mentioned on Section 2.2.5 in the presence of 50 µl 

of 10 mM potassium ferri/ ferrocyanide within the faradaic cage. 

 

The impedance signals of functionalised SPEs were recorded and used as the 

baseline to compare impedance signals of analyte measurement. This experiment was 

divided into two parts, the proof of platform concept with specific analyte (NSE Protein) 

and the non-specificity test of the NSE immunosensor with non-specific analyte (CEA 

protein). For both experiments, specificity and non-specificity tests, consisted of three 

parts (Figure 2.9). Each step of the experiment was repeated three times with three freshly 

functionalised SPEs with an anti-NSE antibody. Various concentration of NSE and CEA 

antigens (0, 1, 10, and 100 ng/ml) in PBS at pH 7.4 were prepared and tested to compare 

each step of this experiment; and finally, to compare the results. 

 

The first step of experiment was designed to check the ability of NSE 

immunosensor to detect the target molecules. This experiment was done by adding and 

incubating 45 µl of NSE protein solutions with various concentration to the WE of 

functionalised SPEs. After incubation on NSE solutions on SPEs for 20 minutes, the 

electrode was rinsed with 3 ml of PBS pH 7.4 and dried by nitrogen gas prior to reading 

the impedance. This step of the experiment was named “NSE” 

 

The second step of experiment (“NSE+MB”) was done by use of MBs to see 

whether using nanoparticles (NPs) can help in increasing signals. Functionalised MBs (5 

µl) were mixed with 45 µl of various concentrations of NSE protein solution in centrifuge 

tube for 20 minutes to form MB-NSE complex. Then, centrifuge tubes contents were 

added to the sensing area of SPEs and incubated for 20 minutes. The SPEs were rinsed 

with 3 ml of PBS pH 7.4 and dried by nitrogen gas prior to recording the impedance. 

 

The third step of experiment (“NSE+MB+Platform”) was done by use of MBs 

with the proposed platform to check if an enhanced signal would be obtained. 

Functionalised MBs (5 µl) were mixed with 45 µl of various concentrations of NSE 

protein solution in centrifuge tubes for 20 minutes to allow formation of MB-NSE 

complex. Then, centrifuge tube contents were added to the surface of the SPEs far from 
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the sensing area where the magnet pole was facing toward the SPEs. The magnetic 

cylinders were rotated by the action of the stepper motor which resulted in pulling of both 

MBs and MB-NSE complex to the sensing area. MBs and MB-NSE complex were 

incubated on top of WEs for 20 minutes before rotating the magnetic cylinders to pull 

back the unbounded MBs. The SPEs were rinsed with 3 ml of PBS pH 7.4 and dried by 

nitrogen gas prior of reading the impedance. 

 

The second part of experiment was non-specificity testing of the NSE 

immunosensors with specific functionalised MBs to NSE protein, the proposed platform, 

and various concentrations of CEA protein. All three steps of the first experiment were 

repeated with NSE immunosensors for non-specific analyte detection, CEA. Figure 2.9 

shows each step of the experiment. 

 

 

 

Figure 2.9: Schematic illustration of Proof of Platform experiment. A) The first step of 

experiment, measurement of NSE concentration, B) Second step of experiment, 

measurement of NSE concentration with use of MBs, C) Third step of experiment, 

measurement of NSE concentration with use of MBs and Proposed Platform. 
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2.3. Results and Discussion 

 

2.3.1 Proposed Platform Construction  

 

The proposed platform was designed and built by Cranfield University workshop. 

The sensing platform consisted of a cylinder which was connected to a stepper motor. 

The motor was controlled by an Arduino Uno kit which was programmed to automate the 

rotation of cylinder, Figure 2.10. Please refer to Appendix section (1 and 2) for platform 

blueprint and Arduino code. 

 

 

 

Figure 2.10: The proposed platform. A connected SPE to a potentiostat is placed on top 

of magnetic cylinder. The MBs on the sensing area of the SPE are placed on RE and CE 

as the side magnets are perpendicular to the SPE.  

 

 

This shows that one cylinder with 3 implanted magnets were used in the platform. 

One magnet was placed under the WE and the other 2 magnets were placed on each side 

of the WE. To reduce the effects, unwanted material facing the sensing area of the SPEs, 

and also to reduce the effects of unbounded MBs which were facing reference and counter 

electrode, the magnets were rearranged. The arrangement of magnets was changed by 
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removing both of side magnets and adding another cylinder with one implanted magnet 

to pull away the magnetic beads to and from the sensing area. Figure 2.11 shows the 

rearrangement of the magnets. 

 

 

 

Figure 2.11: The proposed sensing platform with 2 cylinders. 

 

 

2.3.2 Redox Probe selection 

 

Different concentrations of ferri/ ferrocyanide such as 5 mM and 10 mM, have 

been used in different studies (Elshafey et al., 2013; Hou et al., 2013; Liu et al., 2015; 

Yang et al., 2016). To understantand the effect of redox solution and to choose the 

appropriate concentrations of ferri/ ferrocyanide and the PBS buffer for impedance 

measurements, various redox solutions were prepared and tested. The experimental 

results of different PBS concentrations and different ferri/ ferrocyanide concentrations 

are presented in Figure 2.12 and Figure 2.13, respectively. 
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Figure 2.12: The Nyquist plot of impedance measurements of bare SPE1 and SPE2 with 

use of 10 mM potassium ferri/ferrocyanide in various concentration of PBS pH 7.4 

SPE1 → 0.1 mM PBS (0), 1 mM PBS (1), 10 mM PBS (2), SPE2 → 0.1 mM PBS (3), 1 

mM PBS (4), 10 mM PBS (5).  

 

 

Figure 2.12, indicates that the PBS concentration of redox solution had an effect 

on impedance measurements. The resistance of electron transfer increased by reducing 

the concentration of PBS which may be caused by increasing the ion concentration. Since 

the bare electrode should have a low electron resistance and the prepared redox solution 

in 10 mM PBS was shown to have the lowest impedance signal in comparison with the 

other 2 redox solutions 10 mM PBS was chosen to prepare the redox solution.  

 

The experimental data in Figure 2.13 shows that increasing the concentration of 

potassium ferri/ ferrocyanide in 10 mM PBS buffer pH 7.4 resulted in a reduction of the 

resistance of electron transfer, by increasing the concentration of ferri/ ferrocyanide, the 

amounts of electrons within the redox solution.  This means that more electrons will be 

available to transfer from the redox solution to the surface of the electrode which results 

in reducing the resistance of the electrode.  
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Figure 2.13: The Nyquist plot of impedance measurements of bare SPE1 and SPE2 with 

use of various concentration of potassium ferri/ferrocyanide in 10 mM of PBS pH 7.4 

SPE1 → 0.1 mM (0), 1 mM (1), 10 mM (2), SPE2 → 0.1 mM (3), 1 mM (4), 10 mM (5). 

 

 

 Since 10 mM ferri/ ferrocyanide is the most common redox probe in analyte 

detection by EIS technique; and also based on the obtained results, 10 mM potassium 

ferri/ ferro cyanide in 10 mM PBS buffer pH 7.4 was selected for further experiments. 

 

2.3.3 Cyclic Voltammetry 

 

The CV technique was used to calculate one of the parameters required for 

impedance measurements. This parameter is called DC potential in PalmSens3 and is 

named as DC offset in Auto GillAC instrument. It can be calculated from the Equation 5.  

 

 

 𝐸𝐷𝐶 =  
(𝐸𝑝𝑎 +  𝐸𝑝𝑐)

2
 Equation 5 
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Where EDC is the DC potential, Epa is anodic peak potential, and Epc is cathodic 

peak potential.  

 

 

 

Figure 2.14: Cyclic Voltammogram Measurement with use of 10 mM 

[K3Fe(CN6)]/[K2Fe(CN6)] in 10 mM PBS pH 7.4. 

 

 

Figure 2.14 shows the obtained voltammogram where the Epa and Epc are 0.22 

and 0.03, respectively. Therefore, DC potential was calculated as 0.12 by use of 

Equation 5.  

 

 

𝐸𝐷𝐶 =  
(0.22 + 0.03)

2
= 0.12    
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2.3.4 Immobilisation of Detection Antibodies on Gold Working Electrode 

 

 As explained in Section 2.2.6, the SAM layer was used to immobilise the detection 

antibodies. Two methods of SAM formation on the gold surface were tested. The first 

one was by use of Cysteamine which produces a short chain SAM layer and the second 

was by use of 11-MUA which makes a longer chain SAM layer.  

 

2.3.4.1 Cysteamine SAM Layer 

 

The obtained impedance results by Auto GillAC for antibody immobilisation 

steps are shown in Figure 2.15.  

 

 

Figure 2.15: The Nyquist plot of impedance of antibody immobilisation through 

formation of cysteamine SAM layer (Auto GillAC instrument); Au (0); Au-Cys (1); Au-

Cys-PDITC (2); Au-Cys-PDITC-Ab (3); Au-Cys-PDITC-Ab-Eth (4); Au-Cys-PDITC-

Ab-Eth-BSA (5). 

  

 

A previous study by Elshafey et al. (2013) showed that Ret is the best parameter 

to use for antibodies immobilisation confirmation, since it has the larger variation in 

comparison with Cdl and ZW values. The Ret values of the impedance graphs are calculated 

by EIS Spectrum Analyser software and are shown in Table 2.1.  
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Table 2.1: Calculated Ret value for Each Step of antibody immobilisation process through 

formation of Cysteamine SAM layer (Auto GillAC Instrument). 

Immobilisation Step Ret (Ω) 

Au 20.11 

Au – Cysteamine 6.47 

Au – Cysteamine – PDITC 9.89 

Au – Cysteamine – PDITC – Ab 15.70 

Au – Cysteamine – PDITC – Ab – Eth – BSA 25.21 

  

 

The Ret values decreased from 20.11 Ω (Bare gold electrode surface) to 6.47 Ω 

(cysteamine modified gold electrode). Although the SAM layer must have formed on top 

of the gold WE, the Ret decreased. This might be due to the fact that the formation of the 

positively charged cysteamine layer on the electrode surface increases the electron 

transfer of the redox probe to the electrode surface (Li et al., 2011). Hence, by incubation 

of SPE in an activation solution the Ret increased to 9.89 Ω. After incubation of antibodies 

on WE, the Ret increased to 15.70 Ω which proved the attachment of antibodies to the 

SAM layer. Furthermore, the Ret value increased even more as a result of deactivation of 

the SAM layer by ethanolamine and surface blockage by 1% BSA.  

 

This method of antibody binding to the surface of the gold electrode was also 

tested using the PalmSens3 device and the results are presented as Figure 2.16 and Table 

2.2. 
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Figure 2.16: The Nyquist plot of impedance of antibody Immobilisation through 

formation of cysteamine SAM layer (PalmSens3); Au (Blue); Au-Cys (Red); Au-Cys-

PDITC (Green); Au-Cys-PDITC-Ab (Yellow); Au-Cys-PDITC-Ab-Eth-BSA (Purple). 

 

 

Table 2.2: Calculated Ret values for Each Step of antibody immobilisation process 

through formation of Cysteamine SAM layer (PalmSens3 instrument). 

Electrode Ret (Ω) 

Au 312.2 

Au – Cysteamine  75.64 

Au – Cysteamine – PDITC 152.8 

Au – Cysteamine – PDITC – Ab 294.9 

Au – Cysteamine – PDITC – Ab – Eth – BSA  492.1 

 

 

The PalmSens3 results showed the same pattern of decreasing and increasing of 

the impedance as for the data obtained by the Auto GillAC. For instance, the Ret value 

decreased from 312.2 Ω to 75.64 Ωafter cysteamine incubation step and increased to 

152.8 Ω by activation of SAM layer. It then increases to 294.9 Ω after antibody 

immobilisation and to 492.1 Ω after blocking with ethanolamine and BSA. 
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2.3.4.2 11-MUA SAM Layer 

 

Auto GillAC potentiostat was used to measure the impedance after each step of 

antibody immobilisation process and the results are shown in as Figure 2.17. EIS 

Spectrum Analyser was then used to simulate the impedance and calculate the Ret values 

(Table 2.3). 

 

 

 

Figure 2.17: The Nyquist plot of impedance of antibody immobilisation by formation of 

11-MUA SAM layer. Au (0); Au-MUA (1); Au-MUA-EDC (2); Au-MUA-EDC-Ab (3); 

Au-MUA-EDC-Ab-Eth (4); Au-MUA-EDC-Ab-Eth-BSA (5). 

  

 

Comparing the results shows that the resistance of electron transfer enormously 

increased after incubation of SPEs in 5 mM 11-MUA, from 53.80 Ω to 34260 Ω, which 

prove the formation of SAM layer. Rajesh et al. (2010) indicated that the increase in Ret 

after formation of SAM layer is due to the negatively charged end of the SAM layer, 

which repulses the electron and therefore increases the resistance of the electrode surface.  

 

Binding of the EDC/NHS to the SAM layer blocks most of polyanion end group 

of 11-MUA, which reduced the negatively charged ends of SAM layer, with a resultant 

reduction of impedance to 18293 Ω. The increase in Ret values from 18293Ω to 35550 Ω, 
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confirmed the attachment of antibodies to SAM layer through EDC/NHS. As Table 2.3 

shows the Ret value decreased to 23129 Ω after blockage of repulsive activated SAM 

layer terminals by ethanolamine. The impedance signal increased again after blocking the 

SPE surface with 1% BSA. The BSA molecules cover the empty spaces of electrode and 

therefore reduced the amount of electron transfer from the redox solution to the WE 

surface.  

 

   

Table 2.3: Calculated Ret value for each step of 11-MUA immobilisation process. 

Electrode Ret (Ω) 

Au 53.80 

Au – 11-MUA 34260 

Au – 11-MUA – EDC/NHS 18293 

Au – 11-MUA – EDC/NHS – Ab 35550 

Au – 11-MUA – EDC/NHS – Ab – Eth 23129 

Au – 11-MUA – EDC/NHS – Ab – Eth – BSA  45734 

 

 

The obtained impedance signals during the 11-MUA immobilisation process are 

not semi-circular (Figure 2.17). These impedance signals are probably the result of SPE 

damage by ethanol. The SPEs becoming very fragile after dipping them in ethanol. During 

the immobilisation process the SPEs were damaged either during the washing steps or 

drying them with nitrogen gas. As Figure 2.18 shows, the CE, RE, and the insulating part 

of DRP-220BT SPE and the insulating part of DRP-250AT SPE were destroyed during 

or after the antibody immobilisation process. Therefore, immobilisation of antibody 

through formation of cysteamine based SAM layer was chosen. 
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Figure 2.18: Effect of ethanol on SPEs. DRP-220BT before (A) and after (B); DRP-

250AT before (D) and after (C) 11-MUA antibody immobilisation process. 

 

 

2.3.5 SPE Selection 

 

The Nyquist plot of impedance signals for CEA samples with 0 and 100 ng/ml 

measurements with three types of SPEs is shown in Figure 2.19. 

 

  

Figure 2.19: The Nyquist plot of CEA sample measurements with different type of SPEs 

in presence of 10 mM potassium ferri/ ferrocyanide. DRP-220AT 0 ng/ml (Blue), 100 

ng/ml (Red); DRP-250AT 0 ng/ml (Pink), 100 ng/ml (Purple); DRP-220BT 0 ng/ml 

(Yellow), 100 ng/ml (Green). 
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Figure 2.19 shows an increase in impedance signal of all types of functionalised 

SPE by increasing the concentration of analyte from 0 ng/ml to 100 ng/ml. Since the 

impedance signals of the three SPE types for 0 ng/ml concentration of CEA antigen was 

different, to be able to compare the results the simulation of results was required. The Ret 

and the percentage of signal increase were calculated and are presented in Table 2.4.  

 

As Table 2.4 shows, DRP-220BT has shown to have the largest signal difference, 

%12.20, for detection of 0 and 100 ng/ml of CEA; while the DRP-250AT had the lowest 

percentage of change in CEA detection signal. Therefore, DRP-220BT were selected as 

the best type of electrodes to develop the immunosensors. 

 

Table 2.4: Calculated percentage of signal increase by increasing the concentration of 

analyte for each type of SPEs. 
 

Ret (Ω) of 

0 ng/ml 

Ret (Ω)  

100 ng/ml 
∆Ret (Ω) %∆Ret 

DRP-220AT 120.87 133.51 12.64 10.46 

DRP-220BT 833.29 934.93 101.64 12.20 

DRP-250AT 418.56 459.39 40.83 9.75 

 

 

2.3.6 Use of One SPE for Each Concentration Vs. One SPE for All 

Concentrations 

 

The generated data from simulation of impedance measurements in EIS spectrum 

analyser based on the Randles equivalent circuit were used to calculate percentage of 

changes in Ret. The calculated data are detailed in Table 2.5 and 2.6.  
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Table 2.5: Calculated %ΔRet One SPE was used for each set of samples. 

Conc. 

(ng/ml) 

%ΔRet 

Set 1 

%ΔRet 

Set 2 

%ΔRet 

Set 3 

Mean Mean -

Mean (0) 

SD % CV 

0 42.82 31.65 84.43 52.97 0.00 27.81 52.51 

1 156.62 70.42 100.49 109.18 56.21 43.75 40.07 

10 173.97 98.82 201.57 158.12 105.15 53.18 33.63 

100 182.20 96.27 298.53 192.33 139.36 101.51 52.78 

 

  

Table 2.6: One SPE was used for each analyte concentration measurement. 

Conc. 

(ng/ml) 

%ΔRet 

Set 1 

%ΔRet 

Set 2 

%ΔRet 

Set 3 

Mean Mean -

Mean (0) 

SD % CV 

0 29.84 31.94 42.02 34.60 0.00 6.51 18.82 

1 38.44 68.18 114.39 63.67 29.07 43.93 68.99 

10 65.69 19.01 71.24 51.98 17.38 28.69 55.19 

100 131.45 35.82 97.51 88.26 53.66 48.48 54.93 

 

 

Figures 2.20 and 2.21 show the %ΔRet value increased by increasing the analyte 

concentration in the first part of experiment, while an increase in %ΔRet value did not 

occur in the second part of experiment. Although the impedance signal of first part of the 

experiment increased more in comparison with the second part, %ΔRet values in the first 

part of experiment are actually %ΔRet values of that concentration plus its previous 

concentration(s). As an example, %ΔRet value of 100 ng/ml is the %ΔRet value of 0, 1, 

10, and 100 ng/ml. 
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Figure 2.20: %ΔRet value Vs. CEA concentration for one SPE per set of concentration. 

The bars represent the average ± standard deviation of triplicates. 

 

 

 

Figure 2.21: %ΔRet value Vs. CEA concentration for one SPE per analyte concentration 

Measurement. The bars represent the average ± standard deviation of triplicates. 

 

 

Although the standard deviation (SD) of both graphs are quite high the first part 

of experiment had a lower coefficient of variation (%CV) in comparison with the second 

part of the experiment except for the 0 ng/ml measurement (Table 2.5 and Table 2.6). 

Thus, it seems that using the same electrode for a cumulative assay is better than using a 
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different electrode for each analyte concentration. This result can be explained by the 

intrinsic variability among SPEs, even when these are from the same batch.  

 

2.3.7 Electrode Cleaning 

 

The SPEs may contain a variety of unwanted materials, e.g. lipids, on their surface 

which will cause obtaining high and unstable impedance signal. Figure 2.22 shows the 

impedance measurements of single SPE, each measurement was recorded in every 1:30 

minute. The impedance signal decreased by repeating the measurement. It is assumed that 

the signal reduction is caused by impedance measurements, due to use of frequency in 

this technique, which lead in having cleaner electrodes with less electron transfer 

resistance.   

 

 

 

Figure 2.22: The Nyquist plot of impedance measurements of single bare electrode. The 

first measurement is red and the last one is light blue. 

 

 

Thereby, different cleaning methods were applied, and the impedance 

measurements were recorded for all electrodes before and after applying the cleaning 

methods, and the impedance measurements are presented as Nyquist plots in Figure 2.23.   
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Figure 2.23: The Nyquist plot of impedance measurements of cleaning methods; (A) 

HCl, (B) KOH+H2O2, (C) Oven, (D) Piranha, (E) Ultrasonic Bath; Blue, Red, and Green 

graphs are recorded impedance signals before applying cleaning methods, while Yellow, 

Pink and Purple graphs are recorded impedance after applying cleaning methods. All the 

measurements were done by 10 mM ferri/ferrocyanide in 10 mM PBS.  

 

 

The decrease in impedance signal after applying HCl, KOH+H2O2, and piranha 

solution cleaning methods (Figure 2.23) shows the success of the electrode cleaning 

process, since the working electrode is made of gold and gold resistance is low. The 

impedance signals before cleaning varies from one SPE to another which proves the 

difference in electrochemical properties of the electrode surface. Table 2.7 shown the 

calculated Ret values for all impedance measurements of both before and after applying 

cleaning methods. The average of Ret values were used to plot a comparison a graph, 

Figure 2.24. 
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Table 2.7: The Ret calculation of three SPEs before and after applying cleaning methods 

followed by calculation of % of Ret reduction. 

     Methods HCl KOH+ 

H2O2 

Oven Piranha 

Solution 

Ultrasonic 

Bath 

Ret (Ω) 

before 

cleaning 

SPE1 587.12 819.75 235.33 229.50 266.14 

SPE2 568.29 716.54 183.50 147.82 469.13 

SPE3 528.63 749.87 208.52 168.60 283.97 

Mean1 561.35 762.05 209.14 181.99 339.75 

Ret (Ω) 

after 

cleaning 

SPE1 264.55 15.89 1405.90 4.40 727.46 

SPE2 344.07 28.90 1802.50 3.64 817.55 

SPE3 322.91 38.84 1849.10 3.49 738.56 

Mean2 310.51 27.88 1685.83 3.84 761.19 

  M1 –M2 250.84 734.18 -1476.69 178.15 -421.44 

% of Ret 

Reduction 

44.68 96.34 -706.07 97.89 -124.05 

 

 

Although the impedance signal decreased after performing HCl, KOH+H2O2, and 

piranha solution cleaning methods, it is not possible to choose the best cleaning procedure 

by looking at the amount of Ret reduction because their mean Ret values are not the same. 

Thus, the percentage of reduction in Ret values were calculated by subtracting the mean 

Ret value of after cleaning from the mean Ret value of before cleaning, dividing by the 

mean Ret value of before cleaning, and finally times by hundred. Table 2.7 indicates that 

the use of KOH+H2O2 and piranha solution as cleaning methods resulted in highest signal 

reduction with percentage reduction of 96.34 and 97.89 respectively. 
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Figure 2.24: The comparison of ∆Mean Ret values before and after applying the cleaning 

methods. The bars represent the average ± standard deviation of triplicates. 

 

 

The cleaner the gold electrode is the quicker the charge transfer will take place. 

The impedance signal increased after use of oven and ultrasonic bath cleaning methods 

indicating an increase in resistance of electron transfer (Liu et al., 2015). These results 

might be obtained due to electrode damage. 

 

2.3.8 Proposed Platform 

 

After functionalising the SPEs with primary anti-NSE monoclonal antibody, the 

immunosensors were used to detect and measure the concentration of NSE and CEA 

protein samples in two experiments. The first experiment was designed to check the 

effects of MBs and the proposed platform on specific analyte detection, and the second 

experiment was designed to check the effect of MBs and the proposed platform on non-

specific detection of analyte. Each part of both experiments was done by use of 3 

functionalised SPEs and 5 impedance measurements were taken per SPE such as baseline, 

0, 1, 10, and 100 ng/ml of antigen.  
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2.3.8.1 Specific Analyte Detection 

 

The first part of this experiment is called “NSE” experiment. The impedance 

measurements of “NSE” part of experiment is presented in Nyquist plot as Figure 2.25.  

 

 

 

Figure 2.25: The Nyquist plots for impedance of “NSE” part of specific analyte 

experiment. Each plot represents the impedance of single functionalised SPE. 

Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 ng/ml NSE (Red), 10 ng/ml NSE 

(Green), 100 ng/ml NSE (Yellow). 

 

 

The impedance signal of the electrodes increased by increasing the analyte 

concentration except the impedance measurements of 10 ng/ml and 100 ng/ml of the first 

SPE (Figure 2.25). Table 2.8 presents the Ret, ∆Ret, and ∆Ret values of the “NSE” part of 

the experiment which were calculated via fitting the obtained impedance data in EIS 

spectrum analyser.  
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Table 2.8: Calculated Ret, ∆Ret, %∆Ret and values for impedance measurements of “NSE” 

part of specific analyte experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 1147.0 1701.0 2089.2 2996.0 2995.6 

SPE2 1120.1 1559.4 1959.9 2298.6 2448.0 

SPE3 1868.9 2447.5 2790.6 3405.8 3535.4 

ΔRet 

(Ω) 

SPE1 N/A 554.0 942.2 1849.0 1848.6 

SPE2 N/A 439.3 839.8 1178.5 1327.9 

SPE3 N/A 578.6 921.7 1536.9 1666.5 

  

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 32.57 39.22 30.96 34.25 0.00 4.38 12.79 

1 45.10 74.98 49.32 56.46 22.21 16.17 28.64 

10 61.72 105.21 82.24 83.05 48.80 21.76 26.20 

100 61.71 118.55 89.17 89.81 55.56 28.43 31.65 

 

 

As the NSE concentration increased, the Mean values of %∆Ret also increased 

which is probably due to the binding of NSE protein to anti-NSE antibodies of the sensor 

surface.   

 

The next step of the experiment was to check whether use of MBs can improve 

the impedance signals. This part of the experiment is called “NSE+MB” which consists 

of mixing the protein sample with functionalised MBs prior of adding the analyte samples 

to the sensing area. The impedance results are presented as Figure 2.26. Since the MBs 

and SPEs were functionalised with two different anti-NSE antibodies, sandwich assay 

should have formed on the WE surface. Hence, higher resistance of electron transfer was 

expected.  

 

The same as the previous part of experiment, the impedance signals increased by 

increasing the concentration of analyte. The obtained data were used to calculate ∆Ret and 

%∆Ret to compare with other part of experiment. The calculated data are presented as 

Table 2.9. 
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Figure 2.26: The Nyquist plots for impedance of “NSE+MB” part of specific analyte 

experiment. Each plot represents the impedance of single functionalised SPE. 

Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 ng/ml NSE (Red), 10 ng/ml NSE 

(Green), 100 ng/ml NSE (Yellow). 

 

 

Table 2.9: Calculated Ret, ∆Ret, and %∆Ret values for “NSE+MB” part of specific analyte 

experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 1913.6 2453.6 3183.7 3688.5 4363.6 

SPE2 2455.1 3727.1 3954.9 4318 5425.2 

SPE3 2271.8 2950 3487.7 4361.7 5353.3 

ΔRet 

(Ω) 

SPE1 N/A 540 1270.1 1774.9 2450.0 

SPE2 N/A 1272 1499.8 1862.9 2970.1 

SPE3 N/A 678.2 1215.9 2089.9 3081.5 

  

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 28.22 51.81 29.85 36.63 0.00 13.17 35.97 

1 66.37 61.09 53.52 60.33 23.70 6.46 10.71 

10 92.75 75.88 91.99 86.87 50.24 9.53 10.97 

100 128.03 120.98 135.64 128.22 91.59 7.33 5.72 
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The third part of experiment is called “NSE+MB+Platform”. Functionalised MBs 

were mixed with analyte samples prior of adding to the Functionalised SPEs apart from 

the sensing area. The proposed platform was used to move the MBs to the WEs and to 

pull away the unbounded MBs from the WEs.  

 

 

 

Figure 2.27: The Nyquist plots for impedance of “NSE+MB+Platform” part of specific 

analyte experiment. Each plot represents the impedance of single functionalised SPE. 

Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 ng/ml NSE (Red), 10 ng/ml NSE 

(Green), 100 ng/ml NSE (Yellow). 

 

 

Figure 2.27 shows the increase in impedance signal the same as previous parts of 

this experiment. The Ret, ∆Ret, and %∆Ret values are shown in Table 2.10. According to 

Table 2.10, the mean values of %∆Ret increased by increasing the NSE concentration 

from 0 ng/ml, 28.91, to 100 ng/ml, 126.42. The calculated %∆Ret values of all three parts 

of this experiment were used to plot a graph against the concentrations of NSE (ng/ml), 

which is presented in Figure 2.28. 
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Table 2.10: Calculated Ret, ∆Ret and %∆Ret values for “NSE+MB+Platform” part of 

specific analyte experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 1784.3 2028.3 2669.2 3217.2 3538.3 

SPE2 1188.6 1599.2 2073.2 2586.6 3171.6 

SPE3 2751.2 3810.7 4498.8 4870.4 5890.9 

ΔRet 

(Ω) 

SPE1 N/A 244 884.9 1432.9 1754 

SPE2 N/A 410.6 884.6 1398 1983 

SPE3 N/A 1059.5 1747.6 2119.2 3139.7 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 13.67 34.54 38.51 28.91 0.00 13.34 46.15 

1 49.59 74.42 63.52 62.51 33.60 12.45 19.91 

10 80.31 117.62 77.03 91.65 62.74 22.55 24.60 

100 98.30 166.83 114.12 126.42 97.51 35.88 28.38 

 

 

 

Figure 2.28: The %∆Ret of NSE immunosensors against the concentration of NSE protein 

for specific analyte experiment. The bars represent the average ± standard deviation of 

triplicates. 
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As Figure 2.28 shows, the NSE immunosensors could detect the NSE protein and 

the signal increases by increasing the concentration of the analyte. The second part of 

experiment, “NSE+MB”, showed that there was a higher signal in comparison with the 

first part of experiment, which is probably due to the formation of sandwich assay on 

WEs. The highest percentage of change in Ret values are obtained in the third part of 

experiment, “NSE+MB+Platform”, which might be the result of using the sensing 

platform. As the sensing platform pull the functionalised magnetic beads close to the 

surface. Since some of the magnetic beads were attached to the NSE proteins, pulling the 

MBs down to the sensing area surface which increased the chance of analyte to be 

captured by the anti-NSE antibodies of the SPEs. Nevertheless, the standard deviations 

in the graphs are generally very high, which indicates that the assays need further 

optimisations to achieve the optimal results. 

 

2.3.8.2 Non-Specific Analyte Detection 

 

The second experiment was to check the non-specificity and whether using non-

specific analyte to the sensor will cause the same sensor response in the presence of MBs 

and the proposed platform. The functionalised MBs and SPEs with anti-NSE antibodies 

were used to detect the CEA protein with various concentrations in the same three step 

procedure as NSE protein detection. The impedance measurements of the first part of 

non-specific experiment which is called “CEA” are presented as Figure 2.29.  

 

Figure 2.29 shows, the impedance signal increased when the analyte concentration 

was increased. However, the signal did not increase much by increasing the CEA 

concentration from 10 ng/ml to 100 ng/ml in SPE2 and SPE3. Table 2.11 shows the 

calculated Ret, ∆Ret, and %∆Ret values of the “CEA” part of non-specific experiment. 
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Figure 2.29: The Nyquist plots for impedance of “CEA” part of non-specific analyte 

experiment. Each plot represents the impedance of single functionalised SPE. 

Functionalised SPE (Purple), 0 ng/ml CEA (Blue), 1 ng/ml CEA (Red), 10 ng/ml CEA 

(Green), 100 ng/ml CEA (Yellow). 

 

 

Table 2.11: Calculated Ret, ∆Ret and %∆Ret values for “CEA” part of non-specific analyte 

experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 506.30 780.65 988.87 1202.4 1714.7 

SPE2 582.13 985.19 1290.8 1417.3 1423.6 

SPE3 613.98 939.39 1000.3 1099.3 1153.1 

ΔRet 

(Ω) 

SPE1 N/A 325.41 482.57 696.1 857.9 

SPE2 N/A 403.06 708.67 835.17 841.47 

SPE3 N/A 534.71 678.61 788.81 796.11 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 54.19 69.24 58.21 60.55 0.00 7.79 12.87 

1 95.31 121.74 73.88 96.98 36.43 23.97 24.72 

10 137.49 143.47 85.87 122.28 61.73 31.67 25.90 

100 169.44 144.55 86.67 133.55 73.00 42.79 31.80 
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The %∆Ret increased from 60.55 to 133.55 by increasing the CEA concentration 

from 0 ng/ml to 100 ng/ml although the anti-NSE monoclonal antibodies were used to 

prepare the NSE immunosensor. The obtained data might be the result of unsuccessful 

functionalisation of whole WEs surface area; or unsuccessful blocking SAM layer end 

group or surface area by ethanolamine or BSA. 

 

MBs were mixed with various concentration of CEA protein in the second part of 

experiment before adding the sample to the sensing are of NSE immunosensor. This part 

of non-specific experiment is called “CEA+MB”. The impedance results are presented in 

Nyquist plot as Figure 2.30. Since the MBs and SPEs were functionalised with two 

different anti-NSE antibodies which are not specific to CEA protein, higher resistance of 

electron transfer was not expected. The obtained impedance measurements were used to 

calculate Ret, ∆Ret, and %∆Ret (Table 2.12). 

 

 

Figure 2.30: The Nyquist plots for impedance of “CEA+MB” part of non-specific analyte 

experiment. Each plot represents the impedance of single functionalised SPE. 

Functionalised SPE (Purple), 0 ng/ml CEA (Blue), 1 ng/ml CEA (Red), 10 ng/ml CEA 

(Green), 100 ng/ml CEA (Yellow). 
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Table 2.12: Calculated Ret, ∆Ret and %∆Ret values for “CEA+MB” part of non-specific 

analyte experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 923.34 951.23 999.12 932.55 992.47 

SPE2 1043.3 1221.7 1320.7 1335.1 1402.5 

SPE3 633.93 769.01 934.99 977.48 895.85 

ΔRet 

(Ω) 

SPE1 N/A 185.53 422.78 307.44 280.05 

SPE2 N/A 178.4 277.4 291.8 359.2 

SPE3 N/A 135.08 301.06 343.55 261.92 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 47.43* 17.10 21.31 19.20 0.00 2.98 15.50 

1 108.09* 26.59 47.49 37.04 17.84 14.78 39.90 

10 78.60 27.97 54.19 53.59 34.39 25.32 47.25 

100 71.60 34.43 41.32 49.12 39.92 19.77 40.26 

 *Excluded data from analysis 

 

 

Although the non-specificity test of NSE immunosensor with use of MBs also 

resulted in increasing %∆Ret after adding CEA antigen (Table 2.12), the percentage of 

change in resistance of electron is not as large as in the first part of experiment.   

 

The last part of non-specific analyte experiment was “CEA+MB+Platform”. The 

impedance measurement results are presented in Nyquist plot (Figure 2.31). Although 

Figure 2.31 indicates increase in impedance signal by increasing the concentration of 

CEA antigen for SPE2, the detection signal did not always increase for SPE1 and SPE3 

as the analyte concentration increased such as the impedance signal of 100 ng/ml in SPE1 

which is lower than the impedance signal of 10 ng/ml. The calculated Ret, ∆Ret, and %∆Ret 

values are presented in Table 2.13.  
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Figure 2.31: The Nyquist plots for impedance of “CEA+MB+Platform” part of non-

specific analyte experiment. Each plot represents the impedance of single SPE.  

Functionalised SPE (Purple), 0 ng/ml CEA (Blue), 1 ng/ml CEA (Red), 10 ng/ml CEA 

(Green), 100 ng/ml CEA (Yellow). 

  

 

Table 2.13: Calculated Ret, ∆Ret and %∆Ret values for “CEA+MB+Platform” part of non-

specific analyte experiment. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 863.06 960.77 1109.7 1210.7 1169.4 

SPE2 766.26 882.38 944.38 1043.6 1092.3 

SPE3 604.33 762.38 947.37 892.97 1006.7 

ΔRet 

(Ω) 

SPE1 N/A 97.71 246.64 347.64 306.34 

SPE2 N/A 116.12 178.12 277.34 326.04 

SPE3 N/A 158.05 343.04 288.64 402.37 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 11.32 15.15 26.15 17.54 0.00 7.70 43.89 

1 28.58 23.25 56.76* 25.91 8.37 3.77 14.55 

10 40.28 36.19 47.76 41.41 23.87 5.87 14.17 

100 35.49 42.55 66.58 48.21 30.67 16.30 33.81 

 *Excluded data from analysis 
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The calculated %∆Ret values of all three parts of this experiment were used to plot 

a comparison graph, after normalising to 0 ng/ml mean %∆Ret values, Figure 2.32.  

  

 

 

Figure 2.32: The %∆Ret of NSE immunosensors against the concentration of CEA 

protein for non-specific analyte experiment. The bars represent the average ± standard 

deviation of triplicates. 

 

 

Figure 2.32 shows the results for each step of the non-specific analyte detection 

of the NSE immunosensor. The highest signals were obtained by directly adding the CEA 

sample to the sensing area. Hence these signals might have been obtained because of 

insufficient blocking of the SAM layer and/or the surface of WEs. The sensor response 

to various concentrations of CEA decreased by adding functionalised MBs. The lowest 

impedance responses were obtained after using both MBs and the proposed platform. The 

low response of the immunosensor to non-specific analytes after applying the platform 

was probably due to the fact that only MBs were facing the WEs, thus CEA proteins could 

not attach to the surface of the WEs.  
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2.3.8.3 Data Comparison 

 

The calculated %∆Ret average values of specific binding with use of MBs and 

proposed platform experiment (Table 2.13) and non-specific binding experiment (Table 

2.19) were used to plot a comparison graph, Figure 2.33. 

 

 

Figure 2.33: Comparison of specificity (Blue) and non-specificity (Red) experiment of 

NSE immunosensor with use of functionalised magnetic beads and sensing platform. The 

bars represent the average ± standard deviation of triplicates. 

 

 

Figure 2.33 clearly shows the increase in immunosensor response by increasing 

the concentration of both specific and non-specific analytes. However, higher percentage 

of changes in electron resistance of NSE detection experiment were obtained in compare 

with the non-specific test with CEA of immunosensor with functionalised MBs and 

platform. The results can be further improved after performing a fully optimising each 

step of the immunoassay. 
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2.4. Conclusions 

 

The work in this chapter was to select the materials, sensors and functionalisation 

methods to develop the biomarkers biosensors. It was also to confirm the success of the 

SAM layer formation and the success of the antibody immobilisation process. Two types 

of antibody immobilisation methods based on formation of SAM layer were tested, 

cysteamine and 11-MUA. Each step of both antibody immobilisation methods on gold 

WEs of SPEs were checked by impedance measurements. According to calculated Ret 

values, both methods were successful, though the electrodes become too fragile during 

the 11-MUA immobilisation method due to the use of ethanol. Therefore, the formation 

of cysteamine SAM layer method was chosen to be used in this research. 

 

The second part of this chapter reported the experiments performed to choose the 

best type of SPE. Three types of SPE were tested with gold WE and Ag/ AgCl RE. The 

functionalised SPEs by monoclonal antibody were tested to detect 0 and 100 ng/ml of 

analyte. Based on obtained results DRP-220BT shown to have the most increase in signal 

for 100 ng/ml of analyte in comparison with the other two types of SPEs. Thereby, DRP-

220BT was used for the rest of the experiments. However, the experiment was done with 

single electrode per each type of SPEs. 

 

The third part of the chapter showed that using one functionalised SPE to measure 

analyte with various concentration not only gives higher response signal but also reduces 

the amount of error.  

 

Since repeating impedance measurements of a single bare electrode resulted in 

having reduced Ret which indicates cleaning the surface over time, five different methods 

of electrode cleaning procedure were applied. According to results, cleaning of SPEs with 

piranha solution and KOH+H2O2 are the best two cleaning methods as they reduced the 

resistance of electron transfer by 97.89% and 96.34%, respectively. As the piranha 

solution might damage SPEs and there is not much difference in result between these two 

cleaning methods, placing the SPEs in 50mM KOH in 25% H2O2 for 10 minutes followed 
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by rinsing the SPEs with adequate amount of deionised water and drying by nitrogen gas 

has been used prior of immobilising antibody on the WEs. 

 

The final and main step of this chapter was to design and test the proposed 

platform which involves moving the functionalised magnetic nanobeads from the 

insulating part of SPE to its working electrode. The main purpose of designing the 

proposed platform was to detect the analyte of interest by using magnetic nanobeads to 

minimise the washing step and detection time. The platform was tested by both specific 

and non-specific analyte. The results have shown that using magnetic nanobeads and the 

proposed platform can result in increasing the detection signal and reducing the 

experimental error. Nevertheless, the experiments also showed that further optimisation 

of the immunoassay are required to obtain optimal results and to evidence the real 

advantages of using the platform.  
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Chapter 3:  

DEVELOPMENT OF NEURON-SPECIFIC 

ENOLASE (NSE) IMMUNOSENSOR 
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3.1. Introduction 

 

Lung cancer is the leading cause of cancer incidence and mortality in the world. 

It can be categorised in two main histological group, small cell lung cancer (SCLC) and 

non-small cell lung cancer (NSCLC). SCLC is characterised by dissemination at early 

stage of cancer, and rapid doubling time. Some studies have reported 13% of patient with 

lung cancer are suffering from SCLC while other studies have reported 10 – 15%, and 15 

– 20%. Early diagnosis of SCLC can help in treatment and increasing the survival rate. 

Blood tumour marker such as neuron-specific enolase (NSE) can be used for early 

diagnosis and effective treatment of SCLC (Rossi et al., 2013; Xiao et al., 2017; Zhou et 

al., 2017). 

 

NSE is a type of neuroendocrine enzyme which is known as a potential, specific, 

sensitive, and reliable blood serum biomarker for early diagnosis of SCLC. Moreover, 

the concentration of NSE protein in the blood could act as a prognostic factor for cancer 

therapy. The normal concentration of NSE in blood serum of healthy individual is 5 – 12 

ng/ml. SCLC becomes suspicious if the concentration of NSE within the blood serum 

exceed 24 ng/ml (Yang et al., 2014; Gao et al., 2017; Wei et al., 2017; Zhang et al., 2018).   

 

Electrochemical impedance spectroscopy (EIS) is a sensitive technique which can 

be used for fast label-free analyte detection with high sensitivity and specificity on the 

electrode surface. Attachment of analytes to the bio-recognition elements block the 

electrode surface that results in increasing or decreasing the impedance signal (resistance 

and/or capacitance) based on the surface charge. The amount of change in impedance 

signal is proportional to the concentration of target molecule. Immobilisation of bio-

recognition to the surface of electrode is a crucial step for successful detection of target 

analyte. Self-assembled monolayer (SAM) is a low cost, easy, and quick way of 

immobilising antibody on the surface of electrode which is highly reproduceable and 

stable (Tang et al., 2007; Shamsipur et al., 2017; Arya et al., 2018). 
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3.2. Materials and Equipment 

 

All the materials and equipment used in this chapter are listed in Chapter 2, 

Section 2.1. Additional item that was used here is human blood serum which was 

purchased from Sigma-Aldrich (Dorset, UK). The PalmSens3 potentiostat and its 

corresponded software were used to perform impedance technique to measure the sample 

concentration with mentioned setting described in Chapter 2, Section 2.2.5, and in the 

presence of 50 µl of 10 mM [K3Fe(CN6)]/[K2Fe(CN6)] in 10 mM PBS pH 7.4.  

 

The proposed platform was used in all sample concentration measurements. As 

explained in Chapter 2, the proposed platform is consisting of 2 magnets which are 

implanted in two cylinders. The magnetic beads move on the surface of SPEs from non-

sensing part to the WE and vice-versa. Figure 3.1 is an illustration of platform principle. 

 

 

 

Figure 3.1: The immunosensor platform for lung cancer. After fishing the analyte with 

functionalised magnetic beads, the magnetic beads were added to non-sensing part of SPE 

were the platform magnet is perpendicular to SPE (1). The rotation of magnetic cylinders 

causes movement of magnetic beads to the WE for analyte detection (2) and pull back the 

unbounded MBs from the WE (3). 
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3.3. Methods 

 

3.3.1 Functionalisation of Magnetic Beads 

  

The 10-7938 anti-NSE antibody was used to functionalise MBs according to the 

protocol which is explained in Chapter 2 Section 2.2.2. 

 

3.3.2 Immobilisation of Antibody on the SPEs 

 

Before immobilising the antibodies on the gold WEs, a washing step was applied 

to all SPEs. The washing step was consisting of dipping SPEs (DRP-220BT) in a solution 

of 50mM KOH in 25% H2O2 for 10 minutes following by rinsing SPEs with dH2O and 

the drying with nitrogen gas. NSE immunosensors were prepared with 10-7927 anti-NSE 

antibody based on the formation of cysteamine SAM layer. The method of immobilisation 

of antibodies on WEs is described in Chapter 2 Section 2.2.7.1. 

 

3.3.3 Electrochemical Measurements 

 

All EIS measurements were conducted by PalmSens3 potentiostat with software 

setting as described in Chapter 2 Section 2.2.4. To compare the EIS results, the Ret was 

calculated for all impedance measurements by the EIS spectrum analyser software.  

 

3.3.4 NSE Assay Development 

 

After preparing different concentration of NSE antigen, 45 µl of each 

concentration of NSE solutions was mixed with 5 µl of functionalised magnetic beads in 

a centrifuge tube with vortex and incubated for 20 minutes to allow the formation of    

MB-Ab-Ag complex. The tube content was washed three times with 50 µl of PBS pH 7.2 

using the magnetic rack for beads separation. The whole content of the tube was then 

transferred to the ceramic part of SPE were the platform magnet pole was faced up. The 

magnetic beads were pulled to the sensing area (WE) by rotation of magnetic bar, and 

incubated for 20 minutes. Then, the magnetic bar was rotated again to eliminate the 
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unbounded MBs from the surface of WE. The SPE was rinsed with PBS (pH 7.4) and 

dried with nitrogen gas before applying the impedance. 

 

Various concentration of NSE protein sample (0.0 ng/ml to 100 ng/ml) were 

prepared and measured by NSE immunosensor. The impedance of functionalised SPE 

was used as a baseline to compare the response signals. 

 

This experiment is different from the “NSE+MB+Platform” experiment, Chapter 

2 Section 2.3.7.1 as a washing step was added to wash mixture of MBs with protein 

sample with use of magnetic rack and PBS buffer prior to adding the sample to the SPEs. 

This step was added to reduce the error and increase the reproducibility of the sensor 

platform as it is assumed that the error are the result of binding of undetected antigens by 

functionalised MBs to the WEs. 

 

3.3.5 Optimisation of Apparatus 

 

As the calculated SD and %CV are high and to achieve better limit of detection, 

step by step optimisation of the NSE immunoassay was carried out in this chapter.  

 

3.3.5.1 Washing Methods 

 

Applying a washing step to the mixture of MBs and analyte sample shown to 

reduce the error. Therefore, four methods of washing step were tested to choose the most 

appropriate method.  

 

After mixing the analyte sample with MBs in a centrifuge tube, a magnet or 

magnetic rack was used to attract MBs to the wall of the tube and the solution was 

removed with a pipette. Then 50 µl of PBS pH 7.2 was added and MBs were mixed in 

the solution by action of vortex. The difference between the tested washing methods was 

the amount of PBS, the type of magnet, and how many times the washing step was 

repeated. The methods are as follow:  
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• Washing the MBs with magnetic rack and 100 µl of PBS for 3 times 

• Washing the MBs with magnet and 100 µl of PBS for 3 times 

• Washing the MBs with magnetic rack and 50 µl of PBS for 5 times 

• Washing the MBs with magnetic rack and 50 µl of PBS for 3 times 

 

All the SPEs were functionalised freshly on the day of experiment and each part 

of this experiment was repeated three times. 

 

3.3.5.2 SAM Layer Activation 

 

The amino end group of cysteamine SAM layer was activated by adding activation 

buffer which contained PDITC which is a crosslinking reagent on the WE. In order to get 

the optimum level of activated SAM layer for attachment of antibodies, the incubation 

time (30 and 60 minutes) and amount of activation buffer (10 and 20 µl) on the SPE was 

tested. After confirmation of the success of SPEs functionalisation with anti-NSE 

antibody, the SPEs were tested to detect and measure various concentration of NSE 

protein. All the SPEs were functionalised freshly on the day of experiment and each part 

of this experiment was repeated three times. 

 

3.3.5.3 Blocking of SAM Layer 

 

As previous results Chapter 2 showed that the error of the experiment is high even 

though it should only recognise specific analyte as monoclonal antibodies were used. 

These results may be the result of non-specific binding of antigens to the surface of WEs 

due to an unoptimised blocking of the SAM layer. Hence, testing different reagents to 

block the thiocyanate end terminals was conducted. 0.1M ethanolamine was prepared in 

both dH2O and 10mM PBS, followed by adjusting the pH 7.6 and 8.5. 20 µl of blocking 

reagents were incubated on WEs for 30 minutes before rinsing the SPEs with 10 mM PBS 

pH 7.4 and drying them with nitrogen gas. The impedance measurements were applied 

before and after applying the deactivation of SAM layer step to compare the results and 

to choose the best blocking solution. All the SPEs were functionalised freshly on the day 

of experiment and each part of this experiment was repeated three times. 
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3.3.5.4 Optimisation of the Capture Antibody Concentration 

 

To achieve the optimum concentration of capture antibody on the surface of MBs, 

three MBs solutions were prepared with 1.2, 2.4, and 3.6 mg/ml concentration of 10-7938 

anti-NSE antibody according to the functionalisation of MBs method which is explained 

in Section 2.2.2.  

 

A 5µl of MBs-Abs were mixed with 45 µl of NSE solutions in a centrifuge tube 

for 20 minutes to allow formation of MB-Ab-NSE. Then the tube content was washed 

three times with use of a magnetic rack and 50 µl of PBS buffer, before adding the 

solution to the immunosensor for analyte detection. The experiment was repeated three 

times with three freshly made NSE immunosensors each prepared solution of MBs with 

different concentration of capture antibody on their surface. The impedance technique 

was applied for NSE detection.  

 

3.3.5.5 Optimisation of the Detection Antibody Concentration 

 

Three different concentration as 5, 10, and 20 µg/ml of detection antibody were 

immobilised on three different SPEs to find the optimum concentration of antibodies on 

the surface of WEs. The immobilisation of antibody was done according to the formation 

of cysteamine SAM layer, CHAPTER 2, Section 2.2.6.1. The experiment was repeated 

three times with freshly prepared NSE immunosensors. Various concentration of NSE 

protein as 0, 1, 10, 50 ng/ml were prepared and detected by immunosensor to compare 

the data and to find the optimum detection antibody concentration. 

 

3.3.6 Standard Plot of the Optimised NSE Immunosensor 

 

After confirmation of anti-NSE antibody immobilisation on the WEs, NSE 

immunosensors were used to generate the calibration curve of NSE protein detection, and 

also to check the non-specific binding of analyte. The calibration curve was firstly made 

by detection of 0, 1, 5, 10, 20, 50, and 100 ng/ml of NSE antigen in PBS buffer, and later 

by detection of the same NSE sample concentrations in human blood serum.  
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To check the non-specificity detection of NSE immunosensor, various 

concentration of CEA protein in human blood serum were prepared and tested as 0, 1, 5, 

10, 20, 50, and 100 ng/ml. 

 

In all experiments, functionalised MBs with anti-NSE antibody were used. Both 

experiments were done with three freshly made NSE immunosensors with optimum 

concentration of capture and detection antibodies. 

 

3.4. Results 

 

3.4.1 NSE Assay Development  

 

The NSE immunosensors were prepared and tested with various NSE 

concentrations by formation of sandwich assay on top of WEs surface. The functionalised 

MBs were mixed and incubated with various concentration of samples for 20 minutes. To 

reduce the experimental error, the analyte was fished and washed three times with use of 

magnetic rack and PBS (pH 7.4) before adding MBs to the ceramic part of the SPE. The 

EIS results obtained from this experiment are presented in Figure 3.2.  

 

The attachment of analytes to the surface of WE reduce the electron transfer from 

the redox probe to the electrode which results in increasing the impedance. It can be 

observed from Figure 3.2 that by increasing the concentration of NSE protein higher 

signals were obtained which is due to the recognition of more NSE molecules by the 

immunosensor.  

 

The EIS spectrum analyser software was used to calculate Ret for all impedance 

signals, the Ret was then used to calculate the %∆Ret and further data analysis. The 

calculation results are summarised in Table 3.1. 
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Figure 3.2: The Nyquist plots for impedance of NSE protein detection by NSE 

immunosensor. Each graph represents the impedance measurements of single NSE 

immunosensor. Functionalised SPE (Black), 0 ng/ml (Blue), 1 ng/ml (Red), 10 ng/ml 

(Green), 20 ng/ml (Yellow), 50 ng/ml (Orange), 100 ng/ml (Pink). 

 

 

It can be seen in Table 3.1 that increasing in concentration of NSE protein resulted 

in rising the mean values of %∆Ret. Although lower impedance signals were obtained in 

this experiment in compare with previous test of immunosensor (Chapter 2 Section 

2.3.8.1), both SD and %CV (Table 3.1) were improved in compare with the previous 

experiment (Table 2.18). For instance, in previous experiment for 100 ng/ml of analyte 

sample detection the SD and %CV were calculated as 35.88 and 28.38, respectively; 

which were reduced in this experiment to 19.13 and 17.85. The percentage of changes in 

∆Ret (Table 3.1 and 2.18) were used to plot a comparison graph against the concentration 

of NSE (ng/ml) (Figure 3.3) after normalising to zero. The results in Figure 3.3, clearly 

show the reduction in %∆Ret and in error bars, after adding the washing step. Since the 

only difference between those two experiments is applied washing step to the mixture of 

MBs and analyte sample before incubating the sample mixture on the immunosensor 

surface. It is assumed that undetected NSE by functionalised MBs were eliminated from 

the sample. Hence the obtained results from three NSE immunosensor are in closer range. 
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Table 3.1: Calculated Ret, ∆Ret, and %∆Ret values of fished NSE protein detection 

experiment. 

 

Baseline 
0 

ng/ml 

1 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 104.06 138.06 159.99 183.95 19.70 196.28 203.28 

SPE2 101.65 130.71 145.39 158.39 171.10 184.64 200.16 

SPE3 94.13 134.34 149.07 162.80 179.97 194.98 215.78 

ΔRet 

(Ω) 

SPE1 N/A 34.00 55.93 79.89 86.64 92.22 99.22 

SPE2 N/A 29.06 43.74 56.74 69.45 82.99 98.51 

SPE3 N/A 40.21 54.94 68.67 85.84 100.85 121.65 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean 

(Ω) 

Mean – 

Mean (0) 

SD %CV 

0 32.67 28.59 42.71 34.66 0.00 7.27 20.97 

1 53.75 43.03 58.36 51.71 17.05 7.87 15.21 

10 76.77 55.82 72.95 68.51 33.85 11.16 16.29 

20 83.26 68.32 91.19 80.92 46.26 11.61 14.35 

50 88.62 81.64 107.13 92.46 57.80 13.17 14.25 

100 95.35 96.91 129.23 107.16 72.50 19.13 17.85 

 

 

The experimental data, Table 3.1, was also used to establish the NSE 

immunosensor linear range response (Figure 3.4). As shown in Figure 3.4, the linear 

response is plotted by using %∆Ret and concentration in logarithmic format, with 

correlation coefficient of the quantified samples of R2 = 0.9512. The LoD value of 0.81 

ng/ml was calculated based on Equation 1; and with use of the slope of calibration curve. 
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Figure 3.3: The comparison graph of NSE immunosensor results with and without 

applying a washing step to the mixture of MBs and analyte sample before analyte 

measurement. The bars represent the average ± standard deviation of triplicates. 

  

 

 

Figure 3.4: The linear range response of NSE immunosensor representing %∆Ret versus 

the log10 of NSE concentrations (1 – 100 ng/ml). The bars represent the average ± standard 

deviation of triplicates. 
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3.4.2 Optimisation of Apparatus 

 

The obtained results of testing NSE immunosensors still showed to have large 

error bars (Figure 3.4). Therefore, further optimisation studies have been conducted to try 

to reduce the error and increase detection limit. 

 

3.4.2.1 Washing Methods 

 

Applying a washing step to the mixture of MBs-Abs-NSE concentrations prior of 

adding them to the NSE immunosensor shown to reduce the experimental error. Hence, 

washing step with different numbers of applying cycles, amount of PBS, and magnets 

were tested. Various NSE samples with 0, 1, 10, 50 ng/ml concentrations were prepared 

and measured by NSE immunosensors to compare the effects of washing methods. The 

impedance results of this experiment are presented in the Nyquist plot format in Figures 

3.5 – 3.8. The EIS spectrum analyser software was used to simulate the impedance data 

and to calculate the Ret. The calculated Ret, ∆Ret, and %∆Ret are presented in Table 3.2 – 

3.5. 
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Figure 3.5: The Nyquist plots of NSE immunosensors. The NSE samples were washed 3 

times with 100 µl of PBS buffer and use of magnetic rack. Each plot represents the 

impedance of single immunosensor. Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 

ng/ml NSE (Red), 10 ng/ml NSE (Green), 50 ng/ml NSE (Yellow). 

 

 

Table 3.2: Calculated Ret, ∆Ret, and %∆Ret values of washing NSE samples 3 times with 

100 µl of PBS buffer and use of magnetic rack. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 58.57 69.05 71.65 75.52 91.11 

SPE2 106.17 136.51 148.52 157.60 159.39 

SPE3 61.69 74.85 80.96 87.08 97.39 

ΔRet 

(Ω) 

SPE1 N/A 10.48 13.08 16.95 28.93 

SPE2 N/A 30.34 39.89 48.44 50.13 

SPE3 N/A 12.89 19.00 25.12 35.40 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 17.89 28.58 20.81 22.43 0.00 5.53 24.64 

1 22.32 39.89 30.67 30.96 8.53 8.79 28.39 

10 28.93 48.44 40.54 39.30 16.87 9.81 24.97 

50 55.55 50.13 57.14 54.27 31.84 3.68 6.77 
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Figure 3.6: The Nyquist plots of NSE immunosensors. The NSE samples were washed 3 

times with 100 µl of PBS buffer and use of magnet. Each plot represents the impedance 

of single immunosensor. Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 ng/ml NSE 

(Red), 10 ng/ml NSE (Green), 50 ng/ml NSE (Yellow). 

 

 

Table 3.3: Calculated Ret, ∆Ret, and %∆Ret values of washing NSE samples 3 times with 

100 µl of PBS buffer and use of magnet. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 74.85 90.12 102.49 109.12 114.62 

SPE2 76.42 98.23 104.67 114.07 131.41 

SPE3 29.55 36.15 37.31 38.83 45.07 

ΔRet 

(Ω) 

SPE1 N/A 15.27 27.64 34.27 39.77 

SPE2 N/A 21.81 28.25 37.65 54.99 

SPE3 N/A 6.59 7.75 9.27 15.52 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 20.40 28.54 22.31 23.75 0.00 4.26 17.92 

1 36.93 36.96 26.23 33.37 9.62 6.19 18.54 

10 45.78 49.27 31.37 42.14 18.39 9.49 22.52 

50 53.13 71.96 52.50 59.20 35.45 11.06 18.68 
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Figure 3.7: The Nyquist plots of NSE immunosensors. The NSE samples were washed 5 

times with 50 µl of PBS buffer and use of magnetic rack. Each plot represents the 

impedance of single immunosensor. Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 

ng/ml NSE (Red), 10 ng/ml NSE (Green), 50 ng/ml NSE (Yellow). 

 

 

Table 3.4: Calculated Ret, ∆Ret, and %∆Ret values of washing NSE samples 5 times with 

50 µl of PBS buffer and use of magnetic rack. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 52.58 58.73 61.67 66.10 73.01 

SPE2 84.19 96.68 102.82 112.50 113.78 

SPE3 94.40 107.68 114.65 116.69 116.67 

ΔRet 

(Ω) 

SPE1 N/A 6.15 9.09 13.53 20.43 

SPE2 N/A 12.49 18.63 28.31 29.59 

SPE3 N/A 13.28 20.25 22.29 22.27 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 11.70 14.84 14.07 13.54 0.00 1.64 12.09 

1 17.29 22.13 21.46 20.29 6.75 2.62 12.92 

10 25.73 33.63 23.62 27.66 14.12 5.28 19.08 

50 38.86 35.15 23.60 34.24 19.00 7.96 24.46 
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Figure 3.8: The Nyquist plots of NSE immunosensors. The NSE samples were washed 3 

times with 50 µl of PBS buffer and use of magnet. Each plot represents the impedance of 

single immunosensor. Functionalised SPE (Purple), 0 ng/ml NSE (Blue), 1 ng/ml NSE 

(Red), 10 ng/ml NSE (Green), 50 ng/ml NSE (Yellow). 

 

 

Table 3.5: Calculated Ret, ∆Ret, and %∆Ret values of washing NSE samples 3 times with 

50 µl of PBS buffer and use of magnetic rack. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 104.06 138.06 159.99 183.95 196.28 

SPE2 101.65 130.71 145.39 158.39 184.64 

SPE3 94.13 134.34 149.09 162.80 194.98 

ΔRet 

(Ω) 

SPE1 N/A 34 55.93 79.89 92.22 

SPE2 N/A 29.06 43.74 56.74 82.99 

SPE3 N/A 40.21 54.94 68.67 100.85 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 32.67 28.59 42.71 34.66 0.00 7.27 20.97 

1 53.75 43.03 58.36 51.71 17.05 7.87 15.21 

10 76.77 55.82 72.95 68.51 33.85 11.16 16.29 

50 88.62 81.64 107.13 92.46 57.80 13.17 14.25 
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A comparison graph was prepared (Figure 3.9) based on calculated percentage of 

change in resistance of electron transfer against the concentration of NSE protein after 

normalising to zero.  

 

 

 

Figure 3.9: The comparison graph of NSE immunosensor response with various washing 

methods of the MBs and NSE samples mixture in PBS buffer prior of analyte 

measurement. The bars represent the average ± standard deviation of triplicates. 

 

 

As Figure 3.9 shows, washing of mixed MBs in NSE samples with 50 µl of PBS 

for 5 times has resulted in obtaining the lowest detection signals with smaller error bars 

in comparison with the other types of washing methods. Applying a washing step for 5 

times may have eliminated some NSE proteins from the sample. As the highest 

measurement signals were achieved by washing MBs with the 50 µl of PBS but applying 

the washing step for 3 times.  

 

Both washing types with 100 µl of PBS have shown to result in lower %∆Ret for 

analyte detection in comparison with 50 µl of PBS repeated tor 3 times. 5 µl of MBs was 

mixed with 45 µl of NSE concentrations in a centrifuge tube. Since the amount of tube 

content was more in washing methods with 100 µl of PBS, longer time was required to 

separate MBs from the sample solution. Hence, some detected NSE proteins by MBs 
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might have removed from the sample during the washing step. Since all the experiments 

were done by placing the magnet on the surface of centrifuge tubes for the same period, 

higher measurement signals have been achieved by washing the MBs 3 times with 50 µl 

of PBS. 

 

As Figure 3.9 presents, the almost same amount (length) of error bars were 

obtained for all type of MBs washing except washing of MBs with 50 µl of PBS for 5 

times. However, the lowest %CV (Table 3.2 – 3.5) are obtained by washing the MBs with 

50 µl of PBS for 3 times. In addition, the highest sensor response was obtained by washing 

MBs with use of magnetic rack and 50 µl of PBS for 3 times. Therefore, this type of 

washing was chosen and applied to the mixture of MBs and protein samples before adding 

MBs to the surface of SPEs.  

 

3.4.2.2 SAM Layer Activation 

 

After formation of SAM layer by incubating 10 mM cysteamine hydrochloride on 

top of WEs, the activation solution which contained 1,4-phenylene diisothiocyanate 

(PDITC) was used to activate the amino group of SAM layer. This experiment was 

designed to achieve the optimum level of activated SAM layer for attachment of 

antibodies by testing the incubation time (30 and 60 minutes) and the amount of activation 

buffer (10 and 20 µl).  

 

The prepared NSE immunosensors were used to measure the amount of NSE 

samples, 0, 1, 10, 50 ng/ml. The impedance results of this experiment are presented in the 

Nyquist plot format in Figures 3.10 – 3.12. The EIS spectrum analyser software was used 

to simulate the impedance data and to calculate the Ret. The calculated Ret, ∆Ret, and 

%∆Ret are presented in Table 3.6 – 3.8. 
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Figure 3.10: The Nyquist plots of NSE immunosensors made by activation of SAM layer 

by incubation of 10 µl of PDITC for 30 minutes on top of WEs. Each plot represents the 

impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml NSE (Red), 1 

ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 

 

Table 3.6: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurement with 

prepared NSE immunosensor which their SAM layer was activated in 10µl of PDITC for 

30 minutes. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 16.05 21.25 24.45 25.38 25.68 

SPE2 22.41 28.78 34.36 38.41 39.70 

SPE3 36.53 47.05 54.62 55.64 61.55 

ΔRet 

(Ω) 

SPE1 N/A 5.20 8.40 9.33 9.63 

SPE2 N/A 6.37 11.95 16.00 71.41 

SPE3 N/A 10.52 18.09 19.11 25.02 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 32.42 28.43 28.80 29.88 0.00 2.20 7.38 

1 52.34 53.31 49.52 51.72 21.84 1.97 3.81 

10 58.13 71.41 52.31 60.62 30.74 9.79 16.15 

50 60.00 77.16 68.49 68.55 38.67 8.58 12.52 
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Figure 3.11: The Nyquist plots of NSE immunosensors made by activation of SAM layer 

by incubation of 20 µl of PDITC for 30 minutes on top of WEs. Each plot represents the 

impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml NSE (Red), 1 

ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 

 

 

Table 3.7: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurement with 

prepared NSE immunosensor which their SAM layer was activated in 20 µl of PDITC for 

30 minutes. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 223.99 271.16 296.33 326.95 395.31 

SPE2 19.11 26.49 27.78 31.14 31.21 

SPE3 31.18 39.43 49.59 62.41 65.03 

ΔRet 

(Ω) 

SPE1 N/A 47.17 72.34 102.96 171.32 

SPE2 N/A 7.38 8.67 12.03 12.10 

SPE3 N/A 8.25 18.41 31.23 33.85 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 21.06 38.63 26.47 28.72 0.00 9.00 31.33 

1 32.30 45.36 59.03 45.56 16.84 13.37 29.34 

10 45.97 62.95 100.16 69.69 40.97 27.72 39.77 

50 76.49 63.32 108.56 82.79 54.07 23.27 28.10 
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Figure 3.12: The Nyquist plots of NSE immunosensors made by activation of SAM layer 

by incubation of 10 µl of PDITC for 60 minutes on top of WEs. Each plot represents the 

impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml NSE (Red), 1 

ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 

 

 

Table 3.8: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurement with 

prepared NSE immunosensor which their SAM layer was activated in 10 µl of PDITC for 

60 minutes. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 37.44 42.11 45.90 48.85 49.37 

SPE2 100.44 119.72 134.55 140.07 150.39 

SPE3 63.83 74.03 75.09 61.92 80.46 

ΔRet 

(Ω) 

SPE1 N/A 4.67 8.46 11.41 11.93 

SPE2 N/A 19.28 34.11 39.63 49.95 

SPE3 N/A 11.20 12.26 -0.91* 17.63 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 12.46 19.20 17.54 16.40 0.00 3.51 21.41 

1 22.60 33.96 19.21 25.26 8.86 7.73 30.59 

10 30.48 39.46 -1.42* 34.97 18.57 6.35 18.16 

50 31.86 49.73 27.63 36.41 20.01 11.73 32.22 

* Excluded data from analysis 
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A comparison graph was made (Figure 3.13) based on sensor response (%∆Ret) 

against the concentration of NSE protein after normalising by subtracting %∆Ret of zero 

from the mean values. The lowest change in impedance measurements were obtained by 

incubation of SPEs in 10 µl of activation solution for 60 minutes. As the other activation 

solution with the same volume but shorter incubation time (30 minutes) have resulted in 

higher impedance change, it is assumed that increasing the time of incubation results 

surface saturation which results in steric hindrance problem.  

 

Activation of cysteamine SAM layer has shown to reduce the amount of electron 

transfer (Chapter 2, Section 2.3.4.1). Thus, the amount of activated SAM layer is 

proportional to the Ret value. As Figure 3.13 represents the highest change in electrode 

impedance were obtained by activating SAM layer with 20 µl of activation solution which 

is probably related to the amount of available PDITC molecules. Therefore, the SAM 

layers were activated by 20 µl of activation solution for further experiments. 

 

 

 

Figure 3.13: The comparison graph of NSE detection by NSE immunosensors which 

their SAM layers are activated by incubation in different amount of PDITC for different 

incubation time. The bars represent the average ± standard deviation of triplicates. 
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3.4.2.3 Blocking of SAM Layer 

 

Poor blockage of immunosensor surface will result in binding of unwanted 

materials to the sensing area which causes false positive results and also increases the 

experimental error. This experiment was designed to check the effectiveness of 

ethanolamine in deactivating available thiocyanate terminals of SAM layer and blocking 

of the immunosensor surface. Four 0.1 M ethanolamine solutions were prepared as: 

ethanolamine in dH2O pH 7.6, ethanolamine in dH2O pH 8.5, ethanolamine in PBS pH 

7.6, and ethanolamine in PBS pH 8.5. EIS was used to measure the impedance of SPEs 

before and after incubation of blocking solution on WEs. The impedance results are 

presented in Figure 3.14, and calculated Ret, ∆Ret, and %∆Ret are presented in Table 3.9. 

 

 

 

Figure 3.14: The Nyquist plots of Impedance measurements before and after applying 

ethanolamine to block the surface of NSE immunosensors. (A) Ethanolamine in dH2O 

pH 7.6; (B) Ethanolamine in dH2O pH 8.5; (C) Ethanolamine in PBS pH 7.6; (D) 

Ethanolamine in PBS pH 8.5. Blue, Red, and Green graphs represent impedance 

measurements of SPEs before applying ethanolamine. Yellow, purple, and pink graphs 

represent of SPEs after incubation of ethanolamine on WEs. Three SPEs were tested for 

each blocking solution. 
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Deactivation and blocking of SAM layer by incubating ethanolamine solution on 

WEs result in increasing or decreasing of impedance of electrode (Figure 3.14). As 

blocking of the SPE surface will cause changes in electron transfer from the redox probe 

to the surface of the electrode, the blocking reagent solution which causes the highest 

change in percentage of ∆Ret was considered the best blocking reagent for this 

experiment. 

 

 

Table 3.9: Calculated Ret, ∆Ret, and %∆Ret values of SPEs before and after incubation of 

various blocking reagents on WEs. 

 PBS 7.6 dH2O 7.6 PBS 8.5 dH2O 8.5 

Ret (Ω) 

Before 

SPE1 13.90 10.87 13.30 9.43 

SPE2 24.55 33.92 10.12 17.94 

SPE3 15.99 10.98 27.95 13.33 

Ret (Ω) 

After 

SPE1 18.98 11.02 12.30 6.15 

SPE2 37.68 34.08 8.27 12.59 

SPE3 26.59 12.98 22.52 8.23 

 

Blocking Solution %ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean SD 

Ethanolamine in PBS pH 7.6 36.57 53.47 66.32 52.12 14.92 

Ethanolamine in dH2O pH 7.6 1.32 0.48 18.14 6.65 9.96 

Ethanolamine in PBS pH 8.5 7.50 18.29 19.41 15.07 6.58 

Ethanolamine in dH2O pH 8.5 34.80 29.83 38.24 34.29 4.23 

 

 

The ethanolamine solution prepared in PBS with pH adjusted to 7.6 has shown to 

have the highest change in impedance which means the best reagent for blockage of the 

electrode surface among the tested solutions. Therefore, the blocking solution of 

ethanolamine in PBS with pH 7.6 was used for further experiments. 
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3.4.2.4 Optimisation of the Capture Antibody Concentration on MBs 

 

To achieve the best concentration of capture antibody on the surface of MBs, three 

MBs solutions with antibody concentration of 1.2, 2.4, and 3.6 mg/ml were investigated. 

The obtained EIS results are presented in Figures 3.15 – 3.17; and calculated Ret, ∆Ret, 

and %∆Ret are shown in Tables 3.10 – 3.12. 

 

 

 

Figure 3.15: The Nyquist plots of Impedance measurements of protein detection by NSE 

immunosensor with use of prepared MBs with 1.2 mg/ml of 10-7938 anti-NSE antibody. 

Each plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 

0 ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE 

(Purple). 
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Table 3.10: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared MBs with 1.2 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 39.84 44.60 51.21 53.43 57.51 

SPE2 39.83 45.58 52.86 53.16 57.74 

SPE3 49.03 54.25 60.08 62.91 68.34 

ΔRet 

(Ω) 

SPE1 N/A 4.76 11.37 13.59 17.67 

SPE2 N/A 5.75 13.03 13.33 17.91 

SPE3 N/A 5.22 11.05 13.88 19.31 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 11.95 14.44 10.65 12.35 0.00 1.93 15.60 

1 28.54 32.71 22.54 27.93 15.58 5.11 18.30 

10 34.11 33.47 28.31 31.96 19.61 3.18 9.95 

50 44.35 44.97 39.38 42.90 30.55 3.06 7.14 

 

 

Figure 3.16: The Nyquist plots of Impedance measurements of protein detection by NSE 

immunosensor with use of prepared MBs with 2.4 mg/ml of 10-7938 anti-NSE antibody. 

Each plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 

0 ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE 

(Purple). 
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Table 3.11: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared MBs with 2.4 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 33.91 44.00 50.16 55.73 60.48 

SPE2 24.36 30.60 37.80 39.85 42.06 

SPE3 37.99 49.43 57.97 65.78 88.33 

ΔRet 

(Ω) 

SPE1 N/A 10.09 16.25 21.82 26.57 

SPE2 N/A 6.24 13.44 15.49 17.70 

SPE3 N/A 11.44 19.98 27.79 50.34* 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 29.76 25.62 30.11 28.50 0.00 2.50 8.76 

1 47.92 55.17 52.59 51.89 23.39 3.67 7.08 

10 64.35 63.59 73.15 67.03 38.53 5.31 7.93 

50 78.35 72.66 132.51* 75.51 47.01 4.02 5.33 

* Excluded data from analysis 

 

 

Figure 3.17: The Nyquist plots of Impedance measurements of protein detection by NSE 

immunosensor with use of prepared MBs with 3.6 mg/ml of 10-7938 anti-NSE antibody. 

Each plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 

0 ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE 

(Purple). 



119 

 

Table 3.12: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared MBs with 3.6 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 46.30 48.15 51.15 56.68 61.17 

SPE2 48.97 51.64 54.21 62.56 65.35 

SPE3 81.64 92.35 97.71 101.99 107.38 

ΔRet 

(Ω) 

SPE1 N/A 1.85 4.85 10.37 14.87 

SPE2 N/A 2.73 5.30 13.65 16.44 

SPE3 N/A 10.71 16.07 20.35 25.74 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 4.00 5.58 13.12 7.57 0.00 4.87 64.41 

1 10.48 10.84 19.68 13.67 6.10 5.21 38.13 

10 22.40 27.91 24.93 25.08 17.51 2.76 11.00 

50 32.12 33.61 31.35 32.36 24.79 1.15 3.55 

 

 

All prepared MBs with various concentration of antibody were able to separate 

NSE protein from different analyte concentrations in PBS, as the impedance signal of 

NSE immunosensor increased with respect to increasing the concentration of the analyte 

Figure 3.15 – 3.17. In order to choose the optimum concentration of antibody on the 

surface of MBs, a comparison graph (Figure 3.18) was plotted according to the %∆Ret 

(Table 3.10 – 3.12) against the concentration of NSE protein (ng/ml). 
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Figure 3.18: The comparison of NSE detection by use of MBs with various concentration 

of antibody on their surfaces. The bars represent the average ± standard deviation of 

triplicates. 

 

 

As Figure 3.18 shows that increasing the concentration of antibody on the surface 

of MBs from 1.2 mg/ml to 2.4 mg/ml resulted in increasing the signal change. The reason 

for this is increasing the chance of analyte being captured by the MBs. Increasing the 

concentration of antibody does not always rises the detection signal due to the effect of 

steric hindrance. As presenting too many antibodies on the surface of MBs hinder the 

attachment of analytes, further increase of capture antibody concentration from 2.4 mg/ml 

to 3.6 mg/ml caused reduction of changes in impedance signals. For instance, the mean 

%∆Ret value for detection of 10 ng/ml of NSE were calculated as 31.96 for analyte 

detection by MBs with 1.2 mg/ml of antibody while the value increased to 67.03 as the 

detection antibody concentration increased to 2.4 mg/ml, and further increase of antibody 

concentration to 3.6 mg/ml reduced the value to 25.08. 

 

The highest changes in percentage of electron transfer were obtained by use of 

MBs with the antibody concentration of 2.4 mg/ml on their surface. Hence, MBs were 

prepared with 2.4 mg/ml concentration of antibody for further experiments.   
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3.4.2.5 Optimisation of Detection Antibody Concentration on SPE 

 

To develop an efficient immunoassay, the optimisation of antibody concentration 

on the surface of sensor is crucial (Altintas et al., 2011). To determine the best 

concentration of antibody for preparing NSE immunosensors, various concentration of 

10-7937 anti-NSE antibody (detection antibody) as 5, 10, and 20 µg/ml were tested. The 

obtained experimental results are presented as Nyquist plots in Figure 3.19 – 3.21; and 

the calculated Ret, ∆Ret, and %∆Ret are represented in Table 3.13 – 3.15 

 

 

 

Figure 3.19: The Nyquist plots of Impedance measurements of protein detection by 

prepared NSE immunosensor with use of 5 µg/ml of 10-7937 anti-NSE antibody. Each 

plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 

ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 3.13: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared NSE immunosensors with 5 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 50.24 61.37 67.52 73.55 77.30 

SPE2 50.71 58.77 67.50 68.65 72.64 

SPE3 45.59 52.78 55.74 61.26 68.74 

ΔRet 

(Ω) 

SPE1 N/A 11.13 17.28 23.31 27.06 

SPE2 N/A 8.06 16.79 17.94 21.93 

SPE3 N/A 7.19 10.15 15.67 23.15 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 22.15 15.89 15.77 17.94 0.00 3.65 20.35 

1 34.39 33.11 22.26 29.92 11.98 6.66 22.27 

10 46.40 35.38 34.37 38.72 20.78 6.67 17.24 

50 53.86 43.25 50.78 49.30 31.36 5.46 11.07 

 

 

Figure 3.20: The Nyquist plots of Impedance measurements of protein detection by 

prepared NSE immunosensor with use of 10 µg/ml of 10-7937 anti-NSE antibody. Each 

plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 

ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 3.14: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared NSE immunosensors with 10 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 31.07 37.98 47.63 52.65 55.92 

SPE2 37.76 47.61 56.37 66.53 69.78 

SPE3 69.71 89.16 109.04 121.37 125.70 

ΔRet 

(Ω) 

SPE1 N/A 6.91 16.56 21.58 24.85 

SPE2 N/A 9.85 18.61 28.77 32.02 

SPE3 N/A 19.45 39.33 51.66 55.99 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 22.24 26.09 27.90 25.41 0.00 2.89 11.38 

1 53.30 49.28 56.42 53.00 27.59 3.58 6.75 

10 69.46 76.19 74.11 73.25 47.84 3.45 4.70 

50 79.98 84.80 80.32 81.70 56.29 2.69 3.29 

 

 

Figure 3.21: The Nyquist plots of Impedance measurements of protein detection by 

prepared NSE immunosensor with use of 20 µg/ml of 10-7937 anti-NSE antibody. Each 

plot represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 

ng/ml NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 3.15: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with 

use of prepared NSE immunosensors with 20 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 72.33 99.88 115.33 126.85 135.52 

SPE2 27.79 36.46 42.24 47.37 53.46 

SPE3 36.69 46.79 53.67 59.09 67.49 

ΔRet 

(Ω) 

SPE1 N/A 27.55 43.00 54.52 63.19 

SPE2 N/A 8.67 14.45 19.58 25.67 

SPE3 N/A 10.10 16.98 22.40 30.80 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 38.09 31.20 27.53 32.27 0.00 5.36 16.61 

1 59.45 52.00 46.28 52.58 20.31 6.60 12.56 

10 75.38 70.46 61.05 68.96 36.69 7.28 10.56 

50 87.36 92.37 83.95 87.89 55.62 4.24 4.82 

 

 

In order to choose the best concentration of 10-7937 anti-NSE antibody for the 

NSE immunosensor preparation, a comparison graph was plotted based on the %∆Ret 

(Table 3.13 – 3.15) against the concentration of NSE protein (ng/ml).  

 

Figure 3.22 represents, the lowest signals were obtained by prepared 

immunosensors with 5 µg/ml of antibody. As the concentration of antibody increased to 

10 or 20 µg/ml, higher percentage of changes in Ret were obtained. The NSE 

immunosensors with 10 µg/ml concentration of antibody were able to achieve the highest 

percentage of changes in impedance of electrode for detection of NSE samples in 

comparison with the other two antibody concentration. Thereby, 10 µg/ml was chosen as 

an optimum concentration for detection antibody.   



125 

 

 

Figure 3.22: The comparison graph of NSE detection with use of prepared NSE 

immunosensors with various concentration of antibody on their surfaces. The bars 

represent the average ± standard deviation of triplicates. 

 

 

3.4.3 Standard Plot of Optimised NSE Immunosensor 

 

Once the experimental error was controlled by testing and optimising each step of 

antibody immobilisation on the surface of SPEs, and after selecting the optimum 

concentration of antibodies on both SPE and MBs. The NSE immunosensors were used 

to detect various NSE concentrations in buffer and human serum, and also to detect CEA 

protein as a non-specific analyte. 

 

3.4.3.1 NSE Detection in Buffer 

 

The NSE immunosensor was tested by measuring different concentrations of NSE 

protein samples (0 – 100 ng/ml) in PBS buffer pH 7.4 to create a standard curve. After 

mixing NSE samples with functionalised MBs, and fishing the analyte. The amounts of 

protein were measured by NSE immunosensor and use of EIS technique. Figure 3.23 

represents the experimental impedance results in the Nyquist plots. The EIS spectrum 

analyser software was used to simulate the impedance graphs and calculate the Ret, ∆Ret, 

and %∆Ret which are shown in Table 3.16. 
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Figure 3.23: The Nyquist plots for impedance of NSE protein detection in PBS buffer by 

NSE immunosensors. Each graph represents the impedance measurements of single NSE 

immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Khaki). 

 

Table 3.16: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of NSE 

protein detection in PBS buffer. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 67.58 72.45 79.06 88.05 93.40 100.66 108.16 115.75 

SPE2 48.79 53.79 58.83 68.76 69.85 76.30 80.71 86.96 

SPE3 52.12 57.33 62.18 67.25 72.70 78.94 85.46 89.87 

ΔRet 

(Ω) 

SPE1 N/A 4.87 11.48 20.47 25.82 33.08 40.58 48.17 

SPE2 N/A 5.00 10.04 19.97 21.06 27.51 31.92 38.17 

SPE3 N/A 5.21 10.06 15.13 20.58 26.82 33.34 37.75 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 7.21 10.25 10.00 9.15 0.00 1.69 18.43 

1 16.99 20.58 19.30 18.96 9.81 1.82 9.59 

5 30.29 40.93 29.03 33.42 24.27 6.54 19.56 

10 38.21 43.16 39.49 40.29 31.14 2.57 6.38 

20 48.95 56.38 51.46 52.26 43.11 3.78 7.24 

50 60.05 65.42 63.97 63.15 54.00 2.78 4.40 

100 71.28 78.23 72.43 73.98 64.83 3.73 5.04 
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The standard curve (Figure 3.24) was created based on the calculated %∆Ret 

(Table 3.16) versus the concentration of NSE antigen after normalising the results by 

subtracting the %∆Ret of 0 ng/ml. As Figure 3.24 shows, increasing the concentration of 

NSE protein results in increasing the impedance of electrode which indicates that 

increasing the signal is proportional to the analyte concentration. Additionally, comparing 

these results with the obtained results before applying optimisations (Section 3.4.1) shows 

improvement in the error bars, though lower response signals were obtained.  

 

 

 

Figure 3.24: Standardised NSE immunosensor response plot created for detection of 

different NSE concentrations (0.0 – 100 ng/ml) in PBS buffer. The bars represent the 

average ± standard deviation of triplicates. 

 

 

The linear range response of NSE immunosensor in PBS buffer was plotted by 

using sensor response (%∆Ret) and the concentration of NSE protein in logarithmic 

format, Figure 3.25. Figure 3.25 shows logarithmically increases of sensor response by 

increasing the concentration of NSE antigen. The LoD value was calculated as low as 

0.18 ng/ml based on Equation 1. The obtained LoD is lower than the calculated LoD 

before applying optimisation which was 0.81 ng/ml. Moreover, the optimised NSE 

immunosensor showed a stronger correlation coefficient (0.9848) than unoptimised 

immunosensor 0.9512. 
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Figure 3.25: The linear range response of NSE immunosensor representing %∆Ret versus 

the log10 of NSE concentrations (1 – 100 ng/ml) in PBS buffer. The bars represent the 

average ± standard deviation of triplicates. 

 

 

3.4.3.2 NSE Detection in Human Serum Samples 

 

Once the optimisation steps have reduced the experimental error and improved 

the LoD of NSE protein in PBS, detection of various concentrations of NSE antigen in 

human blood serum was tested. This experiment was done by testing the response of NSE 

immunosensor to range of NSE protein concentrations (0.0 – 100 ng/ml) spiked in human 

serum. The functionalised MBs were used to fish the analyte from the sample and to move 

the NSE antigen to the WEs surface to form sandwich assay. The concentration of NSE 

protein was measured by using of the EIS technique. The experimental results are 

presented in Nyquist plots in Figure 3.26. The EIS spectrum analyser software was used 

to simulate the impedance graphs and to calculate the Ret. Table 3.17 represents the 

calculated Ret, ∆Ret, and %∆Ret. 

 

The standard curve (Figure 3.27) was then created based on the calculated %∆Ret 

(Table 3.17) against the concentration of NSE antigen after normalising the results by 

subtracting the %∆Ret of 0 ng/ml. 
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Figure 3.26: The Nyquist plots for impedance of NSE protein detection in Serum by NSE 

immunosensors. Each graph represents the impedance measurements of single NSE 

immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Khaki). 

 

Table 3.17: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of NSE 

protein detection in serum. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 62.52 77.96 89.38 103.17 111.54 115.65 117.28 128.38 

SPE2 54.90 65.08 72.78 90.61 94.16 102.49 109.52 117.31 

SPE3 30.54 39.69 44.38 47.88 53.51 55.52 60.88 61.10 

ΔRet 

(Ω) 

SPE1 N/A 15.44 26.86 40.65 49.02 53.13 54.76 65.86 

SPE2 N/A 10.18 17.88 35.71 39.26 47.59 54.62 62.41 

SPE3 N/A 9.15 13.84 17.34 22.97 24.98 30.34 30.56 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 24.70 18.54 29.96 24.40 0.00 5.71 23.42 

1 42.96 32.57 45.32 40.28 15.88 6.78 16.84 

5 65.02 65.05 56.78 62.28 37.88 4.77 7.65 

10 78.41 71.51 75.21 75.04 50.64 3.45 4.60 

20 84.98 86.68 81.79 84.49 60.09 2.48 2.94 

50 87.59 99.49 99.35 95.48 71.08 6.83 7.16 

100 105.34 113.68 100.07 106.36 81.96 6.86 6.45 
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Figure 3.27: Standardised NSE immunosensor response plot created for detection of 

different NSE concentrations (0.0 – 100 ng/ml) in serum. The bars represent the average 

± standard deviation of triplicates. 

 

 

Like the immunosensor response to NSE concentrations in PBS (Figure 3.24), the 

impedance of electrode increased by increasing the concentration of NSE antigen in 

serum (Figure 3.27). This due to the formation of sandwich assay on the surface of WEs 

which block the surface and reduces the transfer of electron from the redox probe to the 

electrode surface.  

 

The %∆Ret and the logarithmic format of NSE concentrations were used to plot 

the linear range response of NSE immunosensor, Figure 3.28. it can be observed in Figure 

3.28 that the sensor response logarithmically increases by increasing the analyte 

concentration with correlation coefficient of the quantified samples of 0.9977. The LoD 

value was calculated as low as 0.52 ng/ml based on Equation 1. Although the achieved 

LoD is higher than the LoD of NSE detection in PBS buffer which was 0.18 ng/ml; the 

obtained LoD is lower than the cut-off value which is 12.5 ng/ml.  
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Figure 3.28: The linear range response of NSE immunosensor representing %∆Ret versus 

the log10 of NSE concentrations (1 – 100 ng/ml) in serum. The bars represent the average 

± standard deviation of triplicates. 

 

 

3.4.3.3 Non-Specificity Evaluation 

 

Since the immunosensor were able to detect NSE protein in both PBS buffer and 

serum samples, non-specificity or cross-reactivity test was done to check whether the 

sensor signal generation is only due to binding of molecule of interest. This experiment 

was done by measuring various CEA concentrations (0.0 – 100 ng/ml) spiked in human 

serum with NSE immunosensor. The analyte measurements were done by EIS technique 

and the results are presented in Figure 3.29 and Table 3.18. 
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Figure 3.29: The Nyquist plots for impedance of CEA protein detection in serum by NSE 

immunosensors. Each graph represents the impedance measurements of single NSE 

immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Grey). 

 

Table 3.18: Calculated Ret, ∆Ret, and %∆Ret values for NSE immunosensor impedance 

measurements for cross-reactivity test in serum. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 43.81 48.64 50.17 54.12 55.91 57.68 61.65 63.04 

SPE2 74.61 84.05 85.74 91.56 97.92 99.30 102.57 104.39 

SPE3 40.88 47.11 48.08 49.87 51.16 52.41 53.67 56.91 

ΔRet 

(Ω) 

SPE1 N/A 4.83 6.36 10.31 12.10 13.87 17.84 19.23 

SPE2 N/A 9.44 11.13 16.95 23.31 24.69 27.96 29.78 

SPE3 N/A 6.23 7.20 8.99 10.28 11.53 12.79 16.03 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 11.02 12.65 15.24 12.97 0.00 2.13 16.41 

1 14.52 14.92 17.61 15.68 2.71 1.68 10.73 

5 23.53 22.72 21.99 22.75 9.78 0.77 3.39 

10 27.62 31.24 25.15 28.00 15.03 3.06 10.94 

20 31.66 33.09 28.20 30.98 18.01 2.51 8.11 

50 40.72 37.47 31.29 36.49 23.52 4.79 13.13 

100 43.89 39.91 39.21 41.00 28.03 2.52 6.16 
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The obtained results from 3.17 and 3.18 were compared by plotting a comparison 

graph of %∆Ret versus the analyte concentration which is presented in Figure 3.30. As it 

can be observed from the comparison graph, the NSE immunosensor response increased 

with increase in analyte concentration. Although the sensor responded to CEA analyte 

concentration, the generated signals are not as great as the sensor response to NSE antigen 

binding. For instance, the highest %∆Ret for CEA detection was 28.03% which was 

achieved for detection of 100 ng/ml of CEA while %∆Ret of 37.88% was achieved for 

detection of 5 ng/ml of NSE protein.  

 

 

 

Figure 3.30: Investing the response of NSE immunosensor to various concentration of 

specific (NSE protein) and non-specific (CEA protein) analyte. The bars represent the 

average ± standard deviation of triplicates. 

 

 

3.5. Discussion and Conclusions 

 

NSE is known to be a reliable, sensitive and specific biomarker for SCLC. Thus, 

it is a suitable biomarker to be used as part of biosensor for detection of lung cancer and 

specially to distinguish between SCLC and NSCLC.  
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According to Chapter 2, the proposed platform has shown to be effective in 

amplifying the detection signal. The NSE immunosensor was constructed by 

immobilising anti-NSE monoclonal antibody on the SPEs working electrode through 

formation of SAM layer. The MBs were functionalised with another type of monoclonal 

antibody. Functionalised MBs were used to detect, to fish the analyte from samples and 

move the antigen to the sensing area by action of sensing platform. The detection of NSE 

protein with use of MBs and the proposed platform has not been reported by other 

researchers.   

 

After confirmation of anti-NSE antibody immobilisation on the WEs, the 

immunosensors were used to detect various NSE concentration. The sensor was 

successfully measured various concentrations in PBS buffer with low LoD. The plotted 

standardised curve showed to have high level of experimental error. Although applying a 

washing step to the mixture of MBs and antigen sample prior of analyte detection has 

reduced the amount of error, the error was significantly high. Therefore, the activation of 

SAM layer and blockage of SAM layer was tested. Deactivation and blockage of SAM 

layer by ethanolamine in PBS with adjusted pH to 7.6 have shown to be the best blocking 

reagent among the tested solutions.  

 

The NSE immunosensors were used to measure various concentrations of NSE 

antigen in PBS buffer after optimising the antibody concentration on both SPEs and MBs 

surfaces. The obtained standardised curve after optimisations proves the success of 

optimisations as the error bars were significantly reduced and lower LoD was obtained in 

compare with the standardised curve before optimisations, 0.18 and 0.81 ng/ml, 

respectively.  

 

The NSE immunosensor was also tested to measure both specific (NSE antigen) 

and non-specific (CEA protein) analytes spiked in 100 % serum. The achieved LoD was 

0.52 ng/ml which is lower than the cat-off value of 12.5 ng/ml. Additionally, from the 

sensor response, it is possible to distinguish between 100 ng/ml of CEA and 5 ng/ml of 

NSE.  
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There is a limited number of studies reported in literature that describe the 

detection of NSE protein by biosensors and they are summarised in Chapter1, in Table 

1.4. Among them, few studies have obtained higher LoDs than the one obtained in this 

project for detection in serum (Geißler et al., 2013; Shan & Ma, 2016).  Only Barton et 

al. (2008) have used electrochemical impedance spectroscopy to measure the analyte 

concentration. They have reported a linear detection range of 1 – 50 pg/ml in buffer and 

have achieved a LoD of 0.5 pg/ml. Nevertheless, it is not possible to fully compare their 

assay with the assay developed in this work as they do not mention either the assay time 

or the amounts of reagents used for analyte detection. 

 

According the results obtained in this study, the developed NSE immunosensor 

with use of MBs and the proposed platform were successful in detecting specific analyte 

in both PBS buffer and serum; and has the potential to be used as part of early lung cancer 

diagnosis.  
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Chapter 4:  

DEVELOPMENT OF CARCINOEMBRYONIC 

ANTIGEN (CEA) IMMUNOSENSOR 
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4.1. Introduction 

 

Non-small cell lung cancer (NSCLC) is responsible for 80% to 90% of lung cancer 

incidence (Kashyap et al., 2015; Wei et al., 2017). The most effective treatment method 

of NSCLC is surgery, however, most patients (75%) cannot be treated by surgery due to 

late diagnosis which reduces the 5-year survival rate and increases the chance of cancer 

recurring (Gao et al., 2017). Thus, it is crucial to diagnose NSCLC at its early stages to 

increase the survival chance. Cancer biomarkers are valuable as measuring their 

concentration within body fluids, e.g. serum, can be used for early detection and to 

monitor therapy. Detecting and measuring of cancer biomarker in medical centres is an 

expensive and time-consuming analysis which requires highly trained people (Fan et al., 

2017). Biosensor are low-cost and non-invasive analytical tools which can be used for 

early diagnosis of lung cancer and simultaneously monitoring the biomarker 

concentration level.  

 

Carcinoembryonic antigen (CEA) is a cell surface glycoprotein. CEA is known as 

the most specific and reliable biomarker with a cut-off value of 5 ng/ml for diagnosis of 

cancer such as NSCLC, breast, colorectal, ovarian, and colon. The concentration level of 

CEA arises in serum after cancer incidence and during its progression. Thereby, detection 

and measurement of CEA concentration level in serum can help in early diagnosis and 

monitoring the treatment (Feng et al., 2016; Gu et al., 2018; Justino et al., 2016). 

 

The electrochemical impedance spectroscopy (EIS) measure the analyte 

concentration by applying decades of frequency and measuring the total impedance which 

is consists of a real (Zʹ) and an imaginary (Zʺ) part. The EIS is a sensitive and rapid 

technique which can be used for label-free analyte detection (Cui et al., 2018). 

Attachment of specific analyte to the surface antibody changes the surface chemistry 

which lead in change of electron transfer from the redox probe to the electrode surface. 

The change in impedance of electrode is proportional to the amount of detected analyte. 

Thus, it can be used to measure the analyte concentration.   
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This chapter illustrate the development and optimisation of CEA immunosensor 

for lung cancer with use of a platform (described in Chapter 2). A standardised plot was 

obtained by applying some of the optimisation steps from the Chapter 3, such as: washing 

method, SAM layer activation, and blocking of the SAM layer. The concentration of 

antibody was optimised for both magnetic nanobeads (MBs) and CEA immunosensor. 

Then, the optimised immunosensor was used to detect the CEA protein within the PBS 

buffer and to plot a standardised plot to compare the results with the previous set of data. 

In the last step, CEA immunosensor was used to measure the various concentrations of 

CEA and NSE proteins spiked in serum as specific and non-specific antigens, 

respectively. 

  

4.2. Materials and Equipment 

  

All the materials and equipment used in this chapter are the same as listed in 

Chapter 2, Section 2.1 with an additional item of human blood serum which was 

purchased from Sigma-Aldrich (Dorset, UK). The PalmSens3 potentiostat and its 

corresponded software were used to perform impedance technique to measure the sample 

concentration with the same mentioned setting in Chapter 2, Section 2.2.5, such as 

frequency range of 50 kHz – 0.1 Hz and applied potential of 0.12 V. All impedance 

measurements were carried out in the presence of 50 µl of 10 mM 

[K3Fe(CN6)]/[K2Fe(CN6)] in 10 mM PBS pH 7.4.  

 

The proposed platform was used in all sample concentration measurements. As 

described in Chapter 2, the proposed platform is consisting of 2 cylinders with an 

implanted magnet. As it explained before, the functionalised MBs were transferred by the 

action of platform from the non-sensing part of SPEs to the WEs where specific 

antibodies were immobilised. After incubating Functionalised MBs on the gold WEs, 

unbound MBs were pulled away from the sensing area by rotation of cylinders which 

were placed underneath of SPEs. Figure 3.1 (Chapter 3) is an illustration of platform 

principle. 
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4.3. Methods  

 

4.3.1 Functionalisation of Magnetic Beads 

  

The 2.4 mg/ml of 12-140-10 monoclonal anti-CEA antibody was used to 

functionalise MBs according to the protocol which is explained in Chapter 2, Section 

2.2.2. 

 

4.3.2 Immobilisation of Antibody on the SPEs 

 

All SPEs were cleaned before immobilising the antibody on the WEs. The 

washing step was consisting of dipping SPEs in a solution of 50 mM KOH in 25% H2O2 

for 10 minutes following by rinsing SPEs with dH2O and drying them with nitrogen gas. 

CEA immunosensor were prepared with 10 µg/ml of 12-140-01 anti-CEA antibody based 

on the formation of cysteamine SAM layer. The method of immobilisation of antibodies 

on WEs is explained in Chapter 2, Section 2.2.7.1. 

 

4.3.3 Electrochemical Measurement 

 

EIS measurements were conducted by Auto GillAC and PalmSens3 potentiostat 

with their corresponding software as described in Chapter 2, Section 2.2.4. To compare 

the EIS results, the Ret was calculated for all impedance measurements by the EIS 

spectrum analyser software.  

 

4.3.4 CEA Assay Development 

 

The magnetic beads were functionalised with 12-140-10 anti-CEA antibody, and 

CEA immunosensors were prepared by 12-140-01 anti-CEA antibody according to the 

methods which were explained in Chapter 2, section 2.2.2 and 2.2.6.1, respectively. 

 

After preparing various CEA concentrations (0.0 – 100 ng/ml), 45 µl of each 

concentration sample was mixed with 5 µl of functionalised magnetic beads in a 
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centrifuge tube with action of vortex and incubated for 20 minutes to allow forming of 

MB-Ab-CEA complex. The tube content was then washed three times with 50 µl of PBS 

pH 7.2 and use of magnetic rack. The whole content of the tube was then transferred to 

insulating part of SPE were the platform magnet pole was faced up. The magnetic beads 

were pulled to the sensing area (WE) by rotation of magnetic bar, and incubated for 20 

minutes. Then, the magnetic bar was rotated again to eliminate the unbounded MBs from 

the surface of the WE. The SPE was rinsed with PBS pH 7.4 and dried with nitrogen gas 

before applying the impedance. 

 

All concentration measurement of CEA protein samples (0.0 ng/ml to 100 ng/ml) 

were done by use of freshly made CEA immunosensors, sensing platform, and EIS 

technique. The CEA concentration measurement was done before and after applying 

some optimisations such as type of blocking agent.  

 

4.3.5 Optimisation of the CEA immunosensor 

 

4.3.5.1 Optimisation of the Capture Antibody Concentration 

 

To achieve the optimum concentration of capture antibody on the surface of MBs, 

three MBs solutions were prepared with various concentrations of 12-140-10 anti-CEA 

antibody (1.2, 2.4, and 3.6 mg/ml) according to the functionalisation of MBs method 

which is explained in Chapter 2, Section 2.2.2.  

 

A 5 µl of MBs were mixed with 45 µl of CEA solutions in a centrifuge tube for 

20 minutes to allow formation of MB-Ab-CEA. Then the tube content was washed three 

times with use of a magnetic rack and 50 µl of PBS buffer, before adding the solution to 

the immunosensor for analyte detection. The experiment was repeated three times with 

three freshly made CEA immunosensors each prepared solution of MBs with different 

concentration of capture antibody on their surface.  
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4.3.5.2 Optimisation of the Detection Antibody Concentration 

 

Three different concentration as 5, 10, and 20 µg/ml of detection antibody were 

immobilised on three different SPEs to find the optimum concentration of antibodies on 

the surface of WEs. The immobilisation of antibody was done according to the formation 

of cysteamine SAM layer, Chapter2, Section 2.2.7.1. The experiment was repeated three 

times with freshly prepared CEA immunosensors. Various concentration of CEA protein 

as 0, 1, 10, 50 ng/ml were prepared and detected by immunosensor to compare the data 

and to find the optimum detection antibody concentration. 

 

4.3.6 Standard Plot of the Optimised CEA Immunosensor 

 

After confirmation of anti-CEA antibody immobilisation on the WEs and 

optimisation of capture and detection antibody on the surface of MBs and SPEs, the CEA 

immunosensors were used to generate the standardised curve of CEA protein detection, 

and also to check the non-specificity binding of analyte. The calibration curve was firstly 

made by detection of 0, 1, 5, 10, 20, 50, and 100 ng/ml of CEA antigen in PBS buffer, 

and later by detection of the same CEA concentrations in 100 % human blood serum.  

 

The non-specificity test of CEA immunosensor was performed by preparing and 

testing various NSE protein concentrations (0, 1, 5, 10, 20, 50, and 100 ng/ml) in human 

blood serum. 

 

In all experiments, functionalised MBs with anti-CEA antibody were used. Both 

experiments were done with three freshly made CEA immunosensors with the optimum 

concentration of capture and detection antibodies. 
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4.4. Results 

 

4.4.1. CEA Assay Development   

 

CEA assay were conducted using 2.4 mg/ml of antibody on the surface of MBs 

and 10 µg/ml of antibody on the surface of gold WEs. The CEA immunosensors were 

first prepared by the original method (Chapter 2, Section 2.2.7.1), and then were prepared 

by applying some optimisation such as steps as changing the SAM layer deactivation 

solution. Three triplicates were prepared and tested for different CEA concentrations. 

 

The impedance measurements of samples with various CEA protein 

concentrations were done in triplicate with Auto GillAC instrument and the Ret values for 

sensors were calculated by ACM analysis V4 software. Table 4.1 presents the calculated 

values of Ret values, the amount (ΔRet) and percentages of changes (%ΔRet) in comparison 

with the baseline, which is the Ret value of functionalised SPE before applying the sample 

to the electrode surface. Functionalised SPEs have shown to have different amounts of 

resistance in their baselines. Consequently, to have a better comparison, ΔRet was used to 

calculate the percentage of change in electron resistance of each electrode.  The average 

values of %ΔRet (Table 4.1) was used to plot a graph (Figure 4.1A) against the protein 

concentration after normalising the values by subtracting the blank. 

 

Some optimisations like the amount and incubation time of activation buffer, 

blocking agent and applying a washing step to the mixture of MBs and protein were used 

to improve the NSE assay. Therefore, those optimisation steps were applied to measure 

CEA concentrations. The calculated Ret, ΔRet, and %ΔRet values are presented in Table 

4.2. Figure 4.1B represent the standardised graph of CEA detection (0.0 – 100 ng/ml) by 

applying some optimisation steps.  

 

 

 

 



143 

 

Table 4.1: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of CEA 

protein detection before applying optimisation steps. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 100 ng/ml 

Ret  

(Ω) 

SPE1 50.85 56.45 67.16 69.23 78.53 

SPE2 156.9 193.7 222.0 247.5 233.0 

SPE3 190.7 233.6 249.2 279.8 270.4 

ΔRet 

(Ω) 

SPE1 N/A 5.60 16.31 18.38 27.68 

SPE2 N/A 36.80 65.10 90.60 76.10 

SPE3 N/A 42.90 58.50 89.10 79.70 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean 

(Ω) 

Mean – 

Mean (0) 

SD %CV 

0 11.01 23.45 22.50 18.99 0.00 6.92 36.47 

1 32.07 41.49 30.68 34.75 15.76 5.88 16.93 

10 36.15 57.74 46.72 46.87 27.88 10.80 23.03 

100 54.43 48.50 41.79 48.24 29.25 6.32 13.11 

 

 

Table 4.2: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of CEA 

protein detection after applying optimisation steps. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 
10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 24.36 30.28 32.03 34.51 35.34 37.45 38.80 39.21 

SPE2 16.22 18.94 20.91 22.68 23.16 24.26 24.90 26.20 

SPE3 25.60 30.36 31.93 34.95 37.34 39.20 41.12 41.94 

ΔRet 

(Ω) 

SPE1 N/A 5.92 7.67 10.15 10.98 13.09 14.44 14.85 

SPE2 N/A 2.72 4.69 6.46 6.94 8.04 8.68 9.98 

SPE3 N/A 4.76 6.33 9.35 11.74 13.60 15.52 16.34 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 24.30 16.77 18.59 19.89 0.00 19.76 3.93 

1 31.49 28.91 24.73 28.38 8.49 12.02 3.41 

5 41.67 39.83 36.52 39.34 19.45 6.62 2.61 

10 45.07 42.79 45.86 44.57 24.68 3.58 1.60 

20 53.74 49.57 53.13 52.14 32.25 4.32 2.25 

50 59.28 53.51 60.63 57.81 37.92 6.53 3.78 

100 60.96 61.53 63.83 62.11 42.22 2.44 1.52 
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Figure 4.1: CEA antigen detection before (A) and after (B) applying some optimisations 

as replacing the SAM layer blockage solution with prepared ethanolamine in PBS buffer. 

The bars represent the average ± standard deviation of triplicates. 

 

 

According to Figure 4.1A, increase in concentration of protein sample reached a 

ploto at around 10 ng/ml concentration in an unoptimized assay conditions. The signal 

clearly was increased by increasing the CEA concentration from 0 ng/ml to 10 ng/ml; 
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however, it did not increase much for 100 ng/ml CEA concentration. By applying 

optimisation steps (Figure 4.1B) as applying a washing step to the mixture of MBs and 

protein samples, and changing the SAM layer blockage solution, the signal clearly 

enhanced as error bars are reduced in comparison with Figure 4.1A and also, higher 

change in %ΔRet values were obtained. 

 

Figure 4.2, illustrates the linear range response plot of CEA immunosensor %∆Ret 

against CEA concentrations in logarithmic format. It can be observed in Figure 4.3 that 

the sensor response logarithmically arises by increasing the concentration of CEA protein 

with correlation coefficient of the quantified samples of 0.9945. The LoD value was 

calculated as 0.68 ng/ml based on Equation 1 (Chapter 1).  

 

 

 

Figure 4.2: The linear range response of CEA immunosensor representing %∆Ret versus 

the log10 of CEA concentrations (1 – 100 ng/ml) in in buffer. The bars represent the 

average ± standard deviation of triplicates. 
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4.4.2 Optimisation of the CEA Immunosensor 

 

Although the obtained LoD is below the cut-off value which is 5 ng/ml, in order 

to enhance the CEA assay and also to achieve a lower LoD value further optimisation 

experiments were performed. 

 

4.4.2.1 Capture Antibody Concentration on MBs  

 

To determine the optimum concentration of 12-140-10 antibody on the surface of 

the MBs, three MB solutions with the antibody concentration of 1.2, 2.4, and 3.6 mg/ml 

were prepared. The experiment was performed by fishing CEA from various sample 

concentrations (0, 1, 10, and 50 ng/ml) by functionalised MBs and measuring the analyte 

concentration with CEA immunosensor prepared by immobilising 20 µl of 10 µg/ml of 

12-140-01 antibody, and use of EIS technique. The experimental results are presented as 

Nyquist plots in Figure 4.3 – 4.5. Table 4.3 – 4.5 show calculated Ret, ∆Ret, and %∆Ret 

values. The obtained mean of %∆Ret values for CEA measurement by use of 

functionalised MBs with different antibody concentrations were used to plot a 

comparison graph against the concentration of CEA. The comparison plot is presented in 

Figure 4.6. 
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Figure 4.3: The Nyquist plots of Impedance measurements of protein detection by CEA 

immunosensor with use of prepared MBs with 1.2 mg/ml of 12-140-10 anti-CEA 

antibody. Each plot represents the impedance of single immunosensor. Functionalised 

SPE (Blue), 0 ng/ml CEA (Red), 1 ng/ml CEA (Green), 10 ng/ml CEA (Yellow), 50 

ng/ml CEA (Purple). 

 

 

Table 4.3: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared MBs with 1.2 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 110.96 118.82 123.38 127.61 131.90 

SPE2 270.68 277.04 309.84 326.35 340.68 

SPE3 264.54 284.56 291.44 306.17 312.20 

ΔRet 

(Ω) 

SPE1 N/A 7.86 12.42 16.65 15.01 

SPE2 N/A 6.36 39.16 55.67 10.00 

SPE3 N/A 20.02 26.90 41.63 47.66 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 7.08 2.35 7.57 5.67 0.00 2.88 50.87 

1 11.19 14.47 10.17 11.94 6.27 2.25 18.81 

10 15.01 20.57 15.74 17.11 11.44 3.02 17.65 

50 18.87 25.86 18.02 20.92 15.25 4.30 20.58 
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Figure 4.4: The Nyquist plots of Impedance measurements of protein detection by CEA 

immunosensor with use of prepared MBs with 2.4 mg/ml of 12-140-10 anti-CEA 

antibody. Each plot represents the impedance of single immunosensor. Functionalised 

SPE (Blue), 0 ng/ml CEA (Red), 1 ng/ml CEA (Green), 10 ng/ml CEA (Yellow), 50 

ng/ml CEA (Purple). 

 

Table 4.4: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared MBs with 2.4 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 168.77 199.72 234.30 270.09 282.36 

SPE2 951.60 1147.90 1351.40 1515.50 1719.40 

SPE3 96.06 115.11 132.74 159.42 166.64 

ΔRet 

(Ω) 

SPE1 N/A 30.95 65.53 101.32 113.59 

SPE2 N/A 196.30 399.80 563.90 767.80 

SPE3 N/A 19.05 36.68 63.36 70.58 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 18.34 20.63 19.83 19.60 0.00 1.16 5.93 

1 38.83 42.01 38.18 39.67 20.07 2.05 5.16 

10 60.03 59.26 65.96 61.75 42.15 3.67 5.94 

50 67.30 80.69 73.47 73.82 54.22 6.70 9.08 
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Figure 4.5: The Nyquist plots of Impedance measurements of protein detection by CEA 

immunosensor with use of prepared MBs with 3.6 mg/ml of 12-140-10 anti-CEA 

antibody. Each plot represents the impedance of single immunosensor. Functionalised 

SPE (Blue), 0 ng/ml CEA (Red), 1 ng/ml CEA (Green), 10 ng/ml CEA (Yellow), 50 

ng/ml CEA (Purple). 

 

 

Table 4.5: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared MBs with 3.6 mg/ml of capture antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 135.51 168.94 191.51 208.53 225.10 

SPE2 303.43 373.74 449.50 480.45 507.41 

SPE3 120.43 153.91 171.59 187.92 205.90 

ΔRet 

(Ω) 

SPE1 N/A 33.43 56.00 73.02 89.59 

SPE2 N/A 70.31 146.07 177.02 203.98 

SPE3 N/A 33.48 51.16 67.49 85.47 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 24.67 23.17 27.80 25.21 0.00 2.36 9.37 

1 41.33 48.14 42.80 43.98 18.77 3.65 8.29 

10 53.89 58.34 56.04 56.09 30.88 2.23 3.97 

50 66.11 67.22 70.97 68.10 42.89 2.55 3.74 
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Figure 4.6: The comparison of CEA detection by use of MBs with various concentration 

of antibody on their surfaces. The bars represent the average ± standard deviation of 

triplicates. 

 

 

According to Figure 4.6, changes in impedance signals were obtained by 

increasing the analyte concentration in all three parts of this experiment. The lowest 

changes in sensor response were obtained when the MBs with 1.2 mg/ml of antibody on 

their surface was used. As the antibody concentration increased from 1.2 to 2.4 mg/ml 

higher changes in immunosensor response were achieved. Further increase of antibody 

concentration from 2.4 to 3.6 mg/ml resulted in reduction of changes in resistance of 

electron transfer which might be due to steric hindrance effect.  

 

The results of analyte measurement by CEA immunosensor and use of 

functionalised MBs with various antibody concentrations show that the highest changes 

in %∆Ret values were obtained by using prepared MBs with antibody concentration of 

2.4 mg/ml. Therefore, from the tested concentrations (1.2, 2.4, and 3.6 mg/ml) 2.4 mg/ml 

was chosen as an optimum concentration for further experiments. 
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4.4.2.2 Detection Antibody Concentration on SPE  

 

To achieve the optimum concentration level detection antibody, three 

concentrations of 12-140-01 anti-CEA antibody as 5, 10, and 20 µg/ml were used to 

prepare CEA immunosensor. After preparation of CEA immunosensors, they have been 

used to detect various concentration of CEA within the PBS buffer. The experimental 

results are presented as Nyquist plots in Figure 4.7 – 4.9; and the calculated Ret, ∆Ret, and 

%∆Ret values are represented in Table 4.6 – 4.8. In order to compare the results, a 

comparison graph was plotted based on the mean of %∆Ret values after normalising to 

zero against the CEA concentration (ng/ml). 

 

 

 

Figure 4.7: The Nyquist plots of Impedance measurements of CEA detection by prepared 

CEA immunosensor with use of 5 µg/ml of 12-140-01 anti-CEA antibody. Each plot 

represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml 

NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 4.6: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared NSE immunosensors with 5 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 59.46 65.69 68.43 69.18 70.19 

SPE2 16.23 16.81 17.16 18.15 19.26 

SPE3 33.31 36.28 37.08 37.62 39.35 

ΔRet 

(Ω) 

SPE1 N/A 6.23 8.97 9.72 10.73 

SPE2 N/A 0.58 0.93 1.92 3.03 

SPE3 N/A 2.97 3.77 431 6.04 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 10.48 3.57 8.92 7.66 0.00 3.62 47.29 

1 15.09 5.73 11.32 10.71 3.05 4.71 43.94 

10 16.35 11.83 12.94 13.71 6.05 2.35 17.17 

50 18.05 18.67 18.13 18.28 10.62 0.34 1.85 

 

 

 

Figure 4.8: The Nyquist plots of Impedance measurements of CEA detection by prepared 

CEA immunosensor with use of 10 µg/ml of 12-140-01 anti-CEA antibody. Each plot 

represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml 

NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 4.7: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared NSE immunosensors with 10 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 11.33 14.22 16.18 17.40 17.63 

SPE2 27.15 33.86 36.22 38.92 42.90 

SPE3 39.68 38.81 40.29 43.03 44.25 

ΔRet 

(Ω) 

SPE1 N/A 2.89 4.85 6.07 6.30 

SPE2 N/A 6.71 9.07 11.77 15.75 

SPE3 N/A 9.13 10.61 13.35 14.57 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 25.51 24.71 30.76 26.99 0.00 3.29 12.17 

1 42.81 33.41 35.75 37.32 10.33 4.89 13.11 

10 53.57 43.35 44.98 47.30 20.31 5.49 11.61 

50 55.60 58.01 46.46 53.36 26.37 6.09 11.42 

 

 

 

Figure 4.9: The Nyquist plots of Impedance measurements of CEA detection by prepared 

CEA immunosensor with use of 20 µg/ml of 12-140-01 anti-CEA antibody. Each plot 

represents the impedance of single immunosensor. Functionalised SPE (Blue), 0 ng/ml 

NSE (Red), 1 ng/ml NSE (Green), 10 ng/ml NSE (Yellow), 50 ng/ml NSE (Purple). 
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Table 4.8: Calculated Ret, ∆Ret, and %∆Ret values of NSE sample measurements with use 

of prepared NSE immunosensors with 20 µg/ml of detection antibody. 

 Baseline 0 ng/ml 1 ng/ml 10 ng/ml 50 ng/ml 

Ret  

(Ω) 

SPE1 11.41 16.80 19.52 20.58 21.54 

SPE2 21.61 32.35 36.36 37.43 38.68 

SPE3 20.23 27.76 33.60 36.17 36.36 

ΔRet 

(Ω) 

SPE1 N/A 5.39 8.11 9.17 10.13 

SPE2 N/A 10.74 14.75 15.82 17.07 

SPE3 N/A 7.53 13.37 15.94 16.13 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 47.24 49.70 37.22 44.72 0.00 6.61 14.78 

1 78.00 68.26 61.59 69.28 24.56 8.25 11.91 

10 88.78 73.21 78.79 80.26 35.54 7.89 9.83 

50 92.29 78.99 79.73 83.67 38.95 7.47 8.93 

 

 

 

Figure 4.10: The comparison of CEA detection with use of prepared NSE 

immunosensors with various concentration of antibody on their surfaces. The bars 

represent the average ± standard deviation of triplicates. 
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Figure 4.10, shows the percentage of changes in resistance of electron transfer by 

measuring the analyte concentration. The lowest signals were obtained by immobilising 

5 µg/ml of 12-140-01 antibody on the surface of WEs. As the concentration of 

immobilised antibody on the surface of CEA immunosensor increased, higher changes in 

detection signals were obtained. For instance, the obtained values for measurement of 1 

ng/ml with use of 5 µg/ml of antibody was calculated as 3.05% after normalising to zero; 

while it raised to 10.33% and 24.56% by increasing the antibody concentration to 10 

µg/ml and 20 µg/ml, respectively.  

 

The biggest changes in percentages of ∆Ret are achieved by using prepared CEA 

immunosensors with antibody concentration of 20 µg/ml on their surfaces, which suggest 

20 µg/ml as the optimum antibody concentration of the concentrations tested. Although 

further increase of detection antibody concentration might result in more enhanced 

signals, due to economical reason higher antibody concentrations were not tested. 

Therefore, 20 µg/ml was chosen as an optimum concentration of 12-140-01 antibody for 

further experiments. 

 

4.4.3. Standard Plot of Optimised CEA Immunosensor  

 

After testing some optimisation steps from CHAPTER 3, and choosing the 

optimum concentration of antibodies on both MBs and immunosensors, the CEA 

immunosensor was used to measure the CEA concentrations in PBS buffer and later in 

spiked serum samples. The CEA immunosensors were also used to measure NSE protein 

in spiked serum samples as non-specific analyte to check sensor cross-reactivity.  

 

4.4.3.1 CEA Detection in Buffer 

 

Various CEA concentration in PBS buffer (0 – 100 ng/ml) were measured by CEA 

immunosensors to create a standard curve. Functionalised MBs (2.4 mg/ml of 12-140-10 

antibody) were used to fish the analyte from the sample and 20 µg/ml of 12-140-01 was 

used on the sensor surface. The protein concentrations were measured by EIS technique 
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and the experimental results are presented as Nyquist plots in Figure 4.11; and calculated 

Ret, ∆Ret, and %∆Ret values are shown in Table 4.9. 

 

After normalising the mean %∆Ret values (Table 4.9) to zero, they were used to 

plot standard curve against the CEA concentration (Figure 4.12) and also to plot the linear 

range response of CEA immunosensor in buffer versus the logarithmic format of CEA 

concentration (Figure 4.13).  

 

 

 

Figure 4.11: The Nyquist plots for impedance of CEA protein detection in PBS buffer 

by CEA immunosensors. Each graph represents the impedance measurements of single 

NSE immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Khaki). 
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Table 4.9: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of CEA 

protein detection in PBS buffer. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 
10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 35.01 38.06 46.21 55.08 61.90 67.51 73.80 76.46 

SPE2 81.09 92.71 104.7 123.0 139.2 153.2 163.5 171.0 

SPE3 102.96 119.3 137.0 161.4 170.5 189.9 207.0 225.0 

ΔRet 

(Ω) 

SPE1 N/A 3.05 11.20 20.07 26.89 32.50 38.79 41.45 

SPE2 N/A 11.62 23.59 41.90 58.12 72.10 82.36 89.87 

SPE3 N/A 16.30 33.33 58.42 67.54 86.92 104.08 122.04 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 8.71 14.33 15.83 12.96 0.00 3.75 28.96 

1 31.99 29.09 32.37 31.15 18.19 1.79 5.76 

5 57.33 51.67 56.74 55.25 42.29 3.11 5.63 

10 76.81 71.67 65.60 71.36 58.40 5.61 7.86 

20 92.83 88.91 84.42 88.72 75.76 4.21 4.74 

50 110.80 101.57 101.09 104.49 91.53 5.47 5.24 

100 118.39 110.83 114.54 114.59 101.63 3.78 3.30 

 

 

According to Figure 4.12, increasing the concentration CEA protein has caused 

increase in impedance measurements. Also, comparing the standardised curve with the 

standardised curve before optimising the antibody concentration on the surface of 

immunosensor (Section 4.4.1) indicates the enhancement of sensor response. The linear 

range response of CEA sensor response (Figure 4.13) also indicates logarithmically raise   

sensor response by increasing the analyte concentration. The LoD was calculated based 

on Equation 1 as 0.26 ng/ml with correlation coeffiecient of 0.9924. The obtained LoD is 

lower than the calculated LoD of CEA immunosensor before optimisations (0.68 ng/ml), 

though the correlation coefficient is almost the same (un-optimised value = 0.9945). The 

sensor response was stable with lower error bars, showing excellent sensitivity and 

reproducibility. 
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Figure 4.12: Standardised CEA immunosensor response plot created for detection of 

different CEA concentrations (0.0 – 100 ng/ml) in PBS buffer. The bars represent the 

average ± standard deviation of triplicates. 

 

 

 

Figure 4.13: The linear range response of CEA immunosensor representing %∆Ret versus 

the log10 of CEA concentrations (1 – 100 ng/ml) in PBS buffer. The bars represent the 

average ± standard deviation of triplicates. 
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4.4.3.2 CEA Detection in Human Serum Samples 

 

After improvement of CEA immunosensor response in PBS buffer by optimising 

the sensor, the immunosensor response was checked with various concentration of CEA 

protein (0 – 100 ng/ml) spiked in 100 % serum with use of functionalised MBs and 

sensing platform. The experimental data are presented as Nyquist plots in Figure 4.14 and 

Table 4.10. 

 

Increasing the concentration of CEA has resulted in increase of the real 

component of the impedance. This caused due to the binding of MB-CEA complex to the 

surface antibodies which block the WEs surface and reduces transfer of electrons to the 

electrode. A standardised curve (Figure 4.15) was then created based on the calculated 

%∆Ret (Table 4.10) after normalising to zero, against the CEA concentrations.  

 

 

Figure 4.14: The Nyquist plots for impedance of CEA protein detection in Serum by 

CEA immunosensors. Each graph represents the impedance measurements of single CEA 

immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Khaki). 
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Table 4.10: Calculated Ret, ∆Ret, and %∆Ret values for impedance measurements of CEA 

protein detection in serum. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 110.3 171.7 209.8 245.8 277.0 304.7 313.5 335.5 

SPE2 100.9 126.2 169.5 224.5 228.4 273.8 301.1 308.0 

SPE3 68.94 86.00 114.6 142.6 168.3 194.1 213.6 219.2 

ΔRet 

(Ω) 

SPE1 N/A 61.56 99.53 135.5 166.66 194.4 203.2 225.2 

SPE2 N/A 25.25 98.59 123.54 127.51 172.90 200.2 207.0 

SPE3 N/A 17.10 45.65 73.63 99.38 125.12 144.7 150.3 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 55.81 25.02 24.80 35.21 0.00 17.84 50.66 

1 90.24 67.96 66.22 74.81 39.60 13.39 17.90 

5 122.86 122.40 106.80 117.35 82.14 9.14 7.79 

10 151.10 126.34 144.15 140.53 105.32 12.77 9.09 

20 176.20 171.31 181.49 176.33 141.12 5.09 2.89 

50 184.24 198.34 209.82 197.47 162.26 12.81 6.49 

100 204.17 205.13 217.94 209.08 173.87 7.69 3.68 

 

 

 

Figure 4.15: Standardised CEA immunosensor response plot created for detection of 

different CEA concentrations (0.0 – 100 ng/ml) in serum. The bars represent the average 

± standard deviation of triplicates. 
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It can be observed from Figure 4.15 that the CEA immunosensor response to 

various concentrations of antigen in serum has raised by measuring higher analyte 

concentrations. Therefore, CEA immunosensor were successful in measuring the CEA 

concentrations spiked in 100 % serum.  

 

Figure 4.16 represents the linear range response of CEA immunosensor. The 

linear range response was plotted based on the %∆Ret and the logarithmic format of CEA 

concentrations. As Figure 4.17 shows, the percentage of changes in Ret logarithmically 

increases by increasing the analyte concentration with correlation coefficient of the 

quantified samples of 0.9839 and calculated LoD value of 0.76 ng/ml. The obtained LoD 

for analyte detection in serum is slightly higher than calculated LoD of CEA detection in 

buffer which was 0.26 ng/ml. However, the LoD value is lower than the cut-off value 

which is 5 ng/ml.  

 

 

 

Figure 4.16: The linear range response of CEA immunosensor representing %∆Ret versus 

the log10 of CEA concentrations (1 – 100 ng/ml) in serum. The bars represent the average 

± standard deviation of triplicates. 
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4.4.3.3 Specificity Test 

 

 The CEA immunosensor have successfully detected the different concentrations 

of CEA analyte in both PBS buffer and 100 % serum. To confirm the specificity of the 

sensor the assay was repeated using NSE protein as the analyte on the CEA 

immunosensor. The experiment was carried out by measuring various concentrations of 

NSE protein (0.0 – 100 ng/ml) spiked in 100 % by the CEA immunosensor. The 

experimental results are presented as Nyquist plot in Figure 4.17, and Table 4.11 

represents the calculated %∆Ret values. 

 

 

 

Figure 4.17: The Nyquist plots for impedance of NSE protein detection in serum by CEA 

immunosensors. Each graph represents the impedance measurements of single CEA 

immunosensor. Functionalised SPE (Blue), 0 ng/ml (Red), 1 ng/ml (Green), 5 ng/ml 

(Yellow), 10 ng/ml (Purple), 20 ng/ml (Black), 50 ng/ml (Pink), 100 ng/ml (Khaki). 
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Table 4.11: Calculated Ret, ∆Ret, and %∆Ret values for CEA immunosensor impedance 

measurements of cross-reactivity test in serum. 

 
Baseline 

0 

ng/ml 

1 

ng/ml 

5 

ng/ml 

10 

ng/ml 

20 

ng/ml 

50 

ng/ml 

100 

ng/ml 

Ret  

(Ω) 

SPE1 130.34 161.9 170.8 188.7 192.7 202.3 212.7 219.9 

SPE2 74.45 94.99 100.8 107.4 112.7 112.1 119.1 124.8 

SPE3 77.57 99.08 106.8 109.3 121.9 126.6 128.8 136.1 

ΔRet 

(Ω) 

SPE1 N/A 31.52 40.46 58.38 62.34 71.96 82.36 89.49 

SPE2 N/A 20.54 26.37 32.95 38.20 37.66 44.60 20.38 

SPE3 N/A 20.30 28.06 30.48 43.11 47.80 19.98 57.34 

 

Conc. 

(ng/ml) 

%ΔRet 

SPE1 

%ΔRet 

SPE2 

%ΔRet 

SPE3 

Mean Mean – 

Mean (0) 

SD %CV 

0 24.18 27.59 25.77 25.85 0.00 1.70 6.59 

1 31.04 35.42 35.62 34.03 8.18 2.59 7.60 

5 44.79 44.26 38.69 42.58 16.73 3.38 7.94 

10 47.83 51.31 54.72 51.29 25.44 3.45 6.72 

20 55.21 50.58 60.68 55.49 29.64 5.05 9.10 

50 63.19 59.91 63.44 62.18 36.33 1.97 3.17 

100 68.66 67.67 72.78 69.70 43.85 2.71 3.89 

 

 

The calculated %∆Ret values of specific (CEA protein, Table 4.10) and non-

specific (NSE protein, Table 4.11) analyte detection in serum by CEA immunosensor 

were compared in Figure 4.18. It can be observed from the comparison graph (Figure 

4.18) that increasing NSE antigen concentration has resulted in increase of sensor 

response, even though it is not specific analyte to the sensor. The generated signals for 

measurement of NSE protein concentration are very low in comparison with CEA antigen 

measurement. As an example, the highest changes in %∆Ret of NSE protein measurement 

after normalising to zero was calculated as 43.85% which was obtained for the 100 ng/ml 

of NSE, while %∆Ret of 39.60% and 82.14% were achieved for detection of 1 ng/ml and 

5 ng/ml of CEA protein, respectively. 
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Figure 4.18: Investing the response of CEA immunosensor to various concentration of 

specific (CEA protein) and non-specific (NSE protein) analyte. The bars represent the 

average ± standard deviation of triplicates. 

 

 

4.5. Discussion and Conclusions 

 

CEA is cell surface glycoprotein which is known as reliable, sensitive and specific 

biomarker of lung cancer. According to the literature, this protein is not normally presents 

in the body of healthy individuals, however, it’s concentration level may reach up to 100 

ng/ml in the blood of patients with lung cancer. The cut-off value of CEA antigen has 

indicated in literature as 5 ng/ml. 

 

The primary anti-CEA monoclonal antibody was immobilised on the surface of 

gold working electrode CEA immunosensor through formation of SAM layer. MBs were 

functionalised with the secondary anti-CEA monoclonal antibody. The aim of using 

specific functionalised MBs to CEA protein was to fish the analyte from the sample 

solution; to transfer the analyte to sensing area; and also, to increase the sensitivity of the 

assay. The detection of CEA protein within the serum by using MBs and the proposed 

platform has not been reported by other researchers. As explained in Chapter 2, using of 
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proposed platform and functionalised MBs have shown to be successful in amplifying the 

sensor response.  

 

Once the immobilisation of CEA protein was confirmed by measuring the 

impedance of SPEs before and after each step of immobilisation process, the CEA 

immunosensors were used to measure various CEA protein concentration in PBS buffer 

pH 7.4. According to Chapter 3, some optimisation steps of anti-NSE antibody 

immobilisation process such as adjusting the ethanolamine solution have shown to be 

effective in enhancing the detection signals. Hence, the CEA immunosensor was used to 

measure different CEA concentration in PBS buffer before and after applying those 

optimisations. According to the obtained results, using ethanolamine solution in PBS with 

adjusted pH to 7.6 as a deactivation solution has reduced the level of experimental error.  

 

The concentration level of anti-CEA antibodies on the surface of both MBs and 

SPEs were checked to find the optimum level. After optimising the concentration level 

of 12-140-01 antibody on the surface of immunosensor, the CEA immunosensors were 

used to measure CEA protein samples in PBS buffer. A standardised curve of CEA 

detection in buffer was plotted which proves the success of CEA immunosensor 

optimisation as achieved LoD was lower than the standardised curve before optimising 

the assay, 0.26 ng/ml and 0.68 ng/ml, respectively. Additionally, optimising the antibody 

concentration on the sensing area has also amplified the sensor response. Although 

increasing the concentration of antibody on the surface of WEs has resulted in 

improvement of CEA immunosensor response, higher antibody concentration effect was 

not checked due to economical reasons.  

 

Once the CEA immunosensor was successfully measured CEA protein in PBS 

buffer, the CEA immunosensor was tested by measuring the CEA protein and NSE 

protein spiked in 100 % human serum as specific and non-specific analytes, respectively. 

The sensor was successful in measuring various CEA protein concentrations spiked in 

100 % serum and the LoD was calculated as low as 0.76 ng/ml which is lower than the 

cut-off value which is 5 ng/ml. According to non-specificity experiment results, the 

percentage of changes in sensor response after normalising to zero for measurement of 



166 

 

100 ng/ml of NSE was 43.85%, while the calculated value for measuring 5 ng/ml of CEA 

was 82.14%. Therefore, it is possible to distinguish 5 ng/ml of specific antigen (CEA) 

and 100 ng/ml of non-specific protein (NSE).  

 

The list of CEA biosensors already developed and reported in literature is 

presented in Chapter 1, in Table 1.2. Most of the examples describe testing of the 

developed immunosensors only in buffer, achieving in general low LoDs. The 

immunosensor developed in this project is benefiting from shorter assay times in 

comparison with most of the examples reported in Table 1.2. For instance, Hou et al. 

(2013) assay time is more than one hour, and Zhou et al. (2014) assay time is one hour; 

while the assay time of our CEA immunosensor is 40 minutes. Only in the study done by 

Pan & Yang in 2007, they have measured CEA protein by EIS technique using 

functionalised MBs. They have detected CEA in PBS buffer with an incubation time of 

30 minutes and have achieved a LoD as low as 0.5 ng/ml, which is higher than the one 

obtained in this thesis (0.26 ng/ml). Although in Pan & Yang (2007) study, they have 

reported a lower incubation time than the immunosensor developed in this project, their 

LoD in buffer is higher and in addition their sensing platform required higher amounts of 

reagents (e.g. PBS buffer) in comparison with the immunosensor developed in this 

project. Among the examples reported in Table 1.2, only Jin et al. (2014) have reported 

detection of CEA with the use of MBs in serum achieving a LoD of 5 ng/ml, which is 

much higher than the one reported in this thesis (0.76 ng/ml). 

 

According to the results obtained in this Chapter, the developed CEA 

immunosensor with use of functionalised MBs and the proposed platform were successful 

in detecting CEA protein in both PBS buffer and 100 % serum; and thereby, has the 

potential to be used as part of early lung cancer diagnosis. 
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Chapter 5:  

CONCLUSIONS & FUTURE WORK  
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5.1. General Conclusions 

 

Lung cancer is the most dangerous type of cancer in the world. Cancer research 

UK has reported 46,403 new cases and 35,895 deaths from lung cancer within the UK in 

2014 (Cancer Research UK, 2018). The traditional methods of lung cancer diagnosis are 

mostly invasive and are not able to detect the disease at its early stage which has the 

highest cancer therapeutic potential. Early diagnosis of lung cancer can improve the poor 

survival rate of patients and also reduce the cost of treatment. Early diagnosis of lung 

cancer may be possible through detection of biomarkers as their concentration level 

within the body fluid changes after disease onset, e.g. carcinoembryonic antigen for lung 

cancer. Biosensors are analytical devices which can be used for rapid and simultaneous 

measurement of analyte concentration with high level of sensitivity and specificity. In 

recent years numerous studies have been carried out to develop a biosensor for lung 

cancer detection (Sun & Ma, 2012; He et al., 2013; Zhou et al., 2014; Cheng et al., 2015; 

Shan & Ma, 2016; Wei et al., 2017). It is for this reason that this project is focused on 

development of rapid, portable, highly sensitive and specific multi-analyte biosensor to 

screen lung cancer biomarkers. 

 

This thesis details the development of electrochemical impedance spectroscopy 

(EIS) immunosensor for lung cancer detection. Carcinoembryonic antigen (CEA) and 

neuron-specific enolase (NSE) are two chosen protein biomarkers for this study as they 

believed to be good biomarkers for early detection of lung cancer. CEA is cell surface 

glycoprotein, and it is known as the most reliable biomarker for detection of non-small 

cell lung cancer (NSCLC). CEA protein is not normally present in the blood of healthy 

individuals while high concentration level can be detected in people with various type of 

cancer such as NSCLC. NSE is glycolytic enzyme and is known to be a reliable, sensitive 

and specific biomarker associated with small cell lung cancer (SCLC). The normal 

concentration level NSE protein has been reported to be between 5 to 12 ng/ml in blood 

of healthy individual while in SCLC patients the concentration level exceeds this level. 

Different studies have reported different cut-off value for CEA and NSE antigens, though 

most studies have indicated the cut-off value of 5 ng/ml and 12.5 ng/ml for CEA and 

NSE, respectively.  
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The detection and measurement of CEA and NSE concentrations were done by 

formation of sandwich assay on the surface of gold working electrodes (WEs). Two types 

of monoclonal antibodies were used for both type of immunosensors in order to increase 

their specificity. The magnetic nanobeads were functionalised with capture antibody 

while the detection antibodies were immobilised on the surface of WEs. 

 

The self-assembled monolayer (SAM layer) was used to immobilise capture 

antibodies on the WEs because of its high stability and easy formation. The initial part of 

this project was to choose the type of SAM layer. Thus, two types of SAM layer were 

investigated as cysteamine and 11-mercaptoundecanoic acid (11-MUA). The success of 

both methods was confirmed by applying impedance measurement before and after each 

step of antibody immobilisation process. Since the SPEs were damaged by the action of 

ethanol presented in 11-MUA solution, cysteamine SAM layer formation was selected to 

prepare immunosensors.  

 

After selecting the method of antibody immobilisation on the gold WEs, three 

types of SPEs were investigated. Three different CEA immunosensors were prepared by 

using each type of SPEs. The SPE investigation was conducted by measuring the 0 and 

100 ng/ml of CEA protein. Out of three tested type of SPEs (DRP-220AT, DRP-220BT, 

and DRP-250AT), DRP-220BT has shown to have the broadest range. That is why DRP-

220BT SPE type was chosen for further experiments.  

 

The results of continuously measuring the impedance of bare SPEs showed 

reduction of electron transfer resistance (Ret). Therefore, it was assumed that SPEs are 

not clean as applying impedance measurements have resulted in increase of electron 

transfer from the redox probe to the fold WEs. Also, contamination of SPEs may have 

effect on the quality of SAM layer and eventually the sensitivity of the immunosensors. 

Hence, various cleaning methods were investigated in order to find out the most 

appropriate cleaning process for the chosen type of SPE. Cleaning the electrodes with 

potassium hydroxide (KOH) in 25% hydrogen peroxide (H2O2) was the best cleaning 

method with reduction in impedance signal of bare SPEs by 96.34%. Thus, the KOH in 
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25% H2O2 was chosen as the most successful cleaning procedure and was used to clean 

all SPEs prior of functionalisation process. 

 

The initial aim of this project was to design and test a platform. We proposed a 

magnetic sensing platform integrated with an impedimetric immunosensor. The main 

purpose of designing the proposed platform was to detect the analyte of interest by using 

MBs to minimise the washing step and detection time. After building the proposed 

platform and preparing NSE immunosensors, the effect of platform was tested. The 

experiment was conducted in two parts of specificity and non-specificity tests and each 

part was consisting three steps as: 

 

• Measuring various concentrations of NSE  

• Measuring various concentrations of MBs-NSE  

• Measuring various concentrations of MBs-NSE by use of proposed 

platform 

 

The fabricated NSE-SPEs could detect various concentration of NSE proteins 

which prove the success of antibody immobilisation process. Adding functionalised 

magnetic beads to the analyte sample enhanced the experimental signals which is 

probably due to the formation of sandwich assay on top of working electrode. As an 

example, the %∆Ret of 100 ng/ml was 55.56 Ω while it increased to 91.59 Ω after use of 

magnetic beads. The sensing platform was used for the last part of experiment which 

improved the %∆Ret, e.g. 97.51 Ω was the calculated change in Ret of 100 ng/ml. The 

non-specificity results also show increasing in %∆Ret by increasing the analyte 

concentration, though the increase in change of Ret is not as great as the specificity results. 

The results have shown that using magnetic nanobeads and the proposed platform can 

result in increasing the detection signal and reducing the experimental error. However, 

the experimental data also showed that further optimisation of the immunosensors are 

required in order to evidence the real advantages of using the platform. 
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5.1.1 Neuron-Specific Enolase Immunosensor 

 

The first immunosensor developed in this project was NSE immunosensor. The 

initial challenge of NSE immunosensor development was to control the experimental 

error as it was significantly high. The experimental error was controlled by changing the 

deactivation and blockage solution of SAM layer. The new deactivation and blockage 

solution of SAM layer was 0.1 M ethanolamine prepared in 10 mM PBS buffer with 

adjusted pH of 7.6. 

  

Various concentrations of antibody on the surface of MBs were assessed as 1.2, 

2.4, and 3.6 mg/ml, and the best reading were obtained by utilising antibody concentration 

of 2.4 mg/ml. The concentration of antibody on the gold WEs surface was also 

investigated by testing 5, 10, and 20 µg/ml of antibody, which resulted in 10 µg/ml giving 

the highest sensor response. 

 

The NSE immunosensor was used to measure various NSE concentrations (0 – 

100 ng/ml) in PBS buffer pH 7.4 before and after optimisation and also to measure the 

analyte concentration spiked in 100 % human serum. The summery of the NSE 

immunosensor results is presented in Table 5.1. 

 

 

Table 5.1: The summary of NSE immunosensor response. 

 Before optimisation, 

in PBS 

After optimisation, 

.in PBS 

Spiked in 100 % 

serum 

Linear 

Range 
1 – 100 ng/ml 1 – 100 ng/ml 1 – 100 ng/ml 

Equation  y = 27.019x + 13.072 y = 27.808x + 6.8107 y = 33.014x + 16.063 

R2 0.9512 0.9848 0.9977 

LoD 0.81 ng/ml 0.18 ng/ml 0.52 ng/ml 
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5.1.2 Carcinoembryonic Antigen Immunosensor 

 

The second immunosensor developed in this project was CEA immunosensor. 

Since changing the deactivation and blockage solution of SAM layer showed to improve 

the results by reducing the experimental error for NSE immunosensors, CEA 

immunosensors were prepared by 0.1 M ethanolamine in PBS pH 7.6. The CEA 

immunosensors were used to measure various CEA concentrations before optimisations. 

Then, different antibody concentrations were assessed to find out the optimum 

concentration level to be immobilised on the surfaces of MBs. It was found that the best 

concentration level for anti-CEA antibody is 2.4 mg/ml out of 1.2, 2.4, and 3.6 mg/ml. 

Different concentrations of antibody (5, 10, and 20 µg/ml) were tested to find out the best 

concentration of immobilised anti-CEA antibody on the surface of gold WEs. The best 

results were obtained by use of 20 µg/ml antibody.  Although the results show that 

increasing the concentration of antibody raises the immunosensor response, higher 

antibody concentrations were not investigated as due to economical reason.  

 

The CEA immunosensor was used to measure various concentrations of CEA in 

PBS buffer pH 7.4 (0 – 100 ng/ml) before optimisation, after optimisation, and was also 

used to measure the analyte concentration spiked in 100 % human serum. The summery 

of the CEA immunosensor results is presented in Table 5.2. 

 

 

Table 5.2: The summary of CEA immunosensor response. 

 Before optimisation, 

in PBS 

After optimisation, 

.in PBS 

Spiked in 100 % 

serum 

Linear 

Range 
1 – 100 ng/ml 1 – 100 ng/ml 1 – 100 ng/ml 

Equation  y = 17.333x + 8.1483 y = 43.391x + 16.186 y = 70.852x + 38.279 

R2 0.9945 0.9924 0.9839 

LoD 0.68 ng/ml 0.26 ng/ml 0.76 ng/ml 
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5.2. Challenges 

 

Developed platform and immunosensors have shown to be able to detect analytes 

of interest and to have the LoD values of less than the cut-off value. Regardless of the 

project success, there were some challenges in this project which are listed below. 

 

• It is very difficult to have the same concentration of MBs solution due to their 

nano-size. 

 

• To capture the analyte, magnetic field was applied to the mixture of MBs and 

analyte samples which results in aggregation of MBs. Dispersing MBs into 

the solution is time consuming and difficult as lots of vortex is required. 

 

• EIS spectrum analyser software which is a free software was used to simulate 

the experimental results to calculate the Ret values. It is quick and easy to use, 

and it also presents the percentage of error. Although we tried to keep the 

same percentage of error (~ 5%) for all impedance results, some Ret values 

may have calculated with less or higher percentage of error.   

 

 

5.3. Proposed Future Work 

 

According to the results achieved in this project two impedimetric immunosensors 

were developed which successfully detected lung cancer biomarkers in buffer and human 

serum, within the cut-off range. Nonetheless, there are several experiments which can 

lead in further improvement of developed immunosensors in this study. 

 

1. Testing the stability of the immunosensors   

The immunosensors were always prepared freshly on the day of experiment. Thus, 

the storage stability of the immunosensors was not tested. This experiment can be 

carrying out by immobilising the detection antibodies on gold WEs and test their 

sensitivity by daily measuring various analyte concentrations over a length of time. The 
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functionalised SPEs should be stored at 4oC between analyte measurements. In case of 

obtaining low level of stability, using reagent stabiliser may be needed.  

 

2. Testing magnetic nanobeads concentration and volume 

Although the antibody concentration on the surface of MBs was tested, the effect 

of the MBs concentration and volume on the assay were not tested. Investigating different 

concentration and volume of the MBs may result in using less amount of MBs which 

makes the assay cheaper. 

 

3. Testing the incubation time 

The functionalised MBs were mixed and incubated with analyte samples for 20 

minutes. Also, fished analytes were incubated for 20 minutes on the gold WEs before 

removing unbound MBs and applying impedance. Testing the incubation time of analyte 

detection by functionalised MBs, and immobilised antibody on the WEs can improve the 

assay sensitivity or reduce the analyte detection duration.  

 

4. Testing the immunosensors sensitivity by removing the washing step 

After mixing the functionalised MBs with protein sample, a washing step was 

applied to remove any unbound materials to the MBs. The initial experiment showed 

having a washing step can reduce the experimental error. However, the obtained later 

results showed changing the deactivation and blockage solution is effective in controlling 

the error. Therefore, removing a washing step may not have the same effect as before, 

and also it can result in reduction of assay time.  

 

5. Testing larger size magnets in platform 

As it explained in Chapter 2, a magnet is implanted in each cylinder of platform 

to move the functionalised MBs and their attached analytes to the sensing area, and to 

remove unbound MBs from the WEs. The proposed platform was able to move the MBs, 

though due to its small size magnets only small area of WEs were used for detection of 

analytes of interest, testing larger size magnet may results in using larger surface area of 

gold WEs and eventually may results in improvement of the assay. However, use of 
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larger magnet means having different magnetic field which may reduce the assay 

sensitivity due to MBs agglomeration.   

 

6. Testing the impedimetric immunosensors with patient samples 

The developed immunosensors were only used for detection of analytes in PBS 

buffer and spiked analytes in 100 % serum. Therefore, it is necessary to test the developed 

immunosensors with real samples from patients and healthy individuals ethically 

provided from hospitals.  

 

7. Analyte detection in presence of other biomarkers 

The non-specificity test of both immunosensors were carried out by spiking a non-specific 

biomarker in 100 % human blood serum. The results showed huge signal difference 

between the specific and non-specific analyte detection. Due to time constraints 

immunosensors were not tested to detect specific analyte in the presence of non-specific 

analyte(s).  

 

8. Development of multi-analyte detection immunosensor 

The developed immunosensors in this study have shown to be able to detect single 

analyte concentrations with an acceptable sensitivity and within the cut-off range. Thus, 

they can be further developed for multi-biomarker detection. Since early diagnosis of lung 

cancer is not possible detection of only type of biomarker, development of multi-analyte 

detection immunosensor is required for lung cancer detection. The array of electrode 

which is commercially available can be used to produce immunosensors by immobilising 

different type antibodies for different type of biomarkers. However, a new design of 

proposed platform and appropriate potentiostat are required. 

 

 

5.4. Final Conclusions 

 

As explained in Chapter 1, lung cancer is responsible for most of the cancer-

related deaths in the world. Diagnosis of lung cancer at its early stages can reduce the cost 

of treatment and increase the chance of survival. Therefore, it is crucial to diagnose lung 
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cancer as early as possible. Since the current methods of cancer diagnosis are mostly 

reliable on tissue biopsy and are not very specific. The overall output of this study 

includes the design of the magnetic actuator sensing platform which was successfully 

tested by developed NSE and CEA immunosensors. Both immunosensors successfully 

detected and measured their corresponding biomarker concentrations with low LoD 

values. To the best of our knowledge, no one has reported the use of a magnetic platform 

as the one developed in this thesis. 
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