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[bookmark: _Toc84528019]ABSTRACT
   The high rates of mortality amongst cancer patients highlights the need for advances in rapid detection and enhanced point of care (PoC) testing. A simple approach tailored towards PoC cancer detection and monitoring using label-free electrochemical biosensors is presented. Screen-Printed Carbon electrodes (SPCEs) have been extensively employed as an economical transducer substrate for electrochemical biosensing applications due to their simplicity, affordability and versatility. In this work, a simple, low-cost DNA biosensor is presented which after initial work with Tp53 was developed specifically to detect mutations in a key oncogene (KRAS).  Sensor arrays of SPCEs and carbon-nanotube (CNT) modified SPCEs were used to perform multiplexed measurements of DNA hybridisation.  
   Various amplification techniques for enriching the pool of mutated DNA strands were explored and optimised. Amine-modified ssDNA probes were immobilized by modifying SPCEs and CNT-SPCEs with diazonium and EDC/NHS groups. The sensor performance was characterized using cyclic voltammetry, differential pulse voltammetry, square wave voltammetry and electrochemical impedance spectroscopy all to different extents. The detection principle was evaluated by showing effective on-chip DNA hybridization techniques, discrimination using negative controls, and performing multiple repetitions to ascertain reliability of the system.
   The developed sensor displayed some sensitivity and selectivity to Tp53, KRAS pG12D, and KRAS pG13D DNA, all of which are important mutations in cancer progression. For the amplified samples, 0.027 ng/µl amplicons were detectable while for the non-amplified samples, 0.85 ng/µl cfDNA concentration was detectable using the assay developed. The importance of these findings lies in the design of future electrochemical assays that are capable of discriminating between circulating tumour DNA in the blood prior to and post cancer therapy. The real-world application of this concept provides not only early diagnostic capability but an avenue for treatment decisions to be guided in such a way that health care providers can initiate, choose, avoid, alter or cease selected therapies when caring for patients that have shown symptoms for cancer or who are at risk of having recurrent cancers. 
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[bookmark: _Toc84528031]Cancer incidence
     There are around 450 cancer deaths in the UK every day and the incidence for cancer in the UK is ranked higher than 90% of the world with almost half of these cancers diagnosed at a late stage [1]. About 2.5 million people in the UK live with, or have a history of cancer [2]. A large part of these individuals are undergoing, recovering from or require surgery or complex treatments. The four most common types of cancer worldwide are lung, female breast, bowel and prostate cancers while colorectal cancer is the fourth leading cause of cancer-related deaths in the world with a five-year survival rate of approximately 64% depending on the stage of diagnosis [3]. After undergoing cancer treatment, which can be intense, a quick and non-invasive method will be desirable for monitoring the patient’s response to treatment. 

[bookmark: _Toc84528032]Cancer pathophysiology and stages
     Cancer results from the continuous, unregulated proliferation of any of the different kinds of cells in the body. Cancer defines a group of over 150 disease processes and variable tissue responses that causes cancer cells to invade adjacent structures, destroy surrounding tissues and organs and migrate to different sites in the body via a process called ‘metastasis’. The main sites of cancer metastases are the bone, lymph nodes, the brain, liver, and lungs. Cancer is an uncontrollable somatic cell proliferation which stems from the progressive accumulation of random mutations in genes that regulate cell growth and differentiation [4]. 
    Early detection of cancers at a point when the disease is easily treatable helps reduce the rate of morbidity. Cancer staging describes the size of a cancer and how far it has grown. The 2 main types of staging systems for cancer are TNM (Tumour, Node and Metastasis) and the number system  [5]. The number system which is routinely used ranges from stage 1-4 and can be further divided into categories using letters. 
Stage 1 means the cancer is quite small and held within the organ it started in
Stage 2 means the tumour is larger than stage 1 but has not spread to surrounding tissues but might be found in lymph nodes depending on the type of cancer. 
Stage 3 means the cancer is larger and has spread to both surrounding tissues and the lymph nodes
Stage 4 which is also referred to as metastatic cancer means the cancer has spread from where it began to another organ of the body [5].

[bookmark: _Toc84528033]Genetic topography of cancer
    Cancer is a genetic disease by nature, caused by mutations in certain genes thereby resulting in cellular malfunction [6]. Insertions or deletions of nucleotides are usual polymorphic alterations in the human genome and mutation-originated sequence variations have been shown to play important precursor role in the development of cancer [7]. Genetic mutations can be ‘acquired’ from damage to genes in a particular cell in the course of one’s life (‘Somatic’) or passed from one generation to the next through a sperm or egg cell (‘Germline’). Mutations in a DNA can take the form of insertions, deletions or substitutions. With the complete sequence of nucleotide bases in normal human DNA, a ‘missense’ refers to a substitution mutation that alters the amino acid at a particular position, resulting in an alternate codon [8] [9]. 
   DNA contains four different nucleotide bases: Guanine (G), Cytosine (C), Adenine (A), and Thymine (T) which gives rise to genetic sequences. The genetic code is found in the nucleus of every cell in the human body and individual genes control how cells work by making and regulating proteins which fulfil a number of specific functions within the cells [10][11]. Each gene has specific DNA base sequences which codes for particular proteins or functional RNA. The bases and their orders are unique to each gene. When genes are transcribed and translated, nucleotides are read by ribosomes in groups of 3, called ‘codons’. Each codon contains information mapping a single amino acid and a change in an organism’s DNA can result to a change in the amino acid composition. Each cell contains roughly 30,000 different genes. These genes are contained in chromosomes which are present as 2 sets of 23 [10]. All cancers originate when one or more genes in a cell mutates, creating an abnormal protein or hindering a protein’s formation. When this occurs, different signals and information are relayed, causing cells to multiply uncontrollably and ultimately become cancerous.

[bookmark: _Toc84528034]Current cancer screening technologies
     The aim of cancer screening tests is to detect cancer early and if possible, before symptoms appear and when it is easier to successfully treat. For a screening test to be effective, it has to detect cancer early, have more potential benefit than harm such as not presenting false positives or inaccurate results and decrease the likelihood that someone who is regularly screened will die from cancer. Tests like colonoscopy and sigmoidoscopy have successfully been used to detect and prevent colorectal cancer. For heavy smokers between the ages of 55 to 74, low-dose helical computed tomography has been used to screen for lung cancer. Other screening tests include mammography and breast MRI for breast cancer, pap and human papillomavirus (HPV) test for cervical cancer, alpha-fetoprotein blood test for liver cancer, transvaginal ultrasound and CA-125 test for ovarian cancer [12]. There is currently no screening programme for prostate cancer in the UK as tests like digital rectal exam, prostate-specific antigen (PSA) and prostate cancer gene 3 (PCA3) RNA test have not proven that the benefits outweighs the risks [13].

[bookmark: _Toc84528035]Current cancer diagnostic techniques
     The current time to result for cancer detection in a clinical setting is 2-3 days (including sample transportation) for a non-complicated biopsy analysis and 7-10 days for a complicated biopsy analysis [14]. In the UK, National Health Service mutation typing following biopsy can take up to 9 weeks [15].   Common approaches to diagnosing cancer includes physical examinations, laboratory tests, imaging tests, and biopsy. Imaging tests can sometimes be inconclusive and generally do not provide information on the stage or type of cancer, so further biopsy will be needed [16]. Biopsy is a diagnostic procedure customarily used for diagnosing cancers as they involve removing and examining a small portion of human tissue under the microscope. Several factors help a doctor decide what type of biopsy to recommend based on the appearance, size, and location of the suspicious area. Collecting multiple biopsies from different regions of a primary tumour and associated metastases is invasive and may pose serious medical risks [17]. Furthermore, for some patients, surgical biopsy procedures are not possible therefore liquid biopsies which can detect the presence of tumour DNA in blood, hold promise as a non-invasive alternative. 



[bookmark: _Toc84528036]Cancer biomarkers
     Biomarkers act as objective indicators of normal biological and pathological processes in the human body. An ideal biomarker will be quantifiable and able to provide a frame of reference, indicating an abnormality. A biomarker is seen by the National Institute of Health as ‘a characteristic objectively measured and evaluated as a pointer to expected biological/pathogenic processes, or pharmacological responses to therapy’ [18]. Biological markers that can be used for the diagnosis, prognosis and prediction of cancer are known as cancer biomarkers.  
The expression profile of cancer biomarkers change depending on factors like whether the blood was taken from the patient before or after treatment, chemotherapy or surgery and the established risk factors of the cancer patients [19].
Sensitivity and specificity requirements are greatly dependent on the type of application intended, the relevant sample type and molecular target. For example, DNA and RNA are selected as preferred targets for infectious disease testing as there is a direct correlation to the presence of an active infection, but in the case of cancer, blood might be the relevant clinical specimen as it contains both circulating tumour cells (CTCs) and Circulating tumour DNA (ctDNA) as relevant indications [20].
[bookmark: _Toc431387564]Characteristics of an ideal biomarker  
· Should be reproducible and permit repeated measurements over time
· Should be quantifiable in a non-invasive way 
· Should bring about no physical injury to the persons being examined
· Tests should be affordable, quick and carried out in an uncomplicated manner
· Samples should be stable to permit an effortless transport
· The retrieval of fluids should be effortless and able to be carried out in settings besides the hospital
· Modifications should not be more than two-fold to permit control differentiation
· Good cut-off values that can discern between diseases
· Data on biomarkers should be published in peer-reviewed journals and reproduced by two or more independent researchers
Types of cancer biomarkers
· Diagnostic: This refers to a biological parameter that is used in diagnosing cancer and is useful in determining the disease progression and/or success of treatment.
· Prognostic: This refers to a biomarker that can indicate the likelihood of cancer occurring, recurring or progressing.
· Predictive: This refers to a biological marker that is used to identify individuals who are more likely to respond to a particular intervention or therapy.
· Biomarkers for monitoring disease status: This refers to a biomarker that can be used for assessing the status of a cancer disease, and for predicting the likelihood of treatment failure and disease relapse.



[bookmark: _Toc84528037]Liquid biopsy
    In order to increase the survival rate of cancer patients by treating early and with the best suited drugs, and only if necessary, highly specific biomarkers (or a combination of biomarkers) and minimally-invasive tests will need to be employed. In cancer diagnostics, two common tumour biomarkers appear in blood in the early stages of a tumour and may present a more practical method of capturing tumour heterogeneity than needle biopsy. Tumour heterogeneity describes differences between tumours of the same type in different patients, and between cancer cells within a tumour. Both can lead to different responses to therapy. Recent development in the analysis of blood samples for non-invasive “liquid biopsy” elements have revealed CTCs and ctDNA are important markers capable of providing important complementary information on therapeutic targets and drug resistance mechanisms in cancer patients [9][10]. The term ‘liquid biopsy’ was coined to describe the methods used to analyse these tumour biomarkers. 
[bookmark: _Toc84528038]Parameters used in liquid biopsy
[bookmark: _Hlk84096279]Selectivity/Specificity: This is an analytical method that has the ability to accurately measure an analyte in the presence of other interferences [22].
Sensitivity: This is the frequency at which a test shows a true positive result among individuals who have a disease or the genetic variant in question [23].
Range: This is the interval between upper and lower levels of concentration [22].
Accuracy: This is the degree of agreement of test results generated by a method to the true value [22].
Limit of detection: This is the lowest concentration at which an instrument is able to detect but not quantify. The noise to signal ratio for LOQ is 1:3 [22].Limit of quantitation: This is the lowest concentration at which an instrument is able to detect and quantify. The noise to signal ratio for LOQ is 1:10 [22].

[bookmark: _Toc84528039]ctDNA
     In cancer patients, a fraction of cell-free DNA (cfDNA) called ctDNA can be found in blood, which originates from tumours and may carry the same mutations and genetic alterations as those present in the primary tumour [24] as illustrated in Figure 1. It has been estimated that for a patient with a tumour weighing 100g, up to 3% of tumour DNA is released into the blood[19]. Although the mechanism of ctDNA release from tumour cells is poorly understood [25],  it is thought to be released in small quantities following apoptosis or necrosis. ctDNA usually comprises 0.01-1% of the circulating free DNA in blood [26] and can also currently be detected in other body fluids like lymph, urine and stool [27]. It is important to note that ctDNA can be shed as both single stranded and double stranded DNA [19]. Both epigenetic and somatic DNA alterations that occur within cancer cells are released into the blood stream following apoptosis or necrosis, which can then be detected in cfDNA. It is possible that ctDNA may present a more practical method of capturing tumour heterogeneity and evaluating response to treatment and monitoring disease recurrence [27][28]. Compared to ctDNA, CTCs are rare in peripheral blood and are difficult to separate from other cells adding further credibility to the use of ctDNA for liquid biopsy applications.
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[bookmark: _Toc84519596]Figure 1: Release of ctDNA into the bloodstream by a tumour and distinguished from other cell-free DNA of non-cancerous origin by the presence of cancer specific mutations [29].
   
[bookmark: _Toc84528040]Other cancer biomarkers used in liquid biopsy
Circulating tumour cells (CTCs)
    CTCs are cells that have been released into the circulating blood or lymphatic stream from a cancerous tumour and are an example of a biomarker currently explored for use in cancer research as they are useful for profiling tumours non-invasively [30]. Although CTCs that have been shed into the vasculature of a primary tumour are carried around the body in circulation, they are present at levels of around 10 cells/ml of blood, indicating that only very low (sub-attomolar) concentrations are present in clinical samples, thus they are routinely collected and concentrated before analysis. A challenge in collecting them from blood relates to the loss of some of their dynamic properties outside the blood stream. For example, epithelial characteristics that favour targeting with recognition agents defined by epithelial factors can become more mesenchymal [20].

Circulating microRNAs (MiRNA)
    These are non-coding RNAs that are about 19-25 nucleotides long. These molecules are also secreted in body fluids like serum, plasma and saliva. They can act as both oncogenes and tumour suppressors in cancer initiation and progression, making them good future biomarker candidates [31]. Although they are ideal for minimally invasive diagnosis, some challenges include difference in miRNA expressions between samples extracted from serum and plasma, (total RNA concentration is higher in serum, even in the same individual), interference by other components in serum, composition of miRNA impacted by storage time and conditions, low concentrations in cell-free fluids, similar sequences and a tendency to bind to proteins [32][33]. MiR-141 and MiR-375 are however currently being explored for use in prostate cancer diagnosis [34].

Circulating tumour-derived proteins
   Although the concentration of blood proteins has been historically used for screening, diagnosing, and monitoring tumours [35], studies show that a test that is solely based on measuring elevated levels of proteins secreted by a tumour may suffice as a great circulating tumour marker but not necessarily represent liquid biopsy [36]. However, well established tumour protein markers include prostate-specific antigen for screening prostate cancer and carbohydrate antigen 19-9 (CA19-9) for monitoring pancreatic cancer [37]. Other examples of proteins that have been linked to the presence of tumours include alpha-fetoprotein for liver cancer [38] and human chorionic gonadotropin for endometrial and breast cancers [39]. 

Metabolites
    Cancer metabolism is regulated by metabolite present in the tumour microenvironment [40], thus alterations in these metabolites can be used as a marker for diagnosing some cancers. Some metabolites that accumulate to high levels in tumour cells suppress DNA repair. Although the mechanism remains poorly understood, an uninterrupted link between altered metabolism and instability of the genome caused by DNA damage is revealed [41]. Tumour metabolites have been recently investigated in esophageal [42] and cervical  cancers [43]. They are also currently being explored in head and neck cancer patients [44].  

Exosomes
     These are extracellular vesicles released into surrounding bio-fluids by cells, including cancer cells. They contain protein, DNA, RNA, lipids, sugar structures, metabolites and transcriptome, making them small packages of multi-analyte biomarkers [45].
   Exosomes are of immense interest in biomarker research because they are part of the intercellular communication system in the body, and thus cancer cells commonly use them as biological messengers to benefit their growth. They are typically stable in fluids like urine and plasma and can be isolated for clinical evaluation even at the early stages of cancer [46]. The advantages of analysing exosomes comes from the observation that tumour cells secrete more extracellular vesicles compared to benign cells. Studies suggest that exosomes have the potential to serve as predictive biomarkers in prostate cancer patients [47]. 

[bookmark: _Toc84528041]Liquid biopsy using common body fluids
Blood Plasma
    When analysing ctDNA, selection of the type of specimen to be used is the first pre-analytical step. Blood plasma makes up more than half (55 %) of the total blood volume and holds the blood cells, proteins and other whole blood constituents in suspension. Previous reports have shown that the monitoring of plasma ctDNA accurately reflects real-time sampling of tumour evolution [48]. For example, melanomas are classed as cancers with the highest number of mutations per tumour and ctDNA is detectable with more than 1000 mutant fragments per 5 mL in plasma in about 80 % of cases [49].  Other studies suggested that plasma is the optimal specimen for analysis of ctDNA [50] due to the large amounts of wild-type DNA released by white cells lysis during clotting. Studies have shown that it is important to process whole-blood samples for plasma retrieval immediately after collection, before in vitro cell lysis begins [51] [52]. A double-centrifugation protocol that initially slows centrifugation speed to separate plasma and then increases the speed to clear cellular material was also recommended [51] [52]. To circumvent this, blood collection tubes coated with e.g. Ethylenediaminetetraacetic acid (EDTA) and heparin can be used to stabilize cells in the event of processing delay [53]. An advantage of using plasma is that the dilution of tumour-derived DNA is minimised and the sensitivity of ctDNA analysis is optimised [54].

Blood Serum
     Recent studies have supported the clinical utility of serum-derived ctDNA [53] [55]. Serum is the fluid and solute from blood that includes proteins not used in blood clotting, hormones, minerals and carbon dioxide but excludes red blood cells, white blood cells, platelets and clotting factors [56]. In order to procure human serum, blood sample is allowed to coagulate and then is centrifuged to remove the clot and cells [57]. Human serum can also be obtained from blood plasma after the clotting factors and fibrinogen has been removed. Although serum samples have been shown to yield higher amounts of cfDNA, however they also contain higher concentrations of DNA released during the lysis of circulating white blood cells which may reduce the proportion of ctDNA [58][59][60]. Also, the retrieval of serum requires clotting at room temperature which increases the risk of cell lysis and the likelihood of ctDNA degradation [61]. The key differences between serum and plasma are highlighted in table 1 below.
[bookmark: _Toc84272322]Table 1: Key characteristics between Serum and Plasma
	Characteristics
	Serum
	Plasma

	Composition
	Water fluid from blood without clotting factors
	Clear yellow fluid from blood containing clotting agents

	Water content
	Serum contains 90% water
	Plasma contains 92-95% of water

	Cell arrangement
	Due to clot formation, cells are usually attached together
	Cells are not attached together but are suspended in plasma

	Volume in blood
	Volume is less in comparison to plasma
	55% of total blood volume

	Storage
	Serum can be stored at 2-6OC for several days
	Frozen plasma can be stored for up to one year



Urine 
    Urine biomarkers may effectively capture the tumour burden in a given patient and were first used in liquid biopsy in 1856 by Lambl [62] while urine cytology became routine in urological cancer diagnosis in 1945. As urine cytology requires skilled practitioners to achieve acceptable diagnostic accuracy, emergence of new urine-based liquid biopsy tests based on new biomarkers is proving to be promising especially in the non-invasive diagnosis of cancers like bladder cancer [63] [64].  An example of an important and stable urine biomarker used in cancer detection is MCM5 which is critical for DNA replication as all cancers requires MCM5 for cell division [65]. The presence of MCM5 can aid in the detection of bladder cancer in patients presenting with haematuria [66] and also in monitoring cancer patients during follow-up [67]. ADXBLADDER is currently approved for detection of MCM5 protein in Europe [66] and ADXGYNAE is currently being explored for the detection of MCM5 in patients suspected to have endometrial cancer [65].

Saliva 
    Saliva is a slightly acidic oral fluid that consists of 94 – 99 % water, organic and inorganic substances, proteins [68][69] and a lot of cellular elements, including biomarkers like ctDNA, microRNA and exosomes [44]. Saliva testing offers the practical advantage of ease of access, being non-invasive and cost effective. It has shown to be useful for the early detection and monitoring of tumours affecting the head and neck, breast, lung, stomach and pancreas [70]. Although saliva is easy to collect, it has lower abundance than blood for typical analytes, except for ctDNA from oral cancer [71].
[bookmark: _Toc84528042]Current liquid biopsy detection platforms
Real-time quantitative Polymerase Chain Reaction (RT-qPCR)
    This technique involves the collection of data throughout the PCR process using fluorescent labelling, thus combining amplification and detection in one step. The limit of ctDNA detection that has been observed is 0.1 % [72] [73]. Although qPCR is commonly used because it is fast, it can only detect mutant allele fraction that is greater than 10% [74]. In its liquid biopsy application, besides the issue with cost due to the large volumes of expensive consumables required, other known issues include sensitivity, specificity [75], and miniaturisation making it not easily applicable for use in PoC. 

Droplet Digital-Polymerase Chain Reaction (ddPCR)
    ddPCR is a method used to precisely quantify nucleic acid sequences with mutations, where a sample molecule can be fractionated into millions of individual reactions to enable efficiency of the technique [70]. This technology was the first that was used to characterise very low levels of mutated DNA.  The technology is based on water-oil emulsion droplet technology where PCR amplification of each template occurs in the individual DNA sample droplet [76]. The fluorescence of each droplet is then measured using flow cytometry to quantify the number of fluorescent droplets containing mutated copies of DNA [47]. Compared to real-time quantitative PCR, ddPCR is better at detecting rare genetic variants making it less susceptible to inhibitors [77]. The limit of ctDNA detection that has been observed is 0.005 % [72] [78]. A limitation with this technique is that it only detects specific genomic loci and is limited in multiplexing and PoC applications [79].

Next-generation sequencing (NGS sequencing): 
   This technology utilizes the technique of immobilising DNA pieces in their process of synthesis and reading the sequence, thus enabling  an unlimited and enormous number of genes to be sequenced in a short span of time [70]. The general workflow of an NGS experiment includes a library preparation step where the input genomic materials are converted into a suitable library for sequencing.
   Multiplexed PCR-based amplicon preparation is needed for this technique, and this can introduce sequencing bias that results in an uneven read coverage and add to the numbers of duplicate fragments that are present in the library [80]. Although this is currently the leading technology for characterising ctDNA, a limitation with this technology is that it detects only known mutations [79]. NGS-based protocols including deep sequencing (CAPP-seq), Tagged amplicon deep sequencing (Tam-seq), Safe-sequencing system (Safe-SeqS) [74], bias-corrected targeted NGS and multiplex PCR NGS [76] have shown sensitivity of < 0.1 % [81].

Mass-spectrometry technology
   This method is an adaptation of the conventional PCR method with a unique benefit in multiplex detection. A popular technique for analysing point mutations is matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS). High performance liquid chromatography Mass spectrometry methods for ctDNA detection are promising because they do not require specific primers to initiate the amplification process unlike PCR and NGS,  [76]. It detects known point mutations and limited genomic loci [79]. It has been applied by surface-enhanced Raman spectroscopy (SERS) methods and also UltraSEEK. The UltraSEEK panel enables the study of disease progression and resistance in colon, non-small cell lung cancer, epidermal growth factor receptor (EGFR) gene and melanoma [82]. 

Magnetic- beads, emulsion, amplification and magnetics (BEAMing)
   This is another ctDNA detection method with high-resolution detection which combines digital PCR with magnetic beads-based emulsion and flow cytometry [83]. In this process, a single magnetic bead tethered with an initial DNA template is partitioned into each micro-emulsion containing water-in-oil, where thousands of amplification reactions are then performed. An advantage of this technique is the high specificity and the ability to analyse a single molecule while a limitation is the pre-amplification of the target sequence and detection of only known mutations [83].
Table 2 below highlights the principal characteristics of current liquid detection techniques.
[bookmark: _Toc84272323]Table 2: Key features of the current liquid biopsy detection platforms
	Platforms
	Sensitivity
	Specificity
	Advantages
	Disadvantages

	RT-qPCR
	Able to detect mutant allele fraction as low as 0.1 %
	

79 – 100%
	
Fast technique
	







These techniques are only suitable for screening known mutations or genomic variants in limited genomic regions, therefore unsuitable for mutation screening and detecting novel variants [79]

	ddPCR
	LOD of 0.005% can be achieved with higher amounts of DNA (1 variant copy in the background of 100,000 WT copies).
	




100%
	High sensitivity and specificity of detection


Absolute quantitation possible
	

	BEAMing
	Able to detect mutant allele fraction as low as 0.01% (1 variant copy in a background of 10,000 WT copies).
	
100%
	High sensitivity and specificity of mutation detection

Absolute quantitation possible
	

	NGS sequencing
	Able to detect mutant allele fraction as low as 0.004 %
	
80-100%
	Enables an unlimited and enormous number of genes to be sequenced in a short span of time
	

	Mass spectrometry technology
	Able to detect mutant allele fraction as low as 0.1 %
	



100%
	Does not require specific primers to initiate the amplification process, unlike PCR and NGS
	



[bookmark: _Toc84528043]ctDNA applications
   This section summarises the most promising applications arising from the capture and measurement of ctDNA.
Screening and early diagnosis
   The most promising aspects of ctDNA in cancer applications are cancer screening and early diagnosis as they can lead to less disease burden and better survival results. Many studies have shown the possibility of detecting cfDNA in early-stage cancer disease [84][85][71][86][87][88], before the onset of symptoms [89][90][91] and up to two years before cancer diagnosis [92][93]. Studies have shown that ctDNA can be used for early lung cancer diagnosis and can achieve a relatively high specificity and sensitivity [94]. In a prospective study, KRAS and Tp53 mutations were also detected in stored sputum samples from individuals up to a year before cancer diagnosis [74].

Treatment selection and prognosis
   As the half-life of cfDNA in circulation is between 16 minutes and 2.5 hours, identifying mutations using ctDNA enables tumour-specific molecular profile of the patients to guide targeted therapy for precision medicine [95][96][72]. Ambiguous clinical scenarios like stable disease or mixed responses can be defined, and real-time modification of a treatment regimen can take place rather than waiting for weeks or month to monitor therapy response [97]. ctDNA sequencing also allows researchers to understand the resistant mechanisms that prevent some tumours from responding to treatment and select new therapies according to new mutations  [98]. 

Minimal residual disease
    Relapse is still a significant threat to many cancer patients even when treatment is successful and it is hard to detect residual disease using tissue biopsy or imaging. Identifying patients with minimal residual disease will enable the delivery of new therapies to patients, reduce excessive treatment of patients with early-stage cancer and help determine if patients with metastatic cancers can be cured. The current method for monitoring cancer recurrence in the UK is having a scan every three to six months for the first two years after treatment and then every six to twelve months for a further three years [15]. Higher levels of ctDNA after treatment often correlates with therapy resistance and reduced survival rates while low ctDNA levels have generally corresponded to a positive response to treatment [3][99]. Studies have shown that ctDNA assays were able to detect residual disease several weeks earlier than CT scan [100] however it is important to note that tracking cfDNA in some post-surgical patients might not be so easy as the levels in circulation is low, limiting sensitivity [101]. Other challenges include variable cfDNA amounts from different cells and sites and uncertain lead time [102].

Patient-specific tumour fingerprint panel
    The sensitivity of cancer personalised profiling can be improved using a patient-specific tumour fingerprint panel. The rationale behind this application is that tumour mutational profiles are very variable from one person to another and a fixed content panel may not be sufficient enough to track treatment response in all patients. It is also important to note that it is more cost-effective and time-efficient to capture genomic regions which are of high clinical importance [103]. A molecular profile of cancer can be produced and applied to all stages of cancer diagnosis and treatment using the DNA fragments released by tumour cells. Studies show that the fingerprint panel method improves specificity and sensitivity across several tumour types and can potentially identify relapse earlier than image based diagnosis [104].

Molecular Barcode
    These are also known as unique identifiers and have been used to tag DNA molecules in order to distinguish real somatic mutations arising in vivo from artefacts introduced ex-vivo [105]. The initial set of barcoding strategies reduced errors by tracking single DNA strands [106] but recent studies have been shown to track double stranded DNA molecules present in the original sample [107]. Up to 58 cancer-related genes have been examined using parallel sequencing and the analyses of these mutations revealed high similarities with alterations in the tumours of these patients  [108].   












[bookmark: _Toc84528044]- THEORETICAL ASPECTS
[bookmark: _Toc84528045]Bio-sensing
   Sensors measure physical parameters and convert a signal from a non-electrical to an electrical form. The needs and demand of a biosensor will usually determine the fabrication technology as the selection of materials for the sensing elements will need to be taken into consideration [109]. Most electrodes used in electrochemical measurements have customarily featured dimensions on the order of millimetres while “micrometre-scale electrodes” and ‘‘ultra-microelectrodes’’ have recently become popular in applications related to bio-sensing. Electrodes with these dimensions provide advantages such as the ability to measure small currents in the range of picoamperes to nanoamperes (pA–nA), low ohmic reduction in electric potential, rapid response to changes in applied potential, efficient diffusional mass transport, and steady-state response at diffusion controlled potential [110]. Various nanomaterials (materials with dimension ranging from 1-100 nm) such as carbon materials [111], metal nanoparticles [112], oxide nanoparticles [113], and magnetic nanomaterials [114] are usually employed for the development of biosensors due to their unique physiochemical characteristics emerging from their ‘small’ size structures.
   Practical application of bio-sensing usually comprises of a combination of sampling, preparation, high throughput analysis and reporting all, integrated together as what can be termed a ‘lab on a chip’. Miniaturization, multiplicity, accuracy, cost, and sample size are factors currently being considered by researchers worldwide. Two common types of recognition molecules used in bio-sensing are catalytic and affinity-based recognition elements. The assay targets are selectively bound in an affinity-based biosensor and examples of theses recognition molecules include: nucleic acids, signalling receptors and antibodies. In contrast, catalytic elements like enzymes and biological cells binds the molecule of interest, causing some catalysed chemical conversion of that molecule into a product [115]. 
Biosensors make use of transducers to convert signals between different physical forms.
 Biosensors are generally classified into: 
· Electrochemical biosensors: These devices work by transducing biochemical events to electrical signals.
· Piezoelectric biosensors: These devices work on the principle of oscillation change due to a mass bound on the piezoelectrical crystal surface.
· Optical biosensors: These devices containing a biorecognition sensing element that is integrated with a transducer system.
· Electronic biosensors: These devices sense current, voltage and provide signals as inputs for control devices.
· Gravimetric biosensors: These devices produce a signal based on a change in mass.

[bookmark: _Toc84528046]Current biosensors for cancer diagnosis
   Various biosensors have been employed in the detection of different cancer biomarkers. Some notable ones from literature include: optical biosensors for the detection of Tp53 in breast, colon, neck and lung cancers [116], EGFR mutation in non-small cell lung cancer [117], CA19-9 in pancreatic cancer [118], and monitoring of proliferation in breast tumour cells [119]; Mass-based biosensors for the detection of PSA in prostate cancer [120], and CA125 in ovarian cancer cells [121]; colorimetric biosensors for the detection of HER2 in breast cancer [122]; and electrochemical biosensors for the detection of HER2 [123], PSA [124], KRAS [125] in colorectal, pancreatic and lung cancers and VEGF [126] in most solid tumours including prostate and breast cancers.

[bookmark: _Toc84528047]Sequence specific DNA detection
   Nucleic acid sensors utilize sequence-specific base pairing between nucleic acids and their complement [110]. PoC tests that detect somatic mutations present the promise of ideal specificity because they are founded on driver gene mutations that are commonly seen in an abnormal clonal proliferation of cells like cancers [84][25][127][119]. In current clinical practice, the detection of mutations relies on testing tumour biopsies and this is invasive and subject to sampling error. In this study, amine-modified synthetic oligonucleotides were designed for use as probes. The amine group was chosen to allow facile attachment to the carbon surface via well-established chemical coupling techniques and DNA was chosen for the oligonucleotide sequence (as opposed to PNA, LNA or morpolinos) because of its relative low cost and the aim being to produce a simple-to-use and low-cost system for ctDNA profiling.

[bookmark: _Toc84528048]Nucleic acids and their role in biosensing systems
   The release of cancerous nucleic acids into the blood is thought to be linked to the apoptosis of cancer cells in the tumour microenvironment [19]. A nucleic acid molecule can either be a single stranded DNA or RNA. On a single strand of DNA, the 5’ and 3’ designations refer to the number of carbon atoms in a deoxyribose sugar molecule to which a phosphate group bonds and the 5’ – 3’ or 3’ – 5’ direction refers to the orientation of nucleotides (See Figure 2). A probe is a nucleic acid molecule with a strong affinity with a specific target that can also be a nucleic acid molecule. For the purposes of DNA detection using electrochemical biosensing, synthetic oligonucleotides can be designed and are usually 18-35 nucleotides long. A probe design will usually depend on whether the DNA sequence will be specific for a gene or chromosome [128]. In a covalent bonding technique, the synthesized DNA probe is typically linked to the group of thiols or amines at the 3’ or 5’ end of the DNA strand to bind covalently to the metal or conductive sensor surface. When modifying the electrode surface using avidin/streptavidin, the end of the 3’ or 5’ DNA probe sequence is modified with a biotin molecule and later introduced to the surface of the electrode[129].
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[bookmark: _Toc84519597]Figure 2: 2 DNA strands with sugar-phosphate backbone wound around one another to produce a double helix; stabilized in part by hydrogen bonds between nitrogenous bases on either strand [130].



[bookmark: _Toc84528049]Probe and Primer design
     Probe and target bases must be complementary to each other, so oligonucleotide probes are generally designed to target specific sequences within the gene of interest. The selection of probe sequences can be manually achieved from a known gene sequence however to determine optimal hybridisation conditions, the synthesized probe should be hybridised to both specific and non-specific target nucleic acids [128]. Previous work on electrochemical detection of single base-pair changes has demonstrated enhanced discrimination and optimal signal levels when the mutation is placed close to the centre of the probe sequence [131].  General guidelines for oligonucleotide probe design include the following:
1. The probe length should be between 18-40 bases as longer probe can result in longer hybridisation times while shorter probes can lack specificity.
2. The composition of the bases should be 40-60 % G-C as increased ratios can result in non-specific hybridisation.
3. Avoid complementary regions within the probe sequence to avoid the formation of hairpin structures which can impede target hybridisation.
4. Be certain that sequences do not contain more than four stretches of a single base.
Other factors to consider include the modification of the 5’ end of the probe sequence to include an attachment e.g. Amino C6 or a thiol couple as a unique linker to allow ease of attachment to a solid structure.                                                                             [132][133][134]
     A primer is a short synthetic oligonucleotide used in various molecular techniques. They are designed to have a sequence that is the reverse complement of a region of the target or DNA template which the primer anneals to. In order to isolate the region of DNA that needs to be detected, effective primer design is essential for successful reactions and specific amplifications with high yields. When designing primers, some considerations to take into account include the following:
1. Gs bonds with Cs with three hydrogen bonds while As bonds with Ts with two hydrogen bonds so a G≡C combination is a strong bond than an A=T combination. The G-C content of the primers should ideally be between 40 – 60 %.
2. The 3’ end of the primer molecule is essential for the sensitivity and specificity of the reaction so it is advisable to have three or more G or C bases at this end.
3. Using primers with a low self-complementarity score to reduce self-binding i.e., a score of 4 or less with 8 being the maximum.
4. A primer length of 18-22 bases as shorter primers could lead to non-specific amplicons.
5. A good yield and specificity occurs when the temperature of both primers are within 2 – 4 °C and in the range of 55 – 65 °C.                                          [135] [136]

[bookmark: _Toc84528050]Amplification
   It is possible that an integrated PoC measurement and amplification of ctDNA may present a more practical means of detecting the presence of a tumour as well as capturing tumour heterogeneity, evaluating response to treatment and monitoring disease recurrence [27][28]. In order to couple DNA amplification directly to the electrochemical assay, it will be necessary to develop a standard amplification reaction which can be run in a portable thermocycling machine to closely a mimic a system which could be deployed in the clinic with on-board amplification and sample delivery to the sensor electrodes.  Due to the small fraction of ctDNA masked by large background levels of wild-type cfDNA, highly sensitive amplification techniques such as polymerase chain reaction (PCR) will need to be employed to achieve discrimination.  PCR is a technique regularly used in the lab to amplify specific regions of the genomic DNA strand and is most effective after repeated rounds of DNA synthesis as every cycle doubles the amount of DNA synthesized in the previous cycle. Millions of copies of a specific DNA sample can be gotten.  Three steps are required for a successful PCR reaction: (1) denaturation of the template into single strands (2) annealing of primers to each original strand for new strand synthesis and (3) extension of the new DNA strands using specifically designed primers [137].  An illustration of the PCR amplification process is shown in Figure 3.
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[bookmark: _Toc84519598]Figure 3: Schematic drawing showing the PCR amplification technique [138]
     Although PCR was the first nucleic acid amplification technique, a number of alternative methods have been developed with the advancement of research. These include recombinase polymerase amplification (RPA) [139], nucleic acid sequence based amplification [140], loop-mediated isothermal amplification [141], strand displacement amplification [142] and multiple displacement amplification [143]. The principles of the alternative nucleic acid amplification methods are relatively complex than that of PCR but they offer better sensitivity and applicability in cases where PCR has limitations and most of them are isothermal, thus relinquishing the need for thermal cyclers [144]. 

[bookmark: _Toc84528051]Electrochemistry
   The traditional disciplines of chemistry, physics, engineering and biology have intersected and combined to form sub-fields like ‘electrochemistry’. Electrochemistry is majorly a branch of chemistry, which has been historically used for studying heterogeneous electron transfer kinetics. Electrochemical phenomena are often measured using a cell that consists of three electrodes: (1) a working electrode (WE) where the redox reactions of interest occur, can be measured and where the voltage/current can be monitored and manipulated, (2) a counter electrode (CE) controlled by the potentiostat to set the WE potential and balance current, and (3) a reference electrode (RE) that provides feedback of the WE potential to the potentiostat [145][110].
    A vital aspect of a working electrode (WE) is that it is composed of redox-inert material in the potential range of interest [146]. For biological sensing, the working electrode is usually gold, platinum or carbon and the counter and reference electrodes are usually made of gold/carbon and silver respectively. In addition, WEs can be modified using various materials like ferrocyanide, nickel oxide and bismuth (III) oxide so as to amplify the electron transfer properties [147]. The WE and CE are in direct contact with the solution being studied and the RE is often in indirect electrical contact or by means of a conductive salt bridge or Luggin capillary. For analytical purposes, electrons should transfer across the solution/solid interface smoothly and rapidly [110].
    The potentiostat will normally control the applied potential of the WE as a function of the reference electrode’s (RE) potential. RE will have a well-defined stable equilibrium potential which will be used as a reference point against which the potential of other electrodes in the cell are measured. Counter electrodes are also referred to as auxiliary electrodes as they also take on the role of cathode or anode depending on the polarity of WEs and its reaction [148] with their operation split between RE and WE. Most electrochemical measurement devices such as the potentiostat, comprise a circuit design where an operational amplifier of high input impedance is in place to aid in the removal of any current likely going through the RE [149].
     For potentiometric measurements, the relationship between the potential and concentration is governed by the Nernst equation where Ecell represents the observed cell potential at zero current, EOcell represents the constant potential contribution to the cell, r represents the universal gas constant, F represents the faraday constant and Q represents the ratio of ion concentration at the anode to ion concentration at the cathode [145]. The Nernst equation is given as
                                         Ecell = EOcell -  ln Q

[bookmark: _Toc84528052]Electrochemical biosensors
   From a PoC viewpoint, electrochemical DNA biosensors represent an exciting approach to the detection of clinically important biomarkers due to their rapidity and simplicity [18-20].  Electrochemical biosensors are used to directly convert the occurrence of a biological event into an electronic signal [145] as illustrated in Figure 4. Biosensors are ideal in this regard as they can be developed into compact, simple, point of care (PoC) devices [119] and they have shown to be promising tools for cancer diagnosis. They offer a suitable alternative to e.g. PCR which is reagent, time and labour intense and biosensors for nucleic acids have the potential to streamline clinical workflows, minimise bottlenecks, consume less reagents and be used in decentralised health systems [127][153]. The standard arrangement of an electrochemical sensor is also in the form of a 3-electrode cell that consists of a WE, a RE, and a CE, all held within an electrolyte solution [154].    Electrochemical systems for ctDNA detection or cancer biomarker detection have most often employed the “three electrode system” where the working electrode is functionalised with a nucleic acid probe sequence and then interrogated using some measurement techniques to determine recognition of the target molecule [155].
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[bookmark: _Toc84519599]Figure 4: Basic principle of a biosensor consisting of a sensitive bio-molecular layer immobilised onto the surface of a solid substrate (transducer) that can measure the output signal [156]
    Electron transfer is significantly prominent at the interface between the WE and the solution so it is essential that the material which constitutes the WE displays a beneficial redox behaviour in combination with the analyte. WEs can act as either the anode or the cathode depending on the voltage applied, examples of WEs customarily used include carbon, gold, platinum, and mercury. Reference electrodes are usually described as non-polarisable electrodes as their potential usually does not differ when current is being passed; this constant potential allows stable measurements of the redox reaction taking place. Some electrochemical biosensors have been employed in the determination of nucleic acids such as mutant DNA, specific microRNA, specific genes and methylated DNA in colorectal cancers [157]. The first electrochemical biosensor for colorectal cancer DNA detection was based on HRP-labelled probe and developed by Wang et al [158].

[bookmark: _Toc84528053]DNA hybridisation technique
    DNA hybridization events are the main principle used in the construction of DNA sensor devices which consists of ssDNA probe immobilized on a transducer surface in order to recognize the complementary DNA target and form the double helix structure [129]. In DNA biosensing, a change in signal is obtained when recognition and hybridisation of two opposing strands of DNA occur as a result of their base pair complementarity. The base sequences of the probe and target must be complementary to each other, creating a ‘hybrid’ as illustrated in Figure 5. This hybrid can be revealed when appropriate labelling and detection systems are used. A double stranded DNA sequence with tumour specific mutations can indicate the diagnosis of a specific cancer [159]. As the concentration of ctDNA increases when patients have advanced cancers, achieving high sensitivity for the DNA sensor is important for early detection of disease and developing tailored therapies.    Factors to consider when designing a DNA hybridisation study include the probe design (a gene probe or an oligonucleotide probe may be desired), detection method (this can be label-free or include a label e.g. radioactive isotope or enzymatic), the target format (e.g. in solution or in-situ), and the hybridisation conditions[128].
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[bookmark: _Toc84519600]Figure 5: DNA probes confirming the presence of a suspected pathogen or mutation in patient samples by hybridising with a gene of interest [160]

[bookmark: _Toc84528054]Electrochemical DNA detection in cancer
   Electrochemical DNA detection methods are of special interest due to their speed and low cost. They take advantage of the fact that DNA will normally exist in its fully hybridised double helix form, so they allow a single stranded DNA to react with a target DNA to spontaneously form a double stranded hybrid that can produce an electrochemical response or change in the interfacial properties of the electrode system under test which can be detected using an electrochemical detection technique. DNA is highly negatively charged because of the phosphate groups running along the backbone of the molecule. This electrochemical response is a signal that represents a physical-chemical quantity that is measured and which can be seen to change between the single stranded and double stranded versions of the DNA molecule. DNA-based sequence information plays an important role in cancer diagnosis as somatic mutations show unevenness in genomic distribution that correlates with aspects of genome structure and function. Driver genes provide a blueprint of the malignant process, and electrochemistry offer target detection for specific therapies  [153] [161].

[bookmark: _Toc84528055]Carbon electrodes
    Carbon electrodes are chemically inert, particularly at negative potential ranges in all media making them highly suitable electrode sensors for electroanalytical chemistry and giving them an advantage over metal electrodes [162]. Given the continued need for the miniaturization of advanced electronics, the area of screen-printing techniques has been adapted for electronic circuit fabrication. Screen printed electrodes (SPEs) are evolving as they are easy to use and can be produced on a large scale. SPEs are also very practical as they are disposable and low cost when manufactured in large volumes. The screen printing inks commonly used to produce most screen printed electrodes includes a mixture of conductive materials and suitable solvents and, polymeric binders which can obstruct the electrochemically active surfaces of the electrodes, resulting in slower kinetics for heterogeneous reactions [163]. Although, carbon with organic solvents, binding pastes and some additives that provide functional characteristics are contained in conductive inks found in Screen Printed Carbon electrodes (SPCEs), they can be modified in order for their electrochemical properties to be improved, for example, through the inclusion of carbon nanomaterials such as ‘carbon nanotubes’ or graphene in the ink formulation. Screen Printed Carbon electrodes (SPCEs) are homogenous, simple, sensitive, cost-effective (~ £2 each) and disposable making them preferable for rapid electrochemical analyses and suitable as electrodes for characterizing the processes employed.   

[bookmark: _Toc84528056]DNA probes immobilisation strategies 
   To produce a DNA functionalised surface for selective determination of DNA hybridisation, it is necessary to employ a method for immobilising the probe sequence. Such methods can vary in complexity and are summarised below:

Adsorption
   Adsorption requires the immobilisation of DNA probes on the working electrode surface through electrostatic adsorption between a negatively charged phosphate group of DNA on positively charged film-modified electrodes [129]. Applying a positive electrochemical potential enhances and stabilizes the DNA probes so it does not require chemical reagents or DNA probe modification. The abundance of bio molecules can significantly hinder the performance of a transducer as non-specific adsorption can both block specific signal and in turn reduce specificity. Cationic polymeric films like polyaniline [164], chitosan [165], polyethyleneimine, polypyrrole, and poly-L-lysine have been reported as suitable DNA matrices for immobilisation through electrostatic adsorption. 

Covalent bonding
   Covalent bonding technique provides a good vertical orientation as the end of the DNA probe is grafted on the electrode surface, resulting in an efficient DNA hybridisation. In this technique, the synthesized DNA probe is usually linked via amine groups or thiols at the 3’ or 5’ to bind covalently to the surface of the metal or specific functional group introduced to the surface of the electrode [129]. Two common attachment techniques in covalent bonding are covalent attachment and chemisorption. The latter is commonly used when immobilising DNA probes between thiol-modified DNA probes and gold surfaces, resulting in the formation of a self-assembled monolayer (SAM) [166][167]. The chemisorption occurs due to a strong affinity between the gold surface and thiol group, forming a covalent bond of gold-sulphur. It is important to note that this affinity has been observed between DNA probes and gold nanoparticles surfaces and has shown to increase the surface area of the electrode to enhance the amount of DNA probe immobilised [168][169][170]. In this strategy, any working electrode type can be used to deploy a DNA sensing layer on its surface.

SAM modified electrodes
    To achieve control over surface modification, self-assembled monolayers (SAMs) are formed on the surfaces of electrodes under the right conditions. SAM formation can end with high affinity for the surface, an alkyl chain aromatic ring that helps to pack the monolayer on the surface, and a distal moiety that defines the chemical functionality of the surface [171]. For DNA sensor effectiveness, a properly oriented probe monolayer is essential. Ideally, they should provide faster and uniform electron transfer to the electrode surface. Sensor preparation steps can influence effective monolayer assembly. Examples of monolayers that have been used include short-chain thiol molecules [172]. 

[bookmark: _Toc84528057]Modification - Carbon nanotube (CNT) modified carbon electrodes
  Due to the special one-dimensional structures of carbon nanotubes (CNT), combined with their excellent physical and chemical properties, they are widely used for improving the mechanical and electrical properties of electrode materials [173][174].
  CNT modification on metal electrodes provides the advantage of a larger surface area, a stronger binding capability, good selectivity, short response time,  and high mechanical strength [175] [176]. In electrochemical analysis, CNT modification on SPCEs have been found to improve peak current responses [177]. 

[bookmark: _Toc84528058]Electrochemical measurement techniques
    To carry out electrochemical detection and particularly for sensitive measurement of DNA hybridisation at a biosensor surface, a number of electrochemical measurement techniques exist, all with their own advantages and disadvantages. Cyclic voltammetry (CV), Square wave voltammetry (SWV), and Differential pulse voltammetry (DPV) are common analytical techniques that supply information on electron transfer reaction kinetics of any combined chemical reaction and are useful for characterising the reductive and oxidative properties of compounds in solution [146]. The peak current obtained from the analysis is directly influenced by hybridisation between the target and the immobilised probe DNA strands [129]. DPV, SWV and CV are typically used in electrochemical DNA sensing due to a simple method and inexpensive instrumentation.   For macroscale electrodes functionalised with biological molecules such as DNA or antibodies, the expectation is that voltammetric peak currents will reduce upon target hybridisation.   Electrochemical impedance spectroscopy (EIS) is widely used to study bio-recognition events indirectly at functionalised electrode surfaces [178]. In EIS, a sinusoidal voltage is applied to the sample by the use of a potentiostat and the current response obtained is used to measure biological binding on an electrode surface as it permits label free monitoring [172]. The data from the impedance measured over a wide range of frequencies is fitted to an equivalent circuit to obtain key circuit parameters which can shed light on DNA hybridisation on the electrode surface [179]. In EIS, the frequency response of the system, is measured and relayed through an equivalent circuit fit to element parameters like charge transfer resistance (RCT), double layer capacitance (CDL) and solution resistance (RS). Upon hybridisation of target DNA there is an increase in RCT when employing a negatively charged redox couple such as ferri-ferrocyanide. Two processes are thought to play a role in this increase in RCT; the increased negative charge on the surface brought about by DNA hybridisation produces a repulsive barrier at the electrode surface, decreasing the concentrations of ferri-ferrocyanide in the layer and secondly, the hybridisation of DNA causes layer expansion, thus decreasing the accessibility of the redox agent to the electrode surface [178]. 
     In addition, the presence of greater amounts of DNA at the electrode surface (brought about by target hybridisation) will lead to both electrostatic repulsion of the redox mediator and steric hindrance around the interface, causing a reduction in mass transport limited currents, manifesting in reduced peak heights in voltammetry and increased charge transfer-resistance in EIS.  It has been observed that these effects can be reversed when micro or nanoscale electrodes are employed [151], [180]. 

[bookmark: _Toc84528059]Reductive and oxidative reactions
    Electrochemical reversibility refers to the electron transfer kinetics between an electrode and analyte. An oxidation-reduction (redox) reaction involves a transfer of electrons between two species. In this reaction, the oxidation number of an ion changes by gaining or losing an electron and the flow of electrons is often the oxidation or reduction of a metal complex [146]. When there is a high resistance to electron transfer, reactions are slower and more negative potentials are required to observe reduction and oxidation reactions. 

[bookmark: _Toc84528060]Redox buffers and media
   Two commonly studied redox reaction mechanisms are the inner sphere and the outer sphere. A choice of characterisation buffer can be made based on these mechanisms. 
   Ferri-ferrocyanide is negatively charged and therefore electrostatically repelled by DNA which is also negatively charged.  It is an inner sphere redox mediator.  This means that the ferri-ferro molecules must attach to the surface or form an intermediate during electron transfer.  The cyanide ion is a large ion which attaches well to gold.  Therefore, ferri-ferro cyanide electrochemistry behaves normally on gold electrodes [181] as seen in Figure 6.  For carbon this is less the case and the surface needs to be very active in order for the intermediate to form.  This means ferri-ferro cyanide electrochemistry can appear suppressed on carbon devices [182]. Past studies that have employed the use of ferri-ferro cyanide as a redox mediator usually worked with concentrations between 1 and 10 mM as it doesn’t appear there is a general consensus on what concentration provides the best sensing performance [183].
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[bookmark: _Toc84519601]Figure 6: Redox reaction mechanism in DNA sensing
   Ruthenium hexamine trichloride on the other hand is a fast outer-sphere redox mediator that is insensitive to most surface defects and thus ideal for characterising carbon electrodes [184]. Ruthenium redox reactions have been known to become trapped in organic layers, thus electrostatically associating with the DNA strands on the probe modified electrode surface [182]. Also ruthenium hexamine trichloride is only affected by changes in the electroactive area, while the redox couple ferri-ferrocyanide is useful for determining the existence of functional groups due to its inner sphere sensitivity [185]. 

[bookmark: _Toc84528061]Scan rate and Diffusion coefficients in Screen printed carbon electrodes (SPCE)
   The porous surface layer found in common screen-printed macro-electrodes such as Dropsens stimulates a film-like diffusion that is more desirable than infinite diffusion [186] and cost-effective for rapid electrochemical analysis.  The scan rate controls how rapidly the applied potential is scanned. Faster rates lead to a decrease in the diffusion layer size, and as a result, higher currents are observed. For electrochemically reversible electron transfer processes involving freely diffusing redox species, the Randles-Sevcik equation is used to describe how the peak current increases linearly with the square root of the scan rate [146]. The relationship between the current (Ip), and voltage used in cyclic voltammetry measurements is given by the Randles-Sevcik equation which give indications as to whether an analyte is freely diffusing in solution and what the diffusion coefficients are.

Where;
 number of electrons = , area of electrode = , diffusion coefficient, concentration of the characterisation buffer =  molar
concentration of the EIS buffer =  molar,  square root of the sweep rate, sweep rate given;  V/s



[bookmark: _Toc84528062]Project aim
   Developing techniques to measure ctDNA will assist with less-invasive diagnosis and prognostic monitoring of patients and will lead to earlier diagnosis, identification of optimal treatments, effective monitoring of tumour response and overall better outcomes for patients whilst reducing the need to perform biopsies. This study will focus on the measurement and analysis of ctDNA as this is more abundant in peripheral blood than CTCs.  Due to the small fraction of ctDNA masked in huge background levels of wild-type cfDNA, highly sensitive amplification techniques such as polymerase chain reaction (PCR) will need to be employed to achieve discrimination.   
   Electrochemical DNA (eDNA) biosensors represent an exciting candidate technology for the accurate and rapid diagnosis of numerous medical conditions with fM/aM sensitivities reported in the literature.  Alongside reaching the necessary analytical sensitivity, one issue which has slowed the progress of eDNA sensor development is biofouling of the electrode surface whereby proteins and non-specific DNA present in human blood adhere to the sensor surface and confound the true analytical signal.  This project developed a practical, repeatable and reproducible electrochemical sensor for ctDNA, utilising a surface chemistry and electrode material specifically designed to improve target binding and reduce non-specific binding of interfering proteins and nucleic acids for electrochemical measurements in complex sample types such as blood, plasma and serum.

[bookmark: _Toc84528063]Project objectives
· Characterisation of different sensor chips
· Development of sensor detection platform
· Sequence selection, genetic probe design and assay development
· Development of an integrated DNA amplification reaction
· Design of optimal amplification primers
· ctDNA detection in synthetic, representative clinical and real clinical samples
· Selectivity and sensitivity monitoring
· Sensor optimisation
· Clinical validation and actualisation  

[bookmark: _Toc84528064]Project justification
    The necessity for quickly and easily obtaining biomarker samples that will serve as a less-invasive alternative to surgical biopsies has led to the term ‘liquid biopsy’.  Although some of the current ctDNA detection techniques are sensitive and relatively inexpensive, they can only screen for known variants, their input and speed are somewhat limited and they are restricted in use to centralised lab by highly skilled workers. The precision of highly sensitive bio-molecular detection has resulted in a desire termed ’point of care diagnostics’ that permits patients and health care providers to collect actionable medical information conveniently, quickly and in a distributed manner, i.e. throughout the entire care pathway rather than just by centralised labs. Point of care diagnostics are ideal for
· Emergency medicine (critical care)
· Surgery
· Primary care
   Early cancer detection is crucial for survival rates in many cancers and most existing image and biopsy diagnostics only work when the tumour is visible while existing therapies work better when used earlier in disease course. This project aimed to develop a point of care device that will successfully screen for key cancers from clinical samples to enable early diagnosis and efficient treatment monitoring. 




















[bookmark: _Toc84528065]- EXPERIMENTAL PROCEDURE

[bookmark: _Toc84528066]Materials
[bookmark: _Toc84528067]Reagents
Supermix for probes, Droplet digital PCR (ddPCR) assays, DG8TM cartridges and Droplet Generation Oil were obtained from Bio-Rad Laboratories Ltd., Hertfordshire, UK. Deionized water, sodium chloride, sodium hydroxide, phosphate-buffered saline (PBS), sodium nitrate, 4-aminobenzoic acid, sulphuric acid, 6-mercaptohexanol (MCH),  hydrochloric acid, ethanolamine, 2-(N-morpholino) ethanesulfonic acid (MES), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), hexammineruthenium (III) chloride, TE buffer, potassium ferricyanide, potassium chloride and potassium ferrocyanide were all purchased from Sigma–Aldrich, (Dorset, UK). Two hundred and fifty units of HotStarTaq Plus and dNTP Mix, PCR Grade (200 μL), were purchased from Qiagen, (Manchester, UK). Qubit dsDNA broad range assay kit and Phusion Direct PCR kit was purchased from thermo fisher scientific, (Renfrew, UK). 

[bookmark: _Toc84528068]Apparatus and equipment
Minipcr and minipcr blueGel Analyser (Cambridge, Massachusetts, USA), Invitrogen qubit 4 fluorometer, Vortex mixer, centrifuge, eppendorfs, eppendorf rack, weighing scale, weighing boats, and hotplate stirrer (Thermo fisher scientific, (Renfrew, UK)), Potentiostat, and multiplexer (PalmSens BV (Netherlands)), Electrode connector and screen-printed electrodes (DropSens (Oviedo, Spain)),  pipette, beakers, flask, dispenser bottles, (Sigma-Aldrich, UK), TOSHIBA laptop.

[bookmark: _Toc84528069]Methods
[bookmark: _Toc84528070]Electrode selection
    Although most solid electrodes have been successfully used to perform DNA immobilisation experiments, screen-printed gold electrodes were used for the preliminary work carried out and subsequently carbon and carbon nanotube (CNT)-modified carbon electrodes were also used. Carbon has many advantages which has led to its selection as the main electrode material that was majorly used in this work.  These include: low-cost production, the existence of many established manufacturing process for carbon SPE production, high resistance to biofouling and well-established surface functionalisation chemistries.  
   The electrodes were also disposable and suitable for work with micro-volumes. Screen-printed single-gold electrodes (DRP 220BT with a dimension of 34 x 10 x 0.5 mm (L × W × D)), multi-carbon electrodes (DRP 8W110 with a dimension of 50 x 27 x 1 mm (L × W × D)) and single-carbon electrodes (DRP 110-CNT with a dimension of 34 x 10 x 0.5 mm (L × W × D)) were used for the DNA hybridisation characterization and binding analysis employed in this study.    The existence of single and multi-electrode chips (8 × working electrodes) already commercially available from DropSens (Oviedo, Spain) as shown in Figure 7 meant that there was an established format available for initial assay development.  The single gold electrode chip had 1.6 mm diameter with gold working and counter electrodes and silver reference electrodes, while the carbon nanotube (CNT) modified single carbon electrode and chip containing eight carbon working electrodes had diameters of 4 mm and 2.95 mm respectively with carbon working and counter electrodes and a silver reference electrode.  The advantage of having one CE and one RE in the multi electrode is its simplicity and potential of multiple analysis while simultaneously allowing differential measurement.
The screen printed fabrication process is specified by the manufacturers [147].



[image: ]
[bookmark: _Toc84519602]Figure 7: Screen-printed (A) Single CNT-modified SPCEs and (B) Multi CNT-modified SPCE (C) gold electrodes [147]


[bookmark: _Toc84528071]Electrochemical setup
   All EIS and voltammetry measurements were performed using a three-electrode system at room temperature. The portable electrochemical system shown in Figure 8 shows the potential of increasing the use of electrochemical methods for point-of-care analysis. Advantages include low power requirements, low cost, simplicity, minimal sample size requirements, quick response and robustness.
[image: ]
[bookmark: _Toc84519603]Figure 8: Electrochemical system comprising a potentiostat, multiplexer, screen-printed carbon electrodes, electrode connector and laptop

[bookmark: _Toc84528072]Gold electrode preparation
    The screen-printed DropSens gold electrodes were cleaned by imposing a voltage of 2 V in 0.1 M sulphuric acid for 120 seconds. Some electrodes were cycled in 0.1 M sulphuric acid 10 and 20 times respectively between 0 and 1.5 V. Some electrodes were dipped in sulphuric acid for 30 minutes while some were used straight out of the box. All characterization was done using 5 mM potassium ferri-ferrocyanide and 100 mM potassium chloride for 3 cycles between 0 and 1.5 V.


[bookmark: _Toc84528073]Scanning electron microscope (SEM) Characterisation of multi-SPCE
   Considering that electro-chemistry is founded on interfacial phenomena, it is important to understand the nature and characteristic of the carbon electrodes being used. Studies of the SPCE before and after their surface treatment would provide a valuable insight into the electrochemical nature of carbon particles that are embedded in a complex matrix system. This was done by scanning and examining the surface of the bare and pre-treated screen printed multi carbon electrodes. SEM images were acquired under a TM-1000 (Hitachi, Tokyo, Japan) and they were performed by scanning a 4 mm area at a magnification of x 1.0 k, 5.0 k and 10.0 k.

[bookmark: _Toc84528074]Initial assay development
   For the carbon electrodes, it was necessary to implement a surface functionalisation chemistry and to this end functionalisation with a diazonium compound followed by NHS-EDC coupling of amine-tagged DNA, the electrode surface was implemented.  This is a well-established and robust methodology for bio-functionalising carbon surfaces for electrochemical readout of bio-recognition events [187][131].  Electrografting using in-situ generated diazonium cations is important for modifying the surface of the SPCE by allowing the formation of strong covalent bonds between the carbon surface and organic films [45-46]. The covalent attachment strategy employed in this study involves the use of carbodiimide reagents (NHS and EDC) between carboxyl group and amine terminated DNA probe by carboxyl group activation [129]. The EDC is an established zero length cross-linking agent that has been employed in coupling carboxyl groups to primary amines in various applications [190]. One of the main benefits of EDC coupling is its water solubility that allows direct bio-conjugation without prior organic solvent dissolution. To improve the stability of the active ester, NHS was introduced to modify the amine-reactive chemical substance by converting it to an active NHS ester, thus maximising the efficiency of the EDC-mediated coupling reactions. 

[bookmark: _Toc84528075]Carbon electrode preparation
   Carbon materials have a more complex surface chemistry than other metallic electrodes due to the wide variety of surface bonds and possible functional groups. The surface functionalisation protocol is illustrated in Figure 9. To prepare the surface of the carbon electrodes for DNA probe attachment, it was necessary to first use a surface pre-treatment method by applying 1.4 V for 1 min in 0.5 M acetate buffer solution (ABS) containing 20 mM NaCl 8 (pH 4.8). An alternative pre-treatment technique explored for optimisation comparison required soaking the SPCEs in 3 M NaOH for 1 hour as an initial step and anodizing at 1.2 V using a scan rate of 0.5 V/s via CV. Next, 2 mM NaNO2 solution with 2 mM 4-aminobenzoic acid was prepared in 0.5 M HCl and stirred for approximately 5 min at room temperature to produce a diazonium compound. 
[image: Image preview]
[bookmark: _Toc84519604]Figure 9: Image of screen printed electrode array employed (8 × working electrodes with common Ag/AgCl reference and carbon counter electrodes along with schematic showing DNA functionalisation and DNA target binding.

    The activated diazonium solution was then scanned using CV from +0.4 to −0.6 V at a scan rate of 100 mV/s followed by a wash with deionised (DI) water. The resulting 4-carboxyphenyl (AP) film was activated on the electrode’s surface with 100 mM EDC and 20 mM NHS in 100 mM MES buffer (pH 5.0) for 60 min to form an ester that allowed for efficient conjugation to the amine-modified ssDNA probe. 1 mM ruthenium and 1 mM potassium ferri-ferrocyanide buffer were introduced on the surface of all the electrodes (Figure 10) and compared to analyse electron transfer rates. All electrochemical measurements were recorded using PS-Trace software. DNA hybridisation experiments were performed using a covalently attached layer of single-stranded DNA probes. All the reported steps and measurements were carried out at room temperature, unless otherwise stated.
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[bookmark: _Toc84519605]Figure 10: Screen-printed multi-carbon electrode covered in 1mM ferri-ferrocyanide redox buffer solution

[bookmark: _Toc84528076]Carbon nanotube (CNT) – modified carbon electrode preparation
   SPCEs, though beneficial for micro volume analysis, does not usually exhibit ideal electrochemical performance due to the carbon ink containing organic solvents that could cause defects in graphite. This generally prevents the establishment of a lower detection limit. Carbon nanomaterials have an advantage over regular carbon sensors as they increase the electroactive surface area, promote adsorption of molecules and enhance electron transfer.  Carbon nanotubes (CNT) have been introduced into electrochemical sensors for biomolecule detection using methods like dip coating, direct CNT growth on electrodes, drop casting and the use of CNT fibres [191].
  The preparation method employed for CNT-modified SPCE in this study involved activation by etching the surface of the electrodes. 1.0 M NaOH was deposited on the entire electrode surface as shown in Figure 11 and chronoamperometry was used to etch under the following conditions: current ranges between 1 nA and 10 mA, time during which the conditioning potential is applied - 10 seconds, Potential applied during measurement - 1.5 V, run time – 120 seconds and interval time– 0.04 seconds.
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[bookmark: _Toc84519606]Figure 11: Carbon nanotube modified screen-printed carbon electrode covered in NaOH to activate the electrode
    Afterwards, 100 mM EDC and 20 mM NHS in 100 mM MES buffer (pH 5.0) was activated on the surface of the electrode by incubating for 60 mins to form an ester that allowed for efficient conjugation to the amine-modified ssDNA probe. Ferricyanide buffer (1 mM) was used to characterise the sensor surface for DNA detection. All the reported steps and measurements were carried out at room temperature, unless otherwise stated.



[bookmark: _Toc84528077]Workflow
   This work presents an oligonucleotide probe modified sensor array that can accurately detect mutant DNA and amplicons and therefore forms the basis of a system for the accurate detection of ctDNA in patient samples and monitoring of response during treatment. This was achieved by amplifying mutant DNA isolated from a human cancer cell line recovered from clinical samples, using electrochemical techniques and SPEs to detect a clinically relevant mutation, comparing the signal change from DNA hybridisation experiments involving amplified mutant samples and amplified wild-type samples, varying concentration of amplified products to determine concentration effects and establishing a limit of detection for the DNA amplification reaction. A flow diagram of the functionalisation protocol is shown in Figure 12, full details of the electrode bio-functionalisation process are given in the materials and methods section.  Specific probe sequences for the mutant and wild type sequences were designed, specifically for optimal discrimination of single base-pair changes.  
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[bookmark: _Toc84519607]Figure 12: Project work-flow showing the different stages in the development of a ctDNA electrochemical sensor (A) Schematic showing circulating tumour DNA (ctDNA) retrieval and analysis [38-41] (B) Image of a screen-printed electrode array employing eight working electrodes with a common Ag/AgCl reference and carbon counter electrodes along with a schematic showing modification steps and DNA functionalisation


[bookmark: _Toc84528078]Signal quantification and Analysis
   Amplicon concentrations were confirmed using an invitrogen qubit 4 fluorometer. The detection principle was applied in both the pre-hybridisation and post-hybridisation stage. Results obtained from the EIS and voltammetry measurements carried out using PS Trace 5 were statistically analysed using Origin graphing analysis 2020. EIS data was fitted using the well-established Randles’ equivalent circuit [206][207][146] and the charge transfer resistance was obtained. The last scan of each oxidative peak current obtained from the CV was plotted and analysed for amplification verification and the charge transfer resistance values were noted. For the CV, DPV and SWV measurements, a decrease in signal from a blank electrode was noted when the probe solution was blocked on the SPCE surface, and a further decrease after hybridisation with a complimentary target should be observed. The formular used to calculate the percentage signal change for each electrode is:
% Signal change =      * 100

















[bookmark: _Toc84528079]Polymerase chain reaction (PCR) protocol
   In order to couple DNA amplification directly to the electrochemical assay, it was necessary to develop a standard PCR reaction which was run in a portable PCR machine (Figure 13) manufactured by “mini-PCR” (Cambridge, Massachusetts, USA) to closely mimic a system which could be deployed in a point of care setting. 
     The main components needed for a successful PCR reaction includes the parent DNA, dNTP set containing the four nucleotides, forward and reverse primers, and DNA polymerase which is usually heat resistant. PCR mainly depends on thermal cycling and goes through three steps: denaturation, annealing and extension. The ability of the primer sets to successfully amplify both the mutant sequence and the wild-type sequence will be confirmed by gel electrophoresis and measured via a Qubit fluorometer.  
[image: C:\Users\cdt\Documents\EngD\PCR\IMG_3193.jpg]
[bookmark: _Toc84519608]Figure 13: Mini-PCR thermal cycler used for DNA amplification and denaturing
The concentrations and protocol used in this study are shown below.
HotStarTaq Plus DNA Polymerase
[bookmark: _Toc84272324]Table 3: Reaction setup using HotStarTaq Plus DNA Polymerase
	Component
	Volume/Reaction
	Final Concentration

	Reaction mix (10x PCR Buffer* or  Optional: 10x CoralLoad PCR Buffer)
	10μl
	1x

	dNTP mix 
	2 μl
	200 μM of each dNTP

	Primer (Forward Wildtype)
	25 μl
	0.5 μM

	Primer (Forward Mutant)
	25 μl
	0.5 μM

	Primer (Reverse)
	25 μl
	0.5 μM

	HotStarTaq Plus DNA Polymerase
	0.5 μl
	2.5 units/reaction

	5x Q-Solution
	20 μl
	1x

	Template DNA
	15 μl
	1 μg/reaction

	Total reaction volume
	100 μl2



[bookmark: _Toc84272325]Table 4: PCR cycling protocol
	Step
	Time
	Temperature
	Comment

	Initial heat activation
	5 min
	950C
	Activates HotStarTaq Plus DNA Polymerase.

	3-step cycling

	Denaturation
	0.5-1 min
	940C
	

	Annealing
	0.5-1 min
	50-680C
	Approximately 5°C below Tm of primers.

	Extension
	1 minute
	720C
	For PCR products longer than 1 kb, use an extension time of approximately 1 min per kb DNA.

	Number of cycles
	25-35
	
	

	Final extension
	10 mins
	720C
	



SSOFast EvaGreen supermix
   SSOFast EvaGreen supermix from BIO-RAD containing the sso7d-fusion polymerase was used for amplifying the KRAS DNA in each plasma sample. The mixture has been specially optimised to deliver maximum PCR efficiency and sensitivity for dye-based detection in qPCR. Other components used for amplification involved primers and DNA template. All components were thawed at room temperature and mixed thoroughly by inverting the tube/bottle several times to ensure homogeneity. The final concentrations and qPCR cycling conditions are given below:
[bookmark: _Toc84272326]Table 5: Reaction setup using sso7d-fusion polymerase
	Reaction setup using sso7d-fusion polymerase

	Components
	Volume per reaction
	Final Concentration

	SSO fast evergreen supermix
	10μl
	1x

	Forward primer
	3μl
	400 nM

	Reverse primer
	3μl
	400 nM

	RNase/DNase-free water
	2μl
	-

	DNA template
	2μl
	Varies

	Total volume
	20μl
	-



[bookmark: _Toc84272327]Table 6: qPCR cycling protocol
	
	
	Genomic DNA

	Cycling step
	Cycles
	Temperature
	Time

	Enzyme activation
	1
	98
	2 mins

	Denaturation
	30-40
	98
	1-5 sec

	Annealing/extension
	
	55-60
	1-5 sec

	Melt curve
	1
	65-95
	2-5 sec/step



[bookmark: _Toc84528080]Recombinase Polymerase Amplification (RPA) Isothermal Amplification
   RPA is a useful great and versatile alternative to PCR for the development of rapid and portable nucleic acid detection assays [139]. RPA does not require thermal or chemical melting so the reaction does not need to be thermal cycled making it well suited for point-of-care settings where speed is essential. It also has an advantage of minimal sample preparation, high sensitivity, and compatibility with multiplexing without the need for multiple primers [192]. Optimal temperatures for the reaction are around 37-42 oC and results are typically generated within 10 minutes [193][194]. Figure 14 shows the RPA amplification process.
[image: https://ars.els-cdn.com/content/image/1-s2.0-S0165993617302583-gr1.jpg]
[bookmark: _Toc84519609]Figure 14: RPA amplification process showing RPA amplification scheme. Recombinase proteins form complexes with each primer (A), which scans DNA for similar sequences (B). The primers are then inserted at the cognate site by the strand-displacement activity of the recombinase (C) and single stranded binding proteins stabilise the displaced DNA chain (D). The recombinase then disassembles leaving the 3′-end of the primers accessible to a strand displacing DNA polymerase (E), which elongates the primer (F). Exponential amplification is achieved by cyclic repetition of this process [192].

The RPA protocol used in this study is given below:
Primer screen set-up (single-plex)
1. Add 2.4 μl of each primer at 10μM concentration to 0.2 ml PCR tubes.
2. Prepare a pre-master mix (per reaction) in the order below: 
2x Reaction Buffer 25 μl
dNTPs2 + water3 to 9.2 μl 
10x Probe E-mix 5 μl 
3. Vortex and spin briefly.
4. To the pre-master mix, add 2.5 μl 20x Core Reaction Mix4 (per reaction) to tube lid. Mix by 10x full inversions and spin briefly. Master mix is now complete5. Pipette mix before use.
5. Add 41.7 μl3 of master mix to primers prepared in tubes (step 1) and pipette mix.
6. Add 2.5 μl of 280mM MgOAc (supplied) and 1 μl template to tube lids. DNA and MgOAc should be kept separate in the tube lid prior to spin down. Spin in MgOAc/template and mix well (6x inversions) to start reaction. Spin briefly.
7. Incubate at 37-42°C for 20-40 minutes. For low template copies, remove strip after 4 mins, mix by 6x full inversions and spin briefly, replace in heating device.
8. After step 6, clean amplicons before running on an agarose gel.

Template screen set-up (single-plex)
1. Prepare a primer pre-master mix (per reaction) in the following order: 
2x Reaction Buffer 25 μl 
dNTPs + water to 9.2 μl 
10x Basic E-mix 5 μl 
Primer A (10μM) 2.4 μl 
Primer B (10μM) 2.4 μl 
2. Vortex and spin briefly.
3. Add 2.5 μl 20x Core Reaction Mix 4 (per reaction) to tube lid. Mix by 10x full inversions and spin briefly. Master mix is now complete. Pipette mix before use.
4. Add 46.5 μl master mix to 0.2 ml PCR tubes.
5. Add 2.5 μl of 280mM MgOAc and 1 μl template to tube lid. DNA and MgOAc should be kept separate in the tube lid prior to spin-down. Spin in MgOAc/template, mix well (6x inversions) to start reaction. Spin briefly.
6. Incubate at 37-42°C for 20-40 minutes. For low template copies, remove strip after 4 mins, mix by 6x full inversions and spin briefly, replace in heating device.
7. After step 5, clean amplicons before running on an agarose gel.

[bookmark: _Toc84528081]Phusion direct PCR protocol
  The phusion blood PCR kit is developed for amplification of DNA from whole blood, thus eliminating the need for separate DNA purification. The phusion hot start II PCR polymerase has a high resistance to PCR inhibitors found in blood and retains polymerase activity with samples containing about 40% of whole blood [195]. Advantages include a simple protocol, a shorter protocol time compared to regular PCR (Figure 15), and a large yield of specific product [182]. 
[image: ]
[bookmark: _Toc84519610]Figure 15: Mini-PCR thermal cycling graph showing a phusion PCR protocol
The phusion PCR protocol used in this study is given below:
[bookmark: _Toc84272328]Table 7: phusion PCR protocol
	Component
	20uL (rxn)
	50 uL(rxn)
	Final conc.

	H2O
	Add to 20 uL
	Add to 50 uL
	

	2X Phusion Blood PCR Buffer
	10uL
	25 uL
	1X

	Primer A
	3 uL
	7 uL
	0.5 uM

	Primer B
	3 uL
	7 uL
	0.5 uM

	Phusion Blood II DNA Polymerase
	0.4uL
	1 uL
	

	Whole Blood
	1uL
	2.5uL
	

	Optional components for reactions optimization

	50 mM MgCl2
	0.6 uL
	1.5 uL
	

	50 mM EDTA
	0.5 – 1.0uL
	1.25 – 2.5 uL
	

	DMSO
	1.0 uL
	2.5 uL
	5%



[bookmark: _Toc84272329]Table 8: Phusion PCR cycling protocol
	Cycle step
	2-step protocol
	3-step protocol
	Cycles

	
	Temp
	Time
	Temp
	Time
	

	Lysis of cells
	98 OC
	5 min
	98 OC
	5 min
	1

	Denaturation 
	98 OC
	1 s
	98 OC
	1 s
	35-40

	Annealing
	
	
	 X OC
	5 s
	

	Extension
	72 OC
	15 - 30 s
	72 OC
	15 – 30 s
	

	Final Extension
	72 OC
	1 min hold
	72 OC
	1 min hold
	1




[bookmark: _Toc84528082]Gel electrophoresis
    This technique is used to separate protein, DNA and RNA fragments according to their size. The gel electrophoresis system (Figure 16) is made up of a platform to hold the gel, electrodes positioned on opposite sides of the chamber that holds the buffer, and a power supply that connects to the positive and negative electrodes. This gel is submerged in a buffer containing ions not only to buffer the system but ensure it is a good conductor of electric current. When separating nucleic acids, the wells of the gel are placed closer to the negative electrode due to their negative charges. The DNA samples are stained with dyes that are also negative and loaded into wells at one end of a medium such as an agarose gel. The solidified gel forms a web like matrix that allows smaller DNA molecules to travel easily when an electric current is applied through the gel to pull them through. The DNA fragments are separated by size and they move towards the positive electrode thus easily determining the size of the molecules with great accuracy. Smaller molecules move more easily through the pores gel, resulting in faster travel compared to larger molecules of the same charge [196].

[image: ]
[bookmark: _Toc84519611]Figure 16: blueGel electrophoresis system showing its components [196]
The gel electrophoresis protocol employed in this study is as follows:
1. Add dry powdered 0.2g agarose to 25ml of 1 X TE buffer
2. Mix reagents in glass flask and mix until powder is dissolved and solution becomes clear.
3. Place a well-forming comb at the middle of chamber.
4. Allow the solution cool for about 2-3 minutes at room temperature.
5. Pour the melted agarose into a tray in the chamber and allow it to solidify for about 20-25 minutes.
6. Once the gel is completely cooled, remove the comb.
The solidified gel should look as shown in Figure 17.
[image: C:\Users\cdt\Downloads\20180711_163330_IMG_2363.JPG]
[bookmark: _Toc84519612]Figure 17: Solidified gel used for separating mixtures of DNA amplicons in gel electrophoresis

[bookmark: _Toc84528083]DNA immobilisation protocol 
    The modified carbon electrode surfaces were rinsed with MES buffer and covered with a 50 μL droplet of the amine modified DNA probe at a concentration of 20 µM in 0.1 x PBS buffer, pH 7.4 and incubated for 60 minutes at room temperature in a water-saturated atmosphere. The probes were covalently attached and the electrodes were blocked by adding 50μL blocking buffer (1% vol/vol ethanolamine in PBS buffer pH 7.4) and incubated for 30 min to deactivate the remaining active EDC/NHS groups and to block the free surface, preventing non-specific absorption. Blocking the remaining active groups on the electrode after the introduction of the probe solution helped in producing a consistent sensing layer in order to enable reproducibility in terms of the DNA binding response. The reproducibility of this hybridisation sensor was explored by immobilizing at least three WEs from the multi-electrode for each individual surface modification steps and confirmed using voltammetry measurements.
   All the electrodes were rinsed thoroughly with 0.1 x PBS buffer pH 7.4 prior to electrochemical measurements. EIS and voltammetry measurements were conducted in a measurement buffer containing 5mM ferri-ferrocyanide in 0.1 x PBS (pH 7.4) before and after target incubation except where stated otherwise. Target solutions with concentrations of 20 µM and 2 µM were introduced by pipetting onto the electrode surface. The electrodes were then incubated for 30 minutes and thoroughly rinsed using 1 x PBS buffer pH 7.4 to remove any un-hybridised ctDNA prior to measurement. 

[bookmark: _Toc84528084]Denaturation of amplified dsDNA
   A key reaction that has to occur for DNA hybridization to be successful requires the double stranded DNA (dsDNA) obtained after amplification to be denatured by separating the strands into single stranded DNA (ssDNA).  Some studies have described DNA denaturation methods like heating [197] [198], sonication [199] [200] and the use of chemicals [201]. A common method which have been applied in this study involves heating the DNA amplicons at a high temperature (95 OC) [198] [202] just before incubating on the probe-modified electrode surface. It is important to note that an immediate drop in temperature of the DNA sample can cause immediate renaturation of the already denatured DNA so having a sophisticated heating system like the mini-PCR is essential.

[bookmark: _Toc84528085]Electrochemical measurements
   The PalmSens 4 (2004-2017) potentiostat obtained from PalmSens BV (Netherlands) was used to carry out the electrochemical measurements. PS Trace 5 software was used to measure the EIS and voltammetry characterization pre and post hybridisation.  Different measurement techniques were explored to determine the optimal measurement for each sensing platform. The following measurements and specifications were employed during the course of this study:

Cyclic voltammetry (CV)
     In CV, the potential is swept through a potential range where an electrode reaction occurs, before the direction of the scan is reversed to determine whether the product of electron is stable [146]. In this technique, a potential waveform is applied to the working electrode (WE) and scanned back and forth between two limits taking on a triangular waveform whilst recording the WE current. The peaks show the rate of electron transfer (Figure 18). On a CV graph, current is plotted against potential and DNA hybridization can be measured by monitoring the oxidative or reductive peak current.​ DNA on the surface of an electrode makes the current reduce so when a DNA target probe binds to the single stranded probe on the electrode surface, the oxidative and reductive peaks should reduce as shown in Figure 18.​ For CV characterization, the voltage was scanned over a potential range of 0 V to 0.7 V with a step of 10 mV at a scan rate of 100 mV/s and the instrumental current range selected was between 100 nA and 10 mA for 3 scans. 
[image: ]
[bookmark: _Toc84519613]Figure 18: Example of a Cyclic Voltammogram showing  oxidative and reductive peak currents and low current signals when target binds to probe (post-hybridisation)

Differential pulse voltammetry (DPV)
    In DPV, the potential wave form consists of small pulses of constant amplitude superimposed upon a staircase wave form. This current is sampled twice in each pulse period and the difference between the two current values is recorded and displayed [203]. An example of a differential pulse voltammogram is shown in Figure 19. For DPV characterization, the voltage was scanned over a potential range of -0.2 V to 0.5 V with a step of 5 mV at a scan rate of 100 mV/s and the instrumental current range selected was between 100 nA and 10 mA for each scan. 
[image: ]
[bookmark: _Toc84519614]Figure 19: Example of a Differential Pulse Voltammogram showing  oxidative peak current and low current signals when target binds to probe (post-hybridisation)

Square wave voltammetry (SWV) 
   SWV is a very sensitive electrochemical technique based on the principle that the signal-to-noise ratio increases by the square root of the scan rate. In SWV, a symmetrical square wave superimposed on a base potential is applied to a working electrode. The potential is stepped through a series of forward and reverse pulses from an initial potential to a final potential and the forwards step is determined by the square amplitude while the reverse step is determined by removing the square increment from the square amplitude [204]. An example of a square wave voltammogram is shown in Figure 20. For SWV characterization, the voltage was scanned over a potential range of -0.4 V to 0.6 V with a step of 10 mV at an amplitude of 20mV and a frequency of 25 Hz. the instrumental current range selected was between 100 nA and 10 mA for each scan. 
[image: ]
[bookmark: _Toc84519615]Figure 20: Example of a Square Wave Voltammogram showing  oxidative peak current and low current signals when target binds to probe (post-hybridisation)

EIS measurements - Equivalent circuit fitting
   The Randles circuit is an equivalent electrical circuit that is commonly used in electrochemical impedance spectroscopy (EIS) for interpreting impedance spectra and describing processes at the electrochemical interface.  It consists of an electrolyte resistance in series with the parallel combination of a double layer capacitance and an impedance. In most situations, a Warburg element manifests in EIS spectra by a line at an angle of 45 degrees in the low frequency region. The EIS measurements employed in this study were carried out across a frequency range between 0.1 and 10000 Hz at open circuit potential using an AC voltage amplitude of 10 mV rms and at a specified current range of 100 nA and 10 mA using 50 logarithmically spaced frequencies. The values of the charge transfer resistance (RCT) and Warburg coefficient is contingent on parameters of the system being investigated. A nyquist plot and Randles circuit diagram which accounts for Warburg behaviour is shown in Figure 21. The nyquist plot shows the real and imaginary impedance responses (plotted on the X-axis and Y-axis respectively) containing the frequency information from complex alternating current resistance in the impedance measurements carried out.
[image: ]
[bookmark: _Toc84519616]Figure 21: (A) Nyquist plot showing charge transfer resistance from a region of high to low frequencies and a Warburg element at a 45O angle in the low frequency region and (B) Randles circuit R([RW]C) commonly used to interpret spectra in EIS where RS represents ionic resistance, Cdl represents double layer capacitance, RCT represents charge transfer resistance and ZW represents diffusion resistance element [205]








[bookmark: _Hlk82878396][bookmark: _Toc84528086]– DEVELOPING A ctDNA ASSAY USING A COMMON AND ESTABLISHED CANCER MUTATION – Tp53

[bookmark: _Toc84272475][bookmark: _Toc84528087]4.1 Introduction
    Tp53, the most routinely modified gene  (in over >50 % in human cancers) [208] is regarded as an indicator to understanding cancer functions as it regulates cell cycle, DNA repair and apoptosis, thus preventing tumour formation [209]. Mutation of the Tp53 gene usually indicates cancer formation [210] and is highly associated with a poor prognosis for survival in patients with glioblastoma [211], breast [212], colorectal [213], leukaemia [214], head and neck cancers [215]. Tp53 has been detected in the cfDNA of healthy subjects up to one year before cancer diagnosis [74]. Initial work was carried out and is presented in this section using the Tp53 gene in order to understand and establish a platform for the detection of ctDNA electrochemically. A human glioblastoma cell line carrying the Tp53 p.273H mutation was cultured and plasmid DNA was extracted and analysed to demonstrate initial isolation of cfDNA in-vitro. DNA hybridisation was then explored using screen printed gold electrodes and thiolated Tp53 oligonucleotide probes. Finally, the real electrochemical surface area of each of the macro-electrode used and its influence on the sensitivity of the DNA hybridisation was explored.

[bookmark: _Toc84528088]Methods
[bookmark: _Toc84528089]Reagents and materials
    Custom synthesised oligonucleotides (Tp53 wild type probe, Tp53 mutated target and Tp53 wild-type target) with a concentration of 200µM respectively were all obtained from Sigma-Aldrich and stored at -80 oC prior to aliquoting. 6-mercaptohexanol (MCH), Distilled water, Sulphuric acid, Phosphate buffered saline (PBS), potassium ferricyanide, potassium chloride and potassium ferrocyanide were all purchased from Sigma-Aldrich. All the DNA stocks were diluted to 1 µM in 1 x PBS just before use and the MCH was diluted to 1 µM in 1 ml of 1 x PBS. The screen-printed gold electrodes used for DNA hybridisation were obtained from  Dropsens [147].

[bookmark: _Toc84528090]Cell culture and DNA extraction
    The U-373 MG (Uppsala) (ECACC 08061901) cell line carrying the TP53 p.273H mutation alongside all the reagents used in this section were obtained from Sigma Aldrich Co Ltd, Poole, Dorset. Media was decanted from a 25 cm2 flask containing the adherent cell line and 5 ml of Versene (EDTA) in PBS (pH 7.2) was used to wash the cell layer twice. The Versene was discarded and 1ml of Trypsin (TRIS buffered saline (TBS) for trypsin stock dissolved in 500 ml of distilled water) was used to cover the cell layer for 1 minute. After the cells were detached, 5 ml of Fetal-bovine serum containing 10 % Dulbecco’s modified Eagles media was pipetted into the flask but away from cells to inhibit the action of trypsin. The cells were then reseeded using a 1:5 passage and placed in a humidified incubator containing 5 % CO2 and 95 % O2 at 37 OC for 48 hours. 
    The DNA plasmid vector arrived in an agar stab with 1.5 % volume concentration. For 10 ml Tp53 DNA plasmid culture, 100 ml of carbicilin was added and the sample was placed on an orbital shaker at 250 RPM for 16 hours. DNA extraction was carried out as described in the ISOLATE II Plasmid Mini Kit using the SDS/alkaline lysis technique [216]. Contamination was avoided during culture by passaging in an appropriately clean hood and using separate tips between samples.
   Sequences employed for this study are shown in Table 9 and sequences for the Tp53 wild-type Plasmid DNA (From E.coli) and Tp53 p.R273H Mutation in U-373 MG cell line are in section 1 of the appendix section.
[bookmark: _Toc84272330]Table 9: TP53 DNA oligonucleotides used for hybridisation
	ID
	DNA Sequence 5’ -3’

	Tp53 wild-type probe
	TTTGAGGTGCGTGTTTGTGCC [ThiC6]

	Tp53 wild-type target
	GGCACAAACACGCACCTCAAA

	Tp53 mutant target
	GGCACAAACATGCACCTCAAA



[bookmark: _Toc84528091]Workflow
    Five screen-printed DropSens gold electrodes were tested to obtain an ideal cleaning protocol. The first electrode was cleaned by imposing a voltage of 2 V in 0.1 M sulphuric acid for 120 seconds and then characterized using the EIS characterization buffer for 3 cycles between 0 and 1.5 V. The second and third electrodes were cycled in 0.1 M sulphuric acid 10 and 20 times respectively between 0 and 1.5 V. The fourth electrode was dipped in sulphuric acid for 30 minutes while the fifth electrode was used straight out of the box. CV measurements were conducted in a measurement buffer containing 5 mM potassium ferri-ferrocyanide and 100 mM potassium chloride which served as the supporting electrolyte. CV for all the electrodes were collected at different scan rates (10 mV/s, 25 mV/s, 50 mV/s and 100 mV/s).
      The prepared screen-printed gold electrodes (SPEs) were immobilized with the thiolated probe DNA solution, incubated for 1 and 16 hours respectively and washed using 1 x PBS. The electrodes were further incubated in 1 µl of MCH blocking solution for 30 minutes and washed again in 1 x PBS. Utilising these solutions in this way resulted in preparation of a chemically tethered single stranded DNA film on the electrode surface. The DNA characterization buffer containing potassium ferri-ferrocyanide and potassium chloride was equilibrated on the electrode for 30 minutes prior to EIS measurement to allow ions to fully permeate the sensing film. Afterwards both the wild type and mutated target DNA solutions were incubated on separately labelled electrodes for 30 minutes. The SPEs were washed with 1 x PBS and impedance was re-measured again using the EIS DNA characterization buffer to detect a difference in hybridisation efficiency between the wild- type complementary strand and the mutant strand.

[bookmark: _Toc84528092]Analysis
   An inverted tissue culture microscope (Nikon DIAPHOT from Nikon instruments inc, Surrey, United Kingdom) was used to observe and capture images of the cultured U373 glioblastoma cell line.  The extracted DNA was analysed using a NanoDrop 2000 C spectrophotometer obtained from Thermo Fisher Scientific. The results obtained from the CV and EIS measurements carried out using PS Trace 5 were statistically analysed using Originpro data analysis and graphing software 2021. The last scan of each peak current obtained from the CV and the square root of the scan rate was plotted and analysed using Randles-Sevcik equation to determine the diffusion coefficients of the electroactive species. The circuit fitting tool in the PS Trace software was used to fit the response to the Randles equivalent circuit for each EIS measurement and obtain the RCT values used to analyse sensitivity.

[bookmark: _Toc84528093]Results and discussion
[bookmark: _Toc84528094]Extracted DNA characterisation
    Suspended cells in media are observed in the passaged glioblastoma cell line as seen in Figure 22 after 48 hours. It was calculated that a total of 20 µg of plasmid DNA was extracted into a solution with a resulting concentration of 471.9 ng/µl. The floating cells in suspension and DNA extraction demonstrates initial isolation of cfDNA in-vitro and the potential of exploring cell viability and survival in cell culture. 
[image: ]
[bookmark: _Toc84519617]Figure 22: Floating cells in suspension containing the R273H mutation in the U373 glioblastoma mammalian cell line culture.

[bookmark: _Toc84528095]DNA hybridisation
    This section shows EIS responses recorded from electrodes sequentially modified with wild-type probe DNA and hybridized using complementary (wild-type) and single mismatch (mutated) target DNA from the Tp53 gene. Some sets of electrodes were pre-treated by dipping in H2SO4 while some were pre-treated by cycling in H2SO4. For each specific pre-treatment and hybridization set, an incubation time of either 1 hour or 16 hours was carried out for probe-target binding.
[image: ]
[bookmark: _Toc84519618]Figure 23: EIS measurements for wild-type p53 synthetic oligonucleotide binding (1 hour incubation) – (A) and (B) shows complementary hybridisation, (C) and (D) shows single-base mismatch hybridisation. (A) and (C) shows pre-treatment by dipping in H2SO4 while (B) and (D) shows pre-treatment by cycling in H2SO4.

    The Randles’ circuit used to fit the Nyquist plots provided key parameters such as the solution resistance R1, double layer capacitance Q1, electron transfer resistance R2 (RCT), and a Warburg electrochemical element of diffusion W which presented itself in the EIS spectra as a line with an angle of 45O in the low frequency region. The highest point in the semi-circular response relates to the capacitance of the double layer formed on the surface of the SPE as a result of the accumulation on the electrode surface of ionic species from the measurement buffer solution. 
    The Nyquist plots in Figure 23 show the impedance responses containing the frequency information linked to the impedance measurements carried out after cleaning the electrodes by dipping and cycling, and incubating the DNA probe immobilized SPEs for 1 hour. The highest increase in RCT values from this set of electrodes (221.7 Ω to 231.5 Ω) was observed between the wild-type complementary hybridisation on the electrode that was cleaned by dipping (Figure 23 (A)). The lowest change in RCT values (224.5 Ω to 223.2 Ω) was observed between the non-complementary hybridisation with a single base change on an electrode that was also cleaned by dipping in sulphuric acid (Figure 23 (C)). The difference in RCT increase between the complementary hybridisation (10.5 Ω) and single-base mismatch non-complementary hybridisation (5.3 Ω) in electrodes that were cleaned by cycling (Figure 23 (B & D)) is lower (5.2 Ω) compared to electrodes that were cleaned by dipping in sulphuric acid but the electrodes that were cycled showed a steady increase in charge transfer resistance. The effects of surface non-uniformity observed in Figure 23 (A & C) suggests that though the probe-target binding was successful and showed a large difference in RCT values, cleaning by dipping in sulphuric acid might not be sufficient enough to get rid of any impurities from the printing inks used that might interfere with the behaviour of the electrodes.
    For the set of electrodes incubated for 16 hours (Figure 24), double semi circles were observed Figure 24 (A), indicating that there might have been an incomplete formation of the MCH backfill after incubating the probe solution. This effect was again only observed in an electrode that was cleaned by dipping suggesting that cleaning by cycling might provide a homogenous surface that allows for efficient SAM formation. An increase in RCT is also observed when the wild-type probe binds to both the wild-type and mutant target but a higher charge transfer resistance is noted in the complementary wild-type hybridisation confirming the ability of the sensor chip to detect the one-base mismatch. 
     
[image: ]
[bookmark: _Toc84519619]Figure 24: EIS measurements for wild-type p53 synthetic oligonucleotide binding (16 hours incubation) – (A) and (B) shows complementary hybridisation, (C) and (D) shows non-complementary hybridisation. (A) and (C) shows pre-treatment by dipping in H2SO4 while (B) and (D) shows pre-treatment by cycling in H2SO4.

   Overall, the incubation time also had an effect on all the results. Studies carried out by Corrigan et al showed that factors such as heating the DNA sample for 10 minutes prior to incubation, and adding more DNA between measurements unto the electrode surface showed a proportional increase in EIS signal [217]. The RCT values and Warburg diffusion coefficient obtained after incubating the DNA probe on the surface of the SPE for 16 hours (Figure 24) showed a better hybridisation efficiency and response compared to the RCT values from the 1-hour incubation as shown in (Figure 23). It is however important to note that the electrodes incubated for 1 hour also displayed a good hybridisation and response suggesting that a 1-hour incubation time could be adopted subsequently in order to optimise time to result which is essential for a point of care sensor.   

[bookmark: _Toc84528096]Electro-active surface analysis
   A linear plot showing peak current against the square root of the sweep current applied in CV measurements provides evidence of a chemically reversible redox process compared to situations where redox causes major structural change in an analyte. From Figure 25, it is observed that the SPE used straight out of the box showed the least linear relationship. All the electrodes that were either dipped or cycled in sulphuric acid showed a linear increase in peak current as the sweep rate was increased. This implies that peak currents obtained during electrochemical measurements does not only depend on the concentration and diffusional properties of the electroactive surface but also on the scan rate.
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[bookmark: _Toc84519620]Figure 25: CV peak currents showing a bare electrode and four different techniques for preparing gold SPEs at different scan rates


[bookmark: _Toc84528097]Diffusion Coefficients 
Tables 10 and 11 show the Randles-Sevcik equation used to determine the diffusion coefficient of each SPE as a result of the effect of scan rates on their peak currents. The relationship between the current and voltage used in the cyclic voltammetry measurements is given by the Randles-Sevcik equation.
Given that Peak Current 
             
Where;
 number of electrons = , area of electrode = , diffusion coefficient, concentration of the characterisation buffer =  molar, concentration of the EIS buffer =  molar,  square root of the sweep rate, sweep rate given;  V/s

[bookmark: _Toc84272331]Table 10: RANDLES SEVCIK EQUATION – CLEAN MACROELECTRODE ANALYSIS

	Peak current  (µA)
	 Gas  Constant (J/K/mol)
	Number of electrons
	Area of electrodes (cm)
	Concentration of solution (mol/cm3)
	Square root of sweep rate (V/s)
	Diffusion coefficient (cm2/s)

	1.35E+01
	
	1
	
	
	
	2.24723e-7

	1.81E+01

	
	1
	
	
	
	1.61583e-7

	2.39E+01

	
	1
	
	
	
	1.40866e-7

	3.10E+01

	
	1

	
	
	
	1.18496e-7


    The diffusion coefficient is an important physical parameter that describes diffusional transport in electrochemistry [218]. In CV, the current passing through each SPE is limited by the diffusion of species to the electrode surface. This diffusion flux is determined by the concentration gradient near the SPE which is in turn influenced by concentration of species at the surface of the SPE and how fast the species can diffuse through solution. Therefore, changing the voltage potential will also change the concentration of species meaning that a faster voltage sweep will result in a larger concentration gradient and thus result in a higher current. These observations are noted in Tables 8 and 9.
    The diffusion coefficient for the clean SPEs were faster than the diffusion coefficients from the probe immobilised SPEs in Table 8 (as expected) and very close to the literature value for the oxidation reaction to ferricyanide (7 x 10-6 cm2s-1) [219]. From Table 9, the calculated diffusion coefficients using the Randles-Sevcik equation were not consistent between runs. The peak currents show a direct influence on the diffusion coefficient and binding between the mutated target and the wild-type probe which results in an apparently lower diffusion coefficient as expected.
[bookmark: _Toc84272332]Table 11: RANDLES SEVCIK EQUATION – DNA IMMOBILISED MACROELECTRODE ANALYSIS
	RANDLES SEVCIK EQUATION – DNA IMMOBILISED MACROELECTRODE ANALYSIS

	Peak current  (µA) for complementary and non-complementary hybridisation using Tp53 wild-type probes 
	  Gas  Constant (J/K/mol)
	Number of electrons
	Area of the working electrode (cm)
	Concentration of solution (mol/cm3)
	Square root of sweep rate (V/s)
	Diffusion coefficient (cm2/s)

	1.58E+00 (Mutant target)
	
	1
	
	
	
	7.69544e-8

	1.27E+00 (Wild-type  target)
	
	
	
	
	
	4.97195e-8

	1.88E+00 (Mutated  target)
	
	1
	
	
	
	4.35808e-8

	1.66E+00 (Wild-type  target)
	
	
	
	
	
	3.39778e-8

	2.15E+00 (Mutated  target)
	
	1
	
	
	
	2.84988e-8

	2.18E+00 (Wild-type  target)
	
	
	
	
	
	2.92997e-8

	2.74E+00 (Mutated  target)
	
	1
	
	
	
	2.31431e-8

	2.64E+00 (Wild-type  target)
	
	
	
	
	
	2.14846e-8



    Maintaining a cell line and DNA plasmid extraction as shown in Figure 22 is a fundamental and necessary step to ensure there is a ready supply of DNA samples from human tissue for subsequent immobilisation and sensor development work. Studies have shown that primary cells isolated from tumour samples and maintained at low passage under specific growth conditions reproduce essential characteristics of tumour cell physiology to a high degree [220]. There is a need however to truly characterize the isolated cells using molecular profiling in order to come to sound conclusions.
    Studies carried out show that the EIS frequency response and peak current obtained from CV is reliant on the surface composition of the gold electrodes used [221]. The decrease in the diffusion coefficient of the DNA immobilised electrodes by a factor of 10 is expected as the surface of the electrode has a more densely packed porous layer at this stage which hinders diffusion to the surface. This is proven by the further reduction in the diffusion coefficient observed in the mutated and wild-type targets scanned at 0.1 V/s sweep rate. The decrease in peak current associated with the decrease in the scan rate could be ascribed to slow kinetics of the charge transfer [222].
    The general strategy for detection using EIS measurement of the probe modified electrode both in the presence and absence of the target sequence so the difference in current signal acts as a measure of hybridisation has also been employed in previous studies [217]. Selectivity is crucial for the successful detection of single nucleotide polymorphisms and point mutations and it was demonstrated that the wild-type probe-target binding induced a higher resistance to electron exchange in the solution than the mutant and this was reflected by the higher RCT increases measured. The RCT value represents the diffusion-controlled limit for the redox reaction rate at the surface of the SPE. A disadvantage of EIS is its high sensitivity towards non-specific adsorption [110]. Variations in the starting RCT values for each of the EIS measurement carried out could be attributed to an instability resulting from the non-covalent nature of the Au-sulfur bonds of the single stranded DNA assembly on the electrode. A different study employed the use of tris-carboxyethyl phosphine (TCEP) because it can cleave dithiol bonds into free thiol groups for improved film assembly kinetics [223] and  enhance the reproducibility and sensitivity  of biologically modified electrodes  [217].
    As label free detection is contingent on the electrochemical signal produced by the presence of the DNA sequences, it is important to gain a better understanding of factors that promote hybridisation or reduce its binding effects. A difficulty which has decelerated the progress of an electrochemical biosensor is an interaction by other proteins and non-specific DNA on the surface of the electrode which originate from complex sample types. Other complications from simple electrode reactions include adsorption, linked chemical reactions, intercalations from phases and diverse electron transfer [145].  
     Qualitatively, the results from the EIS measurements indicate that an ideal tumour marker should be quantifiable in a non-invasive way. No selectivity or specificity studies were done. A point of contention in regard to this initial study is if the detected tumour marker is viable or apoptotic as only cells that are functional should be able to bring about metastatic formation [224]. To obviate this problem, the aim of subsequent investigation will be to develop a multi-electrode array which measures several biomarkers in parallel.
    Further work will also employ the use of micro and ultra-micro electrodes as these reduced dimensions have improved analytical performance which will allow the electrochemical study of and sensitive detection of minute analyte concentrations as circulating tumour DNA occur at very low concentrations [110] [224]. 

[bookmark: _Toc84528098]Conclusion
   The ability to maintain and extract DNA plasmid from a known cell line containing a tumour marker of interest was demonstrated. DNA hybridization was carried out using CV and EIS measurements on gold SPE surfaces. Hybridization of the wild-type DNA probe to its complementary wild-type DNA target showed a higher RCT compared to the hybridization of the wild-type DNA probe to the mutated target. This meant it was possible to selectively detect wild-type and Tp53 mutated DNA using the system developed. This study established a successful foundation that can be used to enhance the development of an affinity biosensor that can be used to detect a known circulating tumour marker.  Although the gold SPEs used displayed a good performance, cost was a factor that was taken into account as the aim was to develop a low-cost sensor. Hence subsequent work employed the use carbon as the main electrode material.
     Having established the basis of an electrochemical biosensor for Tp53 mutations, in the chapters that follow, a series of improvements and optimisations will be presented which include: use of an amplification step to increase the concentration of target DNA, the use of carbon electrodes to reduce biological fouling and the introduction of a covalently linked DNA film through NHS/EDC modification as opposed to the semi-covalent Au-thiol approach shown in this chapter.  
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[bookmark: _Toc84528099]– DEVELOPING A ctDNA ASSAY USING A COMMON AND ESTABLISHED CANCER MUTATION - KRAS G12D
[bookmark: _Toc84528100]Introduction
    V-Ki-ras Kirsten rat sarcoma (KRAS) is a member of the RAS family of proteins which are a part of at least six signalling pathways in a healthy human cell. This gene, a Kirsten ras oncogene homolog from the mammalian ras gene family, encodes a protein (KRAS) that is a member of the small GTPase superfamily. KRAS protein relays signals instructing a cell to grow, divide or differentiate from outside the cell to the cell’s nucleus. KRAS protein also acts like a switch by converting signal transduction molecules: guanosine triphosphate (GTP) into guanosine diphosphate (GDP) [225] [226]. A single amino acid substitution is responsible for an activating mutation which occurs at position 35 on chromosome 12 changing glycine to aspartic acid in the protein structure.  KRAS is the most frequently mutated protein in human tumours with KRAS G12D being a specific variant and the transforming protein that results is implicated in various malignancies, including lung adenocarcinoma, mucinous adenoma, ductal carcinoma of the pancreas and colorectal carcinoma [227]. KRAS activated mutations drive cancer initiation, progression and drug resistance, directly leading to nearly a million deaths per year. KRAS mutations take place in approximately 90% of pancreatic cancers [228], 30% of lung cancers [229], 60% of thyroid cancers and 43% of colorectal cancers [86]. This chapter presents a KRAS G12D DNA oligonucleotide probe modified sensor which when coupled to a PCR reaction detects mutated amplicons from a significant background of human DNA and in particular KRAS wild-type sequences. The advantage of the approach is its simplicity.  A straight forward covalent attachment is used to couple a simple amine modified DNA sequence (e.g. no tethered labels or redox intercalators) to a simple screen printed carbon electrode which is then interrogated using cyclic voltammetry (CV) to reveal DNA hybridisation and thus mutation detection in potassium ferri-ferrocyanide solution.  Besides the simplicity of using carbon electrodes, the signals obtained after pre-treatment are undistorted, well-defined and reproducible. Due to the ease of the approach presented herein and the choice of steps employed in the assay, the system can be very easily automated and integrated into a final device capable of fast and seamless clinical measurements. Since the assay has been deliberately engineered to be simple, low cost and employs well established methodologies such as PCR, the hope is that it will lead to faster clinical adoption.

[bookmark: _Toc84528101]Methods
[bookmark: _Toc84528102]Genomic DNA sample preparation   
   For assay development, copies of the KRAS pG12D mutant and wild-type DNA were amplified from genomic DNA (gDNA) isolated from SK-UT-1 cells.  Levels of both mutant and wild-type DNA were determined using ddPCR assays (KRA p.G12D c.35G>A, assay ID dHsaCP000001and KRAS WT for p.G12D c.35G>A, assay ID dHsaCP2000002) in combination with a QX200TM Droplet DigitalTM PCR system (Biorad Laboratories Ltd, UK) following the manufacturer’s instructions.  Briefly, 5-10ng of gDNA isolated from SK-UT-1 cells- was mixed with ddPCR Supermix for probes (N0 dUTP) and florescein amidite (FAM)-labelled KRAS p.G12D primers/probe and hexachloro-fluorescein 9 (HEX)-labelled KRAS WT primers/probes, in the presence of restriction enzyme and in a volume of 20μl.  Reaction samples were loaded onto a DG8TM cartridge with 70μL of Droplet Generation Oil for Probes according to the Droplet Generator Instruction Manual (Biorad Laboratories Ltd, UK). PCR cycling conditions for the generated droplets were as follows: initial enzyme activation at 95 oC for 10 minutes, followed by 40 cycles of denaturation at 94 oC for 30 seconds, and annealing/extension at 55 oC for 1 minute, after which ended with a final enzyme deactivation at 98 oC for 10 minutes. Data acquisition after thermal cycling, was performed using the QX200 Droplet Reader and the QuantaSoft Software (Biorad Laboratories Ltd).

[bookmark: _Toc84528103]KRAS G12D DNA probe design
   The design of PCR primers and probes used for the analysis in this study was based on the published sequence of KRAS pG12D under accession number NC_000012.12  [230]. Specific probe sequences for the G12D mutant and wild-type KRAS sequences were designed, specifically for optimal discrimination of single base pair changes.  Previous work on electrochemical detection of single base pair changes has demonstrated enhanced discrimination and optimal signal levels when the mutation is placed close to the centre of the probe sequence [131]. Amine-modified synthetic oligonucleotides (KRAS G12D) designed with 5’ to 3’ ends as shown in Table 12 with a concentration of 200µM was obtained from Sigma-Aldrich, UK and stored at -80 oC prior to aliquoting for use as probes. A wild-type probe (without the mutant base) was also designed for use as negative control.  DNA probe stocks were diluted to a concentration of 20 µM in 0.1 x PBS just before use. 



Table 12: List of KRAS pG12D DNA sequences employed in this study. 
	KRAS pG12D Probe and primer Sequences

	23 bases wild-type Probe

	AGTTGGAGCTGGTGGCGTAGGCA

	23 bases Mutant Probe

	AGTTGGAGCTGATGGCGTAGGCA

	Forward PCR Primer (wild-type)

	TGTGGTAGTTGGAGCTGGTG

	 Forward PCR Primer (Mutant)

	TGTGGTAGTTGGAGCTGATG

	Reverse PCR Primer

	TTGTGGACGAATATGATCCAACA

	Synthetic Oligonucleotide sequence (wild-type probe)
	ATGACTGAATATAAACTTGTGGTAGTTGGAGCTGGTGGCGTAGGCAAGAGTGCCTTGACGATACAGCTAATTCAGAATCATTTTGTGGACGAATATGATCCAACAATAGAGGATTCCTACAGGAAGCAAGTAGTAATTGATGGAGAAACCTGTCTCTTGGATATTCTCGACACAGCAGGT

	Synthetic Oligonucleotide sequence (Complementary wild-type strand)
	ACCTGCTGTGTCGAGAATATCCAAGAGACAGGTTTCTCCATCAATTACTACTTGCTTCCTGTAGGAATCCTCTATTGTTGGATCATATTCGTCCACAAAATGATTCTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCACCAGCTCCAACTACCACAAGTTTATATTCAGTCAT

	Synthetic Oligonucleotide sequence (Mutant probe)
	ATGACTGAATATAAACTTGTGATAGTTGGAGCTGATGGCGTAGGCAAGAGTGCCTTGACGATACAGCTAATTCAGAATCATTTTGTGGACGAATATGATCCAACAATAGAGGATTCCTACAGGAAGCAAGTAGTAATTGATGGAGAAACCTGTCTCTTGGATATTCTCGACACAGCAGGT

	Synthetic Oligonucleotide sequence (Complementary mutant strand)
	ACCTGCTGTGTCGAGAATATCCAAGAGACAGGTTTCTCCATCAATTACTACTTGCTTCCTGTAGGAATCCTCTATTGTTGGATCATATTCGTCCACAAAATGATTCTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCAACTATCACAAGTTTATATTCAGTCAT






[bookmark: _Toc84528104]KRAS G12D Amplification
   Primer BLAST software was used to design the PCR primers employed in this study. Many primers were optimised to obtain specific identification for this target, and eventually the primers specified in Table 12 were used. The forward primers had a GC content of 55 % while the reverse primer had a GC content of 39.13 % with an estimated product length of 88. The self-complementarity of the primers used for the PCR amplification were scored as 4.00 and below, ensuring that the primers would not bind to themselves. 
PCR: For standard PCR amplification, samples of extracted wild-type and KRAS G12D mutated DNA were amplified using the HotStar Taq plus DNA polymerase with 10×PCR Buffer, dNTP mix, Q-solution, and primer solutions (Qiagen, UK). Template DNA (≤1 μg/100 μl reaction) was added to individual PCR tubes containing the pre-prepared reaction mix and the thermal cycler was programmed to start with an initial heat-activation step at 95 °C for 5 minutes. Temperature specifications for denaturing, annealing, and extending were set at 1 minute for 94 ᴼC, 65 ᴼC, and 72 ᴼC respectively. A final extension for 10 minutes at 72 ᴼC was set and PCR conditions were systematically varied by employing cycle numbers of 20, 25, and 30. PCR amplification of wild-type and KRAS G12D samples was performed using the mini-PCR thermal cycler and amplicons were characterised using the mini-PCR blueGel Analyser with 1 % agarose gel electrophoresis at 140 V for 40 minutes [196].

[bookmark: _Toc84528105]Electrochemical Measurements and Surface Functionalisation
    DNA hybridisation experiments were performed using a covalently attached layer of single stranded DNA probes.  The surface functionalisation protocol is illustrated in Figure 9. To prepare the surface of the carbon electrodes for DNA probe attachment it was necessary to first use a surface pre-treatment by applying 1.4 V for 1 min in 0.5 M acetate buffer solution (ABS) containing 20 mM NaCl 8 (pH 4.8) via CV. Next, 2 mM NaNO2 solution with 2 mM 4-aminobenzoic acid was prepared in 0.5 M HCl and stirred for about 5 mins at room temperature to produce a diazonium compound. The activated diazonium solution was then scanned using CV from +0.4 to -0.6 V at a scan rate of 100mV/s followed by a wash with DI water.  The resulting 4-carboxyphenyl (AP) film was activated on the electrode surface with 100 mM EDC and 20 mM NHS in 100 mM MES buffer (pH 5.0) for 60 minutes to form an ester that allowed for efficient conjugation to the amine-modified ssDNA probe. Ferricyanide buffer (5 µM) was used to characterise the sensor surface. Unless specifically stated, all the reported steps and measurements were carried out at room temperature.

[bookmark: _Toc84528106]Work-flow 
   The multi-SPCEs were pre-treated using two different pre-treatment methods (20 mM NaCl and 3 M NaOH) using specifications stated in section 3.2.6.  Initial SPCE surface characterisation on bare SPCE, and pre-treated SPCE was done using a scanning electron microscope (SEM). Both pre-treatment effects were then compared using two different redox characterisation buffers (1mM ferri-ferrocyyanide in 0.1 X PBS and 1mM ruthenium hexamine in 0.1 XPBS) and their electrochemical response was recorded using CV measurements. The SPCEs were functionalised using protocols stated in section 3.2.6 and each functionalisation step was further characterised using DPV in both ferri-ferrocyanide and ruthenium redox buffers. After establishing an optimum characterisation surface and buffer for the SPCEs, DNA samples isolated from patients were analysed using ddPCR to quantify the levels of mutant KRAS pG12D and wild-type KRAS DNA. PCR amplification using HotStarTaq Plus DNA was used to amplify the mutants in the representative clinical sample and gel electrophoresis was carried out to confirm the presence of amplicons. 
     Assay stability was explored by performing repeated CV measurements simultaneously on all eight electrodes (multi SPCE). DNA hybridisation using custom made pG12D oligonucleotide probes and PCR amplicons were carried out using CV to determine assay selectivity. All amplicons were denatured at 95O for 5 minutes prior to immobilisation. Further DNA hybridisation using CV was done using non-amplified isolated DNA samples and custom made pG12D oligonucleotide targets to confirm assay specificity. The amplification reaction for the assay was optimised by investigating the effect of PCR thermal cycling numbers on the signals obtained after DNA hybridisation. This optimisation was characterised using EIS and CV measurements.
    A dilution series was carried out on the PCR amplicons from the optimum amplification reaction result obtained and used to analyse dose response upon DNA hybridisation. Finally, different hybridisation targets were compared to ascertain the sensitivity level of the assay. Target controls used were ultra-pure water, blood plasma and DNA amplicons spiked in plasma. Measurements for both dose response and target control analysis were recorded using CV.

[bookmark: _Toc84528107]Results and discussion
[bookmark: _Toc84528108]Scanning electron microscopy (SEM) characterisation
   The surface of the multi-carbon SPCE was characterised using scanning electron microscopy (SEM). The surface topography showed good definition of carbon particles and the surface morphology observed showed that a larger real surface area than the geometric area was apparent. This large difference between the real and geometric area can be attributed to the very rough and porous nature of the carbon electrode material. This would ordinarily represent a problem for gold electrodes where a rough porous surface would impair coherent SAM formation via gold-thiol attachment, but here because of the covalent nature of the surface functionalisation chemistry, the roughness and porosity of the electrode surface will not have the same impact on assay performance. In the lower magnification image (Figure 26), the electrode surface reveals the presence of a highly interconnected and uniform carbon network, creating a high surface area.
[image: ]
[bookmark: _Toc84519621]Figure 26: SEM image of a bare SPCE at (A) x 1.0K (B) x 5.0K and (C) x 100 magnifications 

0. [bookmark: _Toc84528109]Characterisation of the pre-treated electrode surface
    In order to compare the effect of surface pre-treatment on the SPCEs, the surfaces of both NaCl pre-treated and NaOH pre-treated SPCEs were characterised using SEM.  (Figures 27 And 28) depicts typical SEM images of the electrodes at different magnitudes. Surface roughness is observed in NaOH pre-treated SPCEs (Figure 27 A-C) suggesting that the organic binders are largely removed and the carbon particles are clearly exposed at the electrode surface. 
[image: ]
[bookmark: _Toc84519622]Figure 27:  SEM image of a NaOH- pre-treated SPCE at (A) x 1.0K (B) x 5.0K and (C) x 100 magnifications 
   The surface of the NaCl pre-treated SPCEs showed fewer defects so it was determined that NaCl solution provides a mild and effective pre-treatment condition for the SPCE. A predominantly homogenous particle size is observed with only a few voids across the surface profile (Figure 28 A – C). Overall, the results show that cleaning the electrodes prior to use is effective and NaCl pre-treatment was selected as the most optimum for this assay.
[image: ]
[bookmark: _Toc84519623]Figure 28: SEM image of a NaCl – pre-treated SPCE at (A) x 1.0K (B) x 5.0K and (C) x 100 magnifications


[bookmark: _Toc84528110]SPCE surface characterisation in electrolyte solution
   Prior to the functionalisation of the SPCE used and the immobilisation of probe and target DNA, it was necessary to measure the electrochemical response of the carbon SPCE surface using an optimum redox buffer. This was done using CV and the result is shown in Figure 29. 
[image: ]
[bookmark: _Toc84519624]Figure 29: SPCE pre-treated surfaces (Bare, NaCl and NaOH treated) characterised in ferri-ferrocyanide and ruthenium redox buffers
   Ruthenium buffer characterisation on all the surfaces including NaCl and NaOH pre-treated surfaces exhibited poor charge transfer properties compared to characterisation using the ferri-ferrocyanide redox couple. Although the bare SPCE characterised using ferri-ferrocyanide buffer showed the highest oxidative peak current, the observed effects of pre-treatment from SEM Figures 26-28 were taken into account. 
[bookmark: _Toc84528111]Characterisation of SPCE through the process of bio-functionalisation
    Having characterised the electrode sensors without modification, it was then necessary to move through the different functionalisation steps needed to produce a working sensor and see how each step impact upon the electrochemical response. The use of a SPCE with multiple working electrodes allows each electrode to be individually modified whilst rapidly carrying out simultaneous measurement of peak currents and charge transfer resistance. This work was necessary because it was important to understand how the various modification steps affected the electrochemistry of the system and confirm successful modification of the SPCE surface through the expected changes before it was possible to move onto measurements with ctDNA targets.
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[bookmark: _Toc84519625]Figure 30: Examines the effect of two different redox agents on the DPV peak current after each functionalisation step on SPCE sensor response characterised using (A) 1mM ferri-ferrocyanide buffer in 0.1 x PBS and (B) 1mM ruthenium hexaminechloride in 0.1 x PBS:

    Figure 30 shows the effect of each modification step on DPV peak current using ferri-ferrocyanide. The low peak current observed after diazonium reduction can be attributed to the thickness of the film resulting from the covalent bonds created on the surface of the electrode. In Figure 30 (B), this effect is reversed and a higher peak current with two peaks are noted, suggesting a high sensitivity to the organic films. From the ferri-ferrocyanide characterisation, the NHS-EDC peak reflects both coupling initiation and activation on the surface of the electrode which results in an enhanced oxidation due to a neutrally charged NHS ester, leading to a negative potential shift and an increase in peak current. DNA is negatively charged and thus resulted in a decrease in peak current when immobilised on the sensor surface. There is also an electrostatic repulsion between negative ferri-ferrocyanide ions and the negative phosphate group in the DNA structure. The double peaks from the ruthenium hexaminechloride characterisation make it more difficult to identify the correct peak current. In this case, the right hand peak can be attributed to the ruthenium hexamine chloride redox reaction from free solution and the smaller smeared out left hand peak to the ruthenium redox reactions taking place at higher potentials because the redox reporter is trapped in organic layers and electrostatically associating with the DNA strands on the probe modified electrode surface. The multiplexed analysis utilised greatly reduced the analysis time because of the high throughput of samples and minimised reagent consumption. After introducing the probe solution to the surface of the modified electrodes, the remaining active groups on the electrode were blocked using ethanolamine to produce a consistent sensing layer in order to facilitate DNA specificity and stability in terms of the DNA binding response. Blocking the free surface on the electrode resulted in an increase in peak current in ferri-ferrocyanide characterisation. A single but decreased current peak is shown in Figure 30 (B) after blocking and this can be attributed to the sensitivity of ruthenium hexaminechloride to the consistent layer on the outer surface of the electrode. Similar results observed from the ferri/ferrocyanide redox couple is shown in Figure 31 using cyclic voltammetry measurement technique on the same sample. The findings from these modification characterisations are in line with previous studies [47-49] and noting the observations on SPCEs, going forward, the optimal characterisation buffer for these studies is ferri/ferrocyanide redox buffer.
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[bookmark: _Toc84519626]Figure 31: CV results showing the effect of different modifications on the signal changes recorded from the surface of the SPCE using ferri/ferrocyanide redox buffer

[bookmark: _Toc84528112]Assay development and DNA Amplification 
[bookmark: _Hlk84158644]Prior to carrying out any work on the electrochemical detection of the KRAS G12D mutation, it was necessary to first confirm the presence of mutated DNA in the representative clininal sample. These samples were obtained from cancer patients and employed for assay development to give confidence that the sensor indeed could work with clinical samples.  Initial analysis was done using droplet digital PCR on DNA samples isolated from patients.  From Figure 32, it can be seen that the levels of mutated KRAS G12D gDNA were low (~4 copies/ng of total DNA) compared to the wild type KRAS (~550 copies/ng of total DNA). The standard deviation reflects the variation obtained from the experimental replicas.  This finding was reassuring, i.e. that KRAS G12D mutations were present in the assay samples but underlined the analytical challenge of amplifying the mutation against a high background of wild-type KRAS DNA sequences and also the high genomic DNA background more generally. Primers used for the PCR amplification were tailored to selectively amplify the mutant target by varying a single nucleotide.
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[bookmark: _Toc84519627]Figure 32: Clinical sample obtained contains copies of KRAS pG12D mutant and wild-type detected in total DNA isolated from SK-UT-1 human uterine cell line
    A mismatch primer that was fully complementary to the template DNA strand was vital in amplifying the mutant strands in the wild-type sample pool. Successful KRAS pG12D mutation amplification was confirmed by electrophoresis using agarose gel as shown in Figure 33. The lower brightly coloured bands representing the target mutation are very visible with an amplicon size of around 80 bp while the upper faintly coloured bands suggest non-specific amplification. The results from the gel electrophoresis demonstrates the excellent specificity of the primers employed for amplifying the corresponding mutant gDNA from the human uterine cell line.
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[bookmark: _Toc84519628]Figure 33: Gel electrophoresis showing successful amplification of KRAS pG12D
[bookmark: _Toc84528113]Assay stability
With a functionalised electrode surface, it became necessary to evaluate the stability of the multi-carbon electrode chip after probe introduction. The repeatability of the proposed sensor was evaluated by performing 8 replicates using the same SPCE sensor and ferri-ferrocyanide solution (Figure 34). The data (n=8) shows less variation and more consistency in the signal change.  This shows good reproducibility of the SPCE sensor when functionalised with DNA and means that the measurements are easier to interpret. All ferri-ferrocyanide solutions were cycled on the 8-chip multi-electrodes (un and DNA functionalised) × 3 times using CV scans from +0.4 to -0.6 V at a scan rate of 100mV/s with current ranges between 10 nA and 10 mA.


[image: ]
[bookmark: _Toc84519629]Figure 34: CV results showing repeated cycling of (a) KRAS G12D probe functionalised electrodes (b) KRAS G12D amplicons over 8-chip multi-electrodes using the same current and voltage inputs.

[bookmark: _Toc84528114]KRAS pG12D DNA hybridisation
    Having established both the presence of low copy numbers of KRAS pG12D mutations in the sample and an amplification reaction which could produce either mutated or wild-type amplicons depending on primer choice, the next stage involved successfully establishing an electrochemical measurement to verify the presence of either wild-type or mutant DNA. Both wild-type and mutated KRAS pG12D DNA oligonucleotide probes were used to determine the selectivity of the hybridisation technique.  
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[bookmark: _Toc84519630]Figure 35: CV results showing hybridization selectivity between a (a) wild-type probe (b) mutant probe and a representative clinical sample containing PCR amplified KRAS G12D mutant allele with a total KRAS G12D ssDNA concentration of 0.854 ng/µl
   One aim of these experiments was to monitor whether the wild-type and mutant probe would give rise to differential levels of signal following exposure to mutant-amplified KRAS samples. The pre-hybridisation peak currents for the sets of electrodes used for the immobilization of the mutant and wild-type probes should ideally be similar. The differences observed between sensors in terms of absolute current can be explained by variations in the surface roughness of the electrodes which could have occurred during the ink deposition process giving rise to different active areas and differential coverages of the electrodes during electro-grafting and DNA attachment. A lower signal change is noted between the pG12D wild-type probe and the mutant-amplified KRAS pG12D sample (Figure 35 a) indicating no significant hybridisation.  It was highly satisfying that the largest decrease in both the oxidative and reductive peak currents were observed between the mutant probe and the amplified KRAS mutants as shown in Figure 35 b. These findings were very encouraging, i.e., that the surface tethered KRAS pG12D wild-type and mutant probe sequences could in fact discriminate between the amplified sample containing the PCR amplicons.

[bookmark: _Toc84528115]KRAS pG12D Assay specificity 
       In order to evaluate the specificity of the assay, the ability of the probe modified electrodes to discriminate between KRAS pG12D mutant amplicons and wild-type KRAS sequences was explored.  To investigate specificity levels and gain an initial impression of assay sensitivity, a series of electrodes were functionalised with KRAS pG12D mutant probe.
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[bookmark: _Toc84519631]Figure 36: (A) KRAS pG12D complementary oligonucleotide hybridisation (B) KRAS pG12D non-amplified gDNA hybridisation (C) Successful amplification of KRAS G12D mutants further confirmed by a large reduction in both oxidative and reductive peak currents between mutant probe and G12D mutant amplicons
   For this study, the electrodes employed were comfortably on the macro scale (diameter = 2.95 mm), therefore, a reduction in peak current was expected when specific DNA hybridisation took place and this was found to be the case.  The probe modified electrodes were tested with:  synthetic mutant KRAS oligonucleotides (Figure 36 (A)), non-amplified samples containing wild-type KRAS and the pG12D KRAS mutation (Figure 36 (B)), and amplicons from the PCR reaction, which contained amplified KRAS pG12D mutations (Figure 36 (C)). Measurement upon hybridisation with these targets showed different results. 
Confirmation of sensor specificity was carried out by using a synthetic oligonucleotide as a target and demonstrating that a single base pair difference could be measured. Small reductions in the peak current were observed (16.67 % signal change) as shown in Figure 36 (A). The test involving hybridised unamplified samples containing a very low concentration of the pG12D KRAS mutation against a wild-type background (Figure 36 (B)) also showed reductions in oxidative peak current (25 % signal change), suggesting a partial hybridisation.
 Next, in order to confirm that the primer design was successful and only the mutant alleles in the sample were amplified, the PCR products were used as targets. The amplified mutant alleles were detectable and the difference in Figure 36 (C) is clearly selective as the peak current of the amplified sample using a mutant probe show a decreased oxidative (60 % signal change) and reductive peak currents compared to the oligonucleotide and non-amplified samples. It was encouraging that the largest decrease in both the oxidative and reductive peak currents were observed between the mutant probe and the amplified KRAS mutants.



[bookmark: _Toc84528116]Assay optimisation
    With the basis of the assay established, i.e. PCR primer specificity, ssDNA probe specificity, and electrochemical signal changes of the correct direction and magnitude, it was important to investigate whether dose-response effects could be established and whether an optimal number of PCR cycles could be identified to reduce sample to result time.  First of all, it was decided to investigate the effect of the number of PCR cycles employed for amplification on the electrochemical signal change post hybridisation.  For this work, both cyclic voltammetry (CV) and electrochemical impedance (EIS) measurements were performed in order to determine whether consistent behaviour was observed using the two techniques.  

PCR Thermal cycling optimisation
  Figure 37 shows two example of impedance results showing the changing signal levels for electrodes incubated with PCR product generated from 25 and 30 cycle reactions.  It can be seen that the increase in the charge transfer resistance (RCT) semi-circle was as expected and equivalent circuit fitting using the well-established Randles’ equivalent circuit.  
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[bookmark: _Toc84519632]Figure 37: EIS responses for clean, probe modified and target bound electrodes following 25 PCR cycles (a) and 30 PCR cycles (b) and (c) CV results showing the correlation between oxidative and reductive peak currents and PCR cycle number (n=3).
   For clarity, the expected trend was observed in that RCT increased from clean electrode, to ssDNA mutant probe modified surface, to target hybridisation with all steps providing clear indication of increased blocking of the electrode surface.  Furthermore, the increase in RCT from the probe modification to the target hybridisation step was greater for the 30 cycle PCR reaction when compared to the 25 cycle reaction hinting at a dose response effect, since the 30 cycle reaction would have produced significantly more PCR product (see Figure 38 for RCT values).  This was an encouraging finding but repeated functionalisation with ssDNA probe and target hybridisation across multiple sensor chips led to a wide range of impedance responses, including a shift in the solution resistance which might have been due to ionic concentration or temperature,  and subsequently, a profile that was difficult to fit to any established equivalent circuit.  
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[bookmark: _Toc84519633]Figure 38: Equivalent circuit models of the impedance spectra recorded for SPCE (a) 25 PCR thermal cycles pre-hybridisation (b) 25 PCR thermal cycles post-hybridisation (c) 30 PCR thermal cycles pre-hybridisation (d) 30 PCR thermal cycles post-hybridisation
   
    Due to this high variation in the impedance response it was decided to focus on voltammetry measurements because these showed high consistency across sensor chips with variation in signal profile significantly reduced.   Figure 37 C shows an example response and how both the reductive and oxidative currents reduced in a systematic fashion as PCR cycle number increased.  This finding was encouraging because it demonstrated clear discrimination between the baseline response and the response following incubation with a 20 PCR cycle KRAS G12D amplicon meaning detection was possible in as few as 20 PCR cycles. Although the DNA products amplified at 30 cycles in Figure 37 OC showed the highest difference in both the peak and oxidative currents, the optimal thermal cycle time for a very sensitive assay proposed for the sensor development is 25 cycles as this takes 110 minutes as opposed to 140 minutes for 30 cycles and 90 minutes for 20 cycles. In total, the DNA isolation from blood, clean up and PCR amplification at 25 cycles takes approximately 150 minutes. The ctDNA target incubation takes approximately 60 minutes while the voltammetric and EIS pre and post hybridisation measurements for each electrode takes less than 10 minutes. This gives a total of 3.5 hours.

[bookmark: _Toc84528117]KRAS G12D concentration response
   Determining the optimal immobilised probe concentrations to enable enhanced CV and EIS detection was paramount. After looking at PCR reaction length, it was necessary to investigate concentration response effects to confirm potential for quantitation. In Figure 39 (a), the concentration response for a 25 cycle PCR product diluted to different concentrations was explored in order to gain an impression of potential detection limits. The sample with the lowest concentration (1.4875 ng/µl) showed the lowest reduction in oxidative peak current post hybridisation. This is very important as the concentration of circulating free DNA released by tumour cells is usually in proportion to the stage of cancer [233]. The ctDNA concentration response shown in Figure 39 (b) show a clear dose response effect which predicts that an increase in ctDNA, per unit concentration, will result in a larger electrochemical signal response.
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[bookmark: _Toc84519634]Figure 39: (a) ctDNA response at different concentrations using 25 thermal cycle PCR products (b) Concentration response relationship using CV reductive peak current values (n=1).

   ctDNA analysis is a potentially less                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     -invasive alternative to tissue biopsy analysis for tumour genotyping across all solid tumour types as it offers a quicker analysis time [234], [235]. Once the ctDNA biomarker is released, it appears in the blood throughout the early stages of a tumour thus presenting a very practical method for early diagnosis for capturing heterogeneity between tumours of the same type and in different patients [235]. The ability to successfully detect ctDNA KRAS mutations from patient samples in this study are in agreement with several previous studies [234][236], [237][238]. Electrochemical detection will quickly and accurately screen for cancer so treatment can be initiated as quickly as possible. In addition, this study shows the electrochemical sensor can be directly coupled to a standard PCR reaction which employs standard primers and reagents and does not require optimisation, meaning that amplification reactions for other ctDNA markers can be developed off chip and transferred directly into the assay to give a ctDNA panel.

[bookmark: _Toc84528118]DNA Target Controls
    After analysing the specificity of the developed DNA sensor, it was necessary to investigate the response effects using assay negative controls. In Figure 40 A, samples investigated “as Target hybridisation negative controls” were ultrapure water and human plasma. In these plots, low signal change arose from small reduction in oxidative peak current post hybridisation. The ultrapure water and plasma showed low signal changes upon hybridisation using a mutant probe. The standard deviation reflects the variation obtained from the experimental replicas.  This result is comparable with the hybridisation selectivity performed in Figure 36 with KRAS mutant DNA amplicons. 
   The wide error bars from the plasma immobilisation are assumed to be due to inter-electrode variability and different fragment lengths of non-specific DNA in plasma (especially wild-type KRAS) binding to the mutant probe. The hybridisation between the G12D mutant probe and plasma highlights the importance of mutant amplification and is very important as the concentration of circulating free DNA released by tumour cells is usually in proportion to the stage of cancer [233].This is key as the level of cancer-associated mutations detected in circulating free DNA generally corresponds with tumour burden [233]. After exploring DNA hybridisation controls, it was necessary to investigate concentration response effects to confirm potential for quantitation. In Figure 38 b, the concentration response for a 25 cycle PCR product diluted to different concentrations was explored in order to gain further impression of potential detection limits. The sample with the lowest concentration (0.027 ng/µl) showed the lowest percentage signal change upon hybridisation. Whilst a reduction in signal was observed after incubating both the mutant probes in samples of plasma spiked with DNA from the representative patient samples, it is important to note that signal reductions were not as large i.e., a whole mutant amplification reaction when incubated on the sensor brought about much larger decreases in signal, e.g. >80 %. This is important because at present, whilst dose response is achievable, the assay was run as a “threshold” test with interrogation of a whole amplification reaction giving rise to clear, detectable changes (above negatives) when the KRAS G12D mutation was present.
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[bookmark: _Toc84519635]Figure 40: (a) CV results showing DNA hybridization target controls using (i) G12D mutant probe in ultrapure water (ii) G12D mutant probe in human plasma (iii) G12D mutant probe in representative sample containing KRAS G12D mutant amplicons in plasma (b) CV result (% signal change) showing G12D amplicons concentration dose response

      This approach is well positioned to offer substantial cost and time savings to healthcare systems. Through optimisation and device integration, it is possible that considerable potential in terms of time to result and producing a result more quickly through use of isothermal DNA amplification techniques, integration with sample handling technologies and full optimisation of the electrodes and electrochemical measurements procedure, e.g. use of pulsed voltammetric techniques in order to heighten sensitivity is achievable.
   By combining a PCR reaction designed to amplify KRAS mutations from clinical samples, it has been possible to demonstrate the detection of G12D mutations by electrochemical means.  The electrochemical detection system employed was deliberately designed to be simple and utilise  low-cost materials in order to result in a cost-effective test once commercialised.  The generic nature of the techniques involved, i.e. surface attachment chemistry, PCR, ssDNA probes and electrochemical detection mean that the assay can be very easily enlarged by changing primer and probe sequences to match the mutations required.  For example, many common liquid biopsy markers: KRAS, TP53, BRCA1&2 can be detected via this method to give a panel of markers on the electrode array.  This will lead to the ability to screen for common cancerous mutations in fast times and at low cost in the clinical environment.  In addition to this, the approach can be used to monitor treatment response and give early warning of relapse.

[bookmark: _Toc84528119]Conclusion
   KRAS is used in the development of this sensor as it is the most frequently mutated protein in human tumours with KRAS G12D being a specific variation in the KRAS protein. Some limitations have been presented in establishing patient suitability for targeted treatments.  For instance, treatment with the anti-epidermal growth factor receptor (EGFR) drugs, panitumumab and cetuximab is ineffective in cancers that have mutations in the RAS pathway genes. This means resistance to therapy can occur whether these mutations develop prior to, or with treatment meaning that mutation profiling is necessary [3].
   Other ctDNA sensing platforms have utilized different electrodes like gold [239] or platinum [240]. A disadvantage in using these electrodes is that they are not cost effective and in turn might make the disposable attribute which is essential for a PoC device, a challenge. Carbon electrodes are chemically inert at negative potential ranges in all media giving them an advantage over metal electrodes [162]. The simplicity, sensitivity and affordability of carbon electrodes made them suitable as electrodes for characterizing the processes employed. For the voltammetry measurements carried out, different voltage and scan ranges were selected depending on if the electrodes needed to be cleaned, electro grafted or characterised for sensor measurement.
   It was possible to design a PCR reaction capable of amplifying either mutant KRAS pG12D or wild-type KRAS through primer choice from patient samples.  In parallel, an electrochemical detection scheme involving cyclic voltammetry and carbon screen printed electrodes was developed and shown through a series of comparative measurements to be sensitive and specific for the KRAS pG12D mutation.  Electrochemical impedance spectroscopy measurements were halted due to the inconsistency of the response and difficulties with equivalent circuit fitting.  Cyclic voltammetry measurements provided the desired response and showed detection was possible from samples containing 4 copies/ng total DNA in as few as 20 PCR cycles.  In addition, the response was found to be consistent, i.e. large signal decreases being evident upon amplification of the mutant allele, offering promise of quantitation of mutant sequences from clinical samples. Sources of potential signal contamination were examined and found to not contribute significantly to the analytical response, giving confidence that signal changes were not due to other binding effects from the sample solutions. These results raise the prospect of simple, rapid,  cost-effective measurement of nucleic acid tumour markers from blood and other body fluids.


[bookmark: _Toc84528120]-  DEVELOPING A ctDNA ASSAY USING A COMMON AND ESTABLISHED CANCER MUTATION - KRAS G13D
[bookmark: _Toc84528121]Introduction
    After establishing this assay for one ctDNA marker, the panel will now be expanded by targeting other clinically significant mutations of the KRAS gene. KRAS G13D is associated with a better prognosis than the mutations in codon 12 in specific cancers e.g. colorectal cancers [241]. In KRAS pG13D, the guanine base is substituted by adenine at position 38 i.e., (KRAS c.38 G>A, GGC → GAC) resulting in a mutation. 
    This work presents a G13D DNA oligonucleotide probe modified sensor array that can accurately detect mutant KRAS amplicons and therefore forms the basis of a system for the accurate detection of ctDNA in patient samples and monitoring of response during treatment. This was achieved by amplifying mutant DNA isolated from human cancer cell line (HCT116) recovered from clinical samples, using electrochemical techniques and SPCEs to detect a clinically relevant mutation, comparing the signal change from DNA hybridisation experiments involving wild-type KRAS and amplified KRAS mutant samples, varying concentration of amplified products to determine concentration effects and establishing a limit of detection for the DNA amplification reaction. In this study, both DPV and CV were used depending on whether electrodes needed to be cleaned, electrografted, or characterised during sensor measurement. Different voltage and scan ranges were selected for the measurements carried out. Due to the simplicity of the approach presented herein and the choice of steps employed in the assay, the system can be very easily automated and integrated into a final device capable of fast and seamless clinical measurements.  

[bookmark: _Toc84528122]Methods
[bookmark: _Toc84528123]Genomic DNA sample preparation   
   Copies of the KRAS pG13D mutant and wild-type DNA were amplified from genomic DNA (gDNA) isolated from SK-UT-1 cells.  Levels of both mutant and wild-type DNA were determined using ddPCR assays (KRA p.G13D c.38 G>A, assay ID dHsaCP000001and KRAS WT for p.G13D c.38 G>A, assay ID dHsaCP2000002) in combination with a QX200TM Droplet DigitalTM PCR system (Biorad Laboratories Ltd, UK) following the manufacturer’s instructions.  Briefly, 5-10ng of gDNA isolated from SK-UT-1 cells- was mixed with ddPCR Supermix for probes (N0 dUTP) and florescein amidite (FAM)-labelled KRAS p.G13D primers/probe and hexachloro-fluorescein 9 (HEX)-labelled KRAS WT primers/probes, in the presence of restriction enzyme and in a volume of 20μl.  Reaction samples were loaded onto a DG8TM cartridge with 70μL of Droplet Generation Oil for Probes according to the Droplet Generator Instruction Manual (Biorad Laboratories Ltd, UK). PCR cycling conditions for the generated droplets were as follows: initial enzyme activation at 95 oC for 10 minutes, followed by 40 cycles of denaturation at 94 oC for 30 seconds, and annealing/extension at 55 oC for 1 minute, after which ended with a final enzyme deactivation at 98 oC for 10 minutes. Data acquisition after thermal cycling, was performed using the QX200 Droplet Reader and the QuantaSoft Software (Biorad Laboratories Ltd).


[bookmark: _Toc84528124]KRAS G13D DNA probe and primer design
   Specific probe sequences for the G13D mutant and wild-type KRAS sequences were designed, specifically for optimal discrimination of single base pair changes[131].  The design of PCR primers and probes used for the analysis in this study was based on the published sequence of KRAS pG13D under accession number NC_000012.12  [230]. Amine-modified synthetic oligonucleotides (KRAS G13D) designed with 5’ to 3’ ends as shown in Table 13 with a concentration of 200µM were obtained from Sigma-Aldrich, UK and stored at -80 oC prior to aliquoting for use as probes. A wild-type probe (without the mutant base) was also designed for use as negative control.  DNA probe stocks were diluted to a concentration of 2 µM in 0.1 x PBS just before use. 
Table 13: List of KRAS pG13D DNA sequences employed in this study. 
	KRAS pG13D Probe and primer Sequences

	23 bases wild-type hybridisation Probe
	TGGAGCTGGTGGCGTAGGCAAGA

	23 bases Mutant hybridisation Probe
	TGGAGCTGGTGACGTAGGCAAGA

	PCR Forward Primer (wild-type)
	TGTGGTAGTTGGAGCTGGTG

	PCR Forward Primer (Mutant)
	TGTGGTAGTTGGAGCTGATG

	PCR Probe (Mutant)
	TCTTGCCTACGCCACCAGCTCCA

	PCR Reverse Primer
	TTGTGGACGAATATGATCCAACA

	RPA Forward KRAS Primer
	ATCAAAGAATGGTCCTGCACCAGTAATATGC

	RPA wild-type Reverse KRAS Primer
	TGAATATAAACTTGTGGTAGTTGGAGCTGGTG

	RPA Mutant KRAS Primer
	TGAATATAAACTTGTGGTAGTTGGAGCTGATG



[bookmark: _Toc84528125]KRAS G13D amplification
Phusion PCR: The quick start protocol and reaction setup guide for the phusion blood direct PCR kit outlined by Thermo fisher, UK [195]  was used to amplify the mutants in the total isolated DNA. 2x Phusion blood PCR Buffer, Phusion blood II DNA polymerase, MgCl2, EDTA, DMSO, and primer solutions with varied volumes and concentrations were all included in the reaction mix and dispensed into appropriate PCR tubes. Template DNA (≤1 μg/100 μl reaction) was added to the individual PCR tubes containing the reaction mix and the thermal cycler was programmed to start with an initial heat-activation step at 95 °C for 5 minutes. Temperatures specifications for denaturing, annealing and extending were set at 1 minute for 94 ᴼC, 65 ᴼC and 72 ᴼC respectively. A final extension for 10 minutes at 72 ᴼC was set and PCR conditions were adjusted. Phusion PCR was performed using the mini-PCR thermal cycler and PCR amplification products were confirmed using mini-PCR blueGel at 1 % agarose gel electrophoresis at 140 V for 40 minutes [196].

RPA isothermal amplification: The quick start protocol and reaction setup guide for the TwistDx kit as outlined by TwistDx limited [139] was used to amplify the mutants in the total isolated DNA. 2x PCR Buffer, dNTP mix, 10x basic E-mix, core reaction mix, master mix, MgOAc, and primer solutions with varied volumes and concentrations were all included in the reaction mix and dispensed into appropriate PCR tubes.  Template DNA (≤1 μg/100 μl reaction) was added to the individual PCR tubes containing the reaction mix. RPA was performed using the mini-PCR thermal cycler at a constant temperature of 40 ᴼC for 30 minutes. RPA amplification products were confirmed using mini-PCR blueGel at 1 % agarose gel electrophoresis at 140 V for 40 minutes [196].

[bookmark: _Toc84528126]Electrochemical Measurements and Surface Functionalisation
    DNA hybridisation experiments were performed using a covalently attached layer of single stranded DNA probes.  The surface functionalisation protocol is illustrated in Figure 9.  To prepare the surface of the carbon electrodes for DNA probe attachment it was necessary to first use a surface pre-treatment by applying 1.4 V for 1 min in 0.5 M acetate buffer solution (ABS) containing 20 mM NaCl 8 (pH 4.8) via CV. Next, 2 mM NaNO2 solution with 2 mM 4-aminobenzoic acid was prepared in 0.5 M HCl. and stirred for about 5 mins at room temperature to produce a diazonium compound. The activated diazonium solution was then scanned using CV from +0.4 to -0.6 V at a scan rate of 100mV/s followed by a wash with DI water.  The resulting 4-carboxyphenyl (AP) film was activated on the electrode surface with 100 mM EDC and 20 mM NHS in 100 mM MES buffer (pH 5.0) for 60 minutes to form an ester that allowed for efficient conjugation to the amine-modified ssDNA probe. Work done using CNT-modified SPCEs involved an electrode activation step using NaOH (Described in section 3.2.7) prior to the functionalisation procedure stated above. Ferricyanide buffer (5µM) was used to characterise the sensor surface. Unless specifically stated, all the reported steps and measurements were carried out at room temperature.

[bookmark: _Toc84528127]Work-flow 
    Comparison between NaCl and NaOH pre-treatment effects on DNA hybridisation was carried out for further SPCE assay development tailored for KRAS pG13D using custom made KRAS pG13D oligonucleotides. These measurements were recorded using SWV.  Sensor reproducibility was explored by recording DPV measurements simultaneously on multi-SPCEs. The assay was optimised by comparing pre-treatment (NaCl and NaOH) effects and redox buffers (1mM ferri-ferrocyanide and 1mM ruthenium hexamine) on DNA hybridisation using pG13D oligonucleotide probes. These measurements were recorded using CV. ddPCR was used to quantify the copies of KRAS pG13D mutant and KRAS wild-type DNA in the representative clinical samples prepared. Amplification of the mutant KRAS was carried out using a phusion PCR kit using the protocol outlined in section 3.2.11. Gel electrophoresis and Qubit fluorometer was used to confirm the presence of amplicons and all amplicons were denatured at 95O for 5 minutes prior to immobilisation.
     KRAS pG13D wild-type and mutant probes were hybridised with genomic KRAS pG13D ssDNA and measurements were performed using DPV. An isothermal amplification of mutant DNA in the representative sample was done using a RPA kit following protocol outlined in section 3.2.10. Comparison of KRAS pG13D DNA hybridisation signals using PCR and isothermal amplification was carried out on SPCEs using CV measurements. Further complementary and non-complementary DNA hybridisation measurements using PCR amplicons was carried out using DPV measurements. Different concentrations of DNA in samples containing amplified DNA and samples containing non-amplified DNA were hybridised using KRAS pG13D mutant probe and analysed using DPV.
    CNT-modified SPCEs were compared to regular SPCEs and observations were recorded using CV. DNA hybridisation using KRAS pG13D oligonucleotides was carried out on different sensor surfaces (NaCl pre-treated, NaOH pre-treated, bare SPCE and CNT-modified SPCE) and their sensitivity was analysed using 1mM ferri-ferrocyanide buffer. Further characterisation was carried out on the CNT-modified SPCE using the three voltammetry measurements that have been used so far in this study (CV, DPV and SWV). Finally, in order to confirm that the CNT-modified SPCEs were performing as expected, non-complementary and complementary DNA hybridisation was done to observe the effect of single-base mutation on hybridisation signal changes.

[bookmark: _Toc84528128]Results and Discussion
[bookmark: _Toc84528129]Assay development
    Further characterisation showing the comparison between NaCl and NaOH pre-treatment effect on the signal recorded at different stages during DNA hybridisation was carried out. Simultaneous pre and post DNA hybridisation measurements using a multi-electrode device where different regions of the chip were functionalised with complementary DNA oligonucleotide sequences was used to observe the treatment effect. From Figure 41, an expected pattern is observed in the SPCEs pre-treated using NaCl. A rise in oxidative peak current is observed after the introduction of probe and blocking of the remaining active surface. The peak current is then reduced after the DNA target binds to the probe. The reverse is noticed on the surface pre-treated using NaOH. In this case, the peak current starts off reduced (1 µA) and then goes on to increase after the probe was added and the remaining active surface blocked using ethanolamine. A reduction in peak current is expected after the DNA target is added but this was not observed. The standard deviation reflects the variation obtained from the experimental replicas.  
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[bookmark: _Toc84519636]Figure 41: SWV results showing  the comparison between NaCl and NaOH  pre-treatment effect on the signal recorded at different stages in the assay development

   This work demonstrated the importance of optimising the conducting path of the SPCEs for each assay being developed as both the choice of redox buffer and the surface being characterised has profound effects on the behaviour of the SPCEs. 

[bookmark: _Toc84528130]Sensor reproducibility
   A growing demand for reliable detection devices motivates much biosensor development [242] so it is therefore necessary to improve assay reproducibility. The multiplexed analysis employed greatly reduced analysis time because of high throughput of samples and minimized reagent consumption. The reproducibility of this hybridisation sensor was explored by simultaneously analysing all eight WEs using the same SPCE sensor and solution after pre-treatment (Figure 42). Although the electrodes used are commercially sourced and the screen-printing inks used is not guaranteed to always be deposited in the same way for all electrodes, it was important to note the effect of submerging all eight working electrodes, and a common and reference electrode under the same characterisation buffer.
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[bookmark: _Toc84519637]Figure 42: DPV result showing the reproducibility of the oxidative peak currents of the 8-chip multi-SPCEs sensor taken over 8 cycles using the same current and voltage input.
   Electrochemical signal changes of similar amplitude, direction and magnitude were observed. After selecting the optimum pre-treatment technique and redox buffer for electrochemical measurements, it was important to simultaneously observe the eight working electrodes on the multi-SPCEs prior to functionalisation.     All solutions were cycled on the 8-chip multi-electrodes using DPV scans from 0.0 to 0.6V at a scan rate of 100mV/s with current ranges between 10nA and 10mA. The typical DPV curve shown in Figure 42 shows a uniform peak current, magnitude and potential between all electrodes suggesting a high level of consistency. Although sensor-to-sensor variation is taken into account, this good reproducibility is demonstrated, meaning that the measurements will be easier to predict.



[bookmark: _Toc84528131]Sensor optimisation 
   The use of an SPCE with multiple working electrodes allows each electrode to be individually modified and rapidly carry out simultaneous measurements of peak currents. Electrografting using in situ generated diazonium cations is important for modifying the surface of the SPCE by allowing the formation of covalent bonds between the carbon surface and organic films [45-46]. The EDC molecule is an established zero-length cross-linking agent that has been employed in coupling carboxyl groups to primary amines in various applications [190]. One of the main benefits of EDC coupling is its water solubility that allows direct bio-conjugation without prior organic solvent dissolution. To improve the stability of the active ester, NHS was introduced to modify the amine-reactive chemical substance by converting it to an active NHS ester, thus maximising the efficiency of the EDC-mediated coupling reactions. 
   A high level of consistency in the peak current, potential and width was observed after repeated cycling of each bare electrode however optimisation work was carried out to ensure that our assay was as sensitive as possible. In Figure 43 (A), it was noted that although the bare SPCE exhibited a notable sensitivity with the highest peak current of those presented, after all surface modification steps and DNA hybridisation was carried out, the SPCE pre-treated using acetate buffer containing NaCl showed the most suitable response. The standard deviation reflects the variation obtained from the experimental replicas.  As previous studies have shown an increase in surface roughness after pretreating screen printed electrodes [34-35], we can infer that the improved electrochemical performance after DNA hybridisation on pre-treated electrodes resulted from the ability of the target DNA strands to bind readily to the surface of the probe modified electrode. A high percentage signal change directly implies that a significant reduction in peak current upon target hybridisation has occured. For a ferri-ferrocyanide characterisation buffer, this can be attributed to the repulsion between negative charges of target DNA, probe DNA and negative ferriferrocyanide ions. A wider peak separation (∆Ep) than that predicted by the Nernst equation is also observed in SPCEs characterised by ferri-ferrocyanide (due to surface effects). Both redox buffers exhibited acceptable reversibility on pre-modified SPCEs. From Figure 43, the changes in buffer characterisation observed on the DNA modified SPCEs confirms ruthenium hexaminechloride is an outer-sphere electron transfer mediator that is only affected by changes in the electroactive area, while the redox couple ferri-ferrocyanide is useful for determining the existence of functional groups due to its inner sphere sensitivity. The ferri-ferrocyanide buffer gave the most consistent signal change upon DNA hybridisation on the modified SPCEs, particularly when pre-treated with NaCl, therefore giving us a system which could be taken through to a full assay development stage. Upon hybridisation, NaOH pre-treatment indicated a lower sensitivity and a higher variation of sensor surface, thus raising doubts on the suitability of NaOH treatment for SPCEs in DNA hybridisation work. 
[image: ]
[bookmark: _Toc84519638]Figure 43: CV measurements showing the effect of an inner sphere and outer sphere redox mediator on electron transfer for different SPCE surfaces on (A) non-modified surface and (B) modified and DNA functionalised surfaces
Comparing varied cleaning techniques for this assay provides a suitable technique that can be adapted for creating high quality monolayers in order to produce a reliable result as exposure to laboratory environment will produce contaminants on the electrode surface. The diffusion coefficient for the clean SPEs were faster than the diffusion coefficients from the probe immobilised SPEs (as expected) and very close to the literature value for the oxidation reaction to ferricyanide (7 x 10-6 cm2s-1 [219]. For subsequent characterisation, the ferri/ferrocyanide redox couple was the chosen redox system for comparing the voltammetric behaviour of DNA hybridisation using this assay.

[bookmark: _Toc84528132]DNA amplification 
    Prior to carrying out any work on the electrochemical detection of the KRAS G13D mutation, it was necessary to first confirm the presence of mutated DNA in the representative sample. These samples were clinically derived from cancer patients and were employed for assay development to give confidence that the sensor indeed could work with clinical samples.  This was done using droplet digital PCR on DNA samples isolated from patients.  From Figure 44, it can be seen that the levels of mutated KRAS G13D gDNA were similar (~63 copies/ng of total DNA) to the wild-type KRAS (~64 copies/ng of total DNA).  This finding was reassuring, i.e. that KRAS pG13D mutations were present in the assay samples. The standard deviation reflects the variation obtained from the experimental replicas.  
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[bookmark: _Toc84519639]Figure 44: ddPCR results showing pG13D copies/ng gDNA in genomic cfDNA from HCT116 colon cancer cell line
     Primers used for the PCR amplification were tailored to selectively amplify the mutant target from a pool of mutant and wild-type sequences in a sample by varying the single nucleotide responsible for the mutation in the primer sequence. Adopting this approach allowed us to effectively enrich the number of mutated DNA sequences in the sample without amplifying the wild-type, in order to produce a signal change above the background signal generated by KRAS wild-type DNA non-specifically associating with the oligonucleotide probe sequences for KRAS G13D. Successful amplification was confirmed using gel electrophoresis and the qubit 4 fluorometer.

[bookmark: _Toc84528133]KRAS pG13D DNA hybridisation 
   To investigate specificity levels and gain an initial impression of assay sensitivity, a series of electrodes were functionalised with KRAS G13D mutant and wild-type probe sequences. After introducing the probe solution to the surface of the modified electrodes, the remaining active groups on the electrode were blocked using ethanolamine to produce a consistent sensing layer in order to enable DNA specificity and stability in terms of the DNA binding response.   Having achieved a consistent behaviour of modified electrodes on the same chip, the next step was to test the assay’s response to incubation in a representative KRAS sample using the designed probes.    The ability of the probe modified electrodes to discriminate between G13D mutant and wild-type KRAS sequences in representative clinical samples was explored.  The results of these experiments are summarised in Figure 45, which shows the percentage change in the DPV peak current following target hybridisation.  The standard deviation reflects the variation obtained from the experimental replicas.  
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[bookmark: _Toc84519640]Figure 45: DPV measurement in response to mutant and wild-type KRAS pG13D probes hybridised with genomic KRAS pG13D ssDNA
    For macroscale electrodes functionalised with biological molecules such as DNA or antibodies, the expectation is that differential pulse voltammetric peak currents will reduce upon target hybridisation. It has been observed that these effects can be reversed when micro or nanoscale electrodes are employed [151], [180], but for this study, the electrodes employed were comfortably on the macro scale (diameter = 2.95 mm).  Therefore, we would expect a reduction in peak current when specific DNA hybridisation had taken place and this was found to be the case for lower concentrations of DNA (pico to low nanomolar concentrations). For nanomolar (>10 nM) and micromolar concentrations, an increase in the peak current following hybridisation was consistently observed (and has also been observed in other unpublished data from our lab involving SPCEs) for carbon electrodes which is likely explained by the high surface density of hybridised DNA amplicons changing the interfacial properties of the electrode and therefore altering the electrochemical response. The underlying physical mechanism of this effect is actively under investigation. Figure 45 shows that when mutant and wild-type oligonucleotide probe sequences functionalised SPCEs were incubated in a representative sample containing the G13D mutation, there was hybridisation in both cases, the signal change was greater for the wild-type probe because of the high background of wild-type DNA and the comparatively low fraction of mutated KRAS G13D present in the representative clinical sample. Similar behaviour was observed for KRAS G12D probe functionalised electrodes for a representative sample for that particular mutation, showing the wild-type KRAS DNA hybridised strongly to the nucleic acid modified carbon surfaces. 
      As a result of these findings and the inability to electrochemically discriminate between positive and negative samples owing to the strong influence of background DNA in the sample, the DNA amplification strategies developed were tested in order to ensure the production of unequivocal detection of ctDNA mutations. 

[bookmark: _Toc84528134]Isothermal amplification
    In recent studies, Isothermal amplification has emerged as an alternative to PCR amplification. To produce a working amplification reaction that is isothermal, primer sets were designed which would specifically amplify the KRAS G13D mutated sequence or the wild-type KRAS sequence.  The sequences used are shown in Table 13 with the reaction being designed to utilise a common reverse primer.  The ability of the primer sets to successfully amplify both the KRAS G13D mutant sequence and the KRAS wild-type sequence was confirmed by gel electrophoresis and through measurement on a Qubit fluorometer.  
[image: ]
[bookmark: _Toc84519641]Figure 46: CV results showing the difference between PCR and RPA isothermal amplification in DNA hybridisation (BP= Blocked probe, T= Target)
   
    From Figure 46, it is observed that although the KRAS mutant amplicons from the RPA reaction showed a reduction in both oxidative and reductive peak currents on hybridisation, the response was not as encouraging in comparison to the response noted from the PCR amplicons hybridisation. A higher reduction in both oxidative and reductive peak current is observed from the PCR targets. The result from this work suggested that this particular isothermal amplification kit might not be best suited for amplifying single base mutations. Given the tremendous advantages of RPA, some limitations to the technique that have been noted include an inhibition by high concentrations of genomic DNA and thus, an inability to discriminate between amplicons and primer-dimer artefacts [192] [245].
   Having established the specificity of the assay and the nature of the electrochemical changes, the next step involved investigating the sensitivity of the assay and dose response effects for the KRAS G13D mutant PCR product.

[bookmark: _Toc84528135]KRAS pG13D assay specificity
    In order to test the assay’s response to KRAS pG13D amplicons after functionalising with KRAS pG13D mutant and wild-type probe sequences and blocking the free surface, further DNA hybridisation was carried out. The DPV measurements were analysed and are shown in Figure 47. When the wild-type probe sequence modified electrodes were hybridised with KRAS pG13D amplicons, alterations in the peak current were not observed, indicating no significant hybridisation.  The mutant amplicons when incubated with mutant probe modified electrodes gave rise to a very significant signal change (~350 %) indicating hybridisation with highly concentrated DNA samples (nano-micromolar concentration ranges) because of the strong positive signal change. The standard deviation reflects the variation obtained from the experimental replicas.  Subsequent UV-vis measurements on the amplicon confirmed this to be the case with estimated amplicons concentrations being in the range of 250-500 µM.
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[bookmark: _Toc84519642]Figure 47: DPV measurements showing successful amplification of (A) KRAS G13D mutants further confirmed by a large percentage signal change ratio between mutant probe and G13D mutant amplicons (B) KRAS wild-type further confirmed by a large percentage signal ratio between wild-type probe and wild-type DNA
     These findings were highly satisfying, i.e. that the surface tethered KRAS G13D mutant probe sequence could in fact discriminate between the mutant and wild-type samples based on the presence or absence of PCR amplicons for KRAS G13D high sensitivity. This in fact represented a sort of double specificity for the PCR-based assay because the primer design had already been shown to specifically amplify the mutated sequence so coupling in the specificity of the electrochemical probe sequence meant that the assay would be able to successfully discriminate mutant amplicons from the sample.  
   An opposite response is noted in Figure 47 (B) where wild-type amplicons resulting from DNA amplification using wild-type primers are hybridised using wild-type probe modified electrodes. In this case, the wild-type hybridisation exhibited a significant signal change while mutant probe modified electrodes showed no significant hybridisation, representing an additional control. It is also noted that the hybridisation data between the mutant probe and the amplified KRAS pG12D mutants (n=8) varies less and showed more consistency in the signal change.  
   These discoveries were thoroughly encouraging, i.e., that the surface-tethered KRAS pG13D mutant and wild-type probe sequences could, in fact, discriminate between the mutant and wild-type samples based on the presence of either KRAS pG13D or wild-type PCR amplicons with high sensitivity. Having established the specificity of the assay and the nature of the electrochemical change, the next step involved verifying the sensitivity of the assay and dose–response effects for the KRAS G13D mutant PCR product.

[bookmark: _Toc84528136]ctDNA response at different concentrations using DPV peak currents
   After establishing PCR primer specificity, ssDNA probe specificity and electrochemical signal changes of the correct direction and magnitude, it was important to investigate dose response effects. In these experiments, non-amplified and amplified samples were diluted and a dose response curve was constructed (see Figures 48 (A&B). For the unamplified sample, the lowest concentration (0.85 ng/µl) showed the lowest reduction in oxidative peak current post hybridisation with signal change increasing as sample concentration increased. The issue here, however, is the specificity of the probe-target interaction (as shown earlier) and the relatively small signal change brought about by incubation with unamplified samples. Owing to the fact that these were relatively low concentrations of DNA, leading to limited hybridisation, the signal changes were negative in direction i.e., decreases in DPV peak current. On the other hand, the amplified sample produced a dose-response curve with higher signal changes which were positive in direction due to the specific enrichment of the mutant sequence concentration with smaller standard deviations because of the hybridisation of strands of similar lengths (the unamplified samples contains heterogenous strand lengths because it is unprocessed DNA) and in effect the full fraction of cfDNA from a patient. Achieving good sensitivity is very important as the concentration of circulating free DNA released by tumour cells is usually in proportion to the stage of cancer [233].  The specificity and sensitivity results are not complete and cannot be fully stated but the data presented and discussed here show that we can get appreciable changes in the electrochemical signal from relatively low copy numbers of the mutated gene compared to the highly abundant wild-type gene also present in the sample.  Further work will involve fully defining the assay sensitivity and specificity. As circulating nucleic acids are present in blood at ng/mL levels, which based on the fragment length is analogous to a picomolar concentration, a minimum of femtomolar sensitivity will be beneficial for detection of tumour-specific sequences [20]. Many published biosensor studies realised such sensitivity levels through the use of exotic electrode modifications, typically involving the fabrication of electrodes modified with graphene, nanoparticles, carbon nanotubes, etc. Although these modifications may improve responses, in this case, the aim was to see if reasonable results could be achieved without modification. Whilst this approach leads to a trade-off in terms of time to result, it establishes specific amplification and sensitive and specific hybridisation signals giving confidence in the result whilst achieving an overall time to result which is a significant improvement over the current clinical practice. The ctDNA concentration response shown in Figure 48 shows a clear dose–response effect which predicts that an increase in ctDNA, per unit concentration, will result in a larger electrochemical signal response in the positive direction (i.e., increasing DPV peak current). The standard deviation reflects the variation obtained from the experimental replicas.  Since levels of ctDNA are strongly correlated with tumour stage and response to therapy [53-54], there is a clear potential for this system to be applied in measuring how a patient’s cancer treatment is progressing.
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[bookmark: _Toc84519643]Figure 48: Dose concentration dilution series using KRAS pG13D mutant probe on (A) non-amplified cfDNA and (B) amplified KRAS pG13D amplicons
   The discoveries from this study on ctDNA amplification are in accordance with several preceding studies that were also able to successfully detect ctDNA KRAS mutations in patient samples using ddPCR technique [234][236], [237][238]. This analysis indicates that the electrochemical sensor can be directly integrated to a standard PCR reaction which employs standard primers and reagents, so that electrochemical detection will swiftly and precisely screen for cancer so treatment can commence as quickly as possible. 
[bookmark: _Toc84528137]  Sensor modification using carbon nanotubes
    In order to improve assay sensitivity and increase the electrochemical signal by hybridisation of target strands to the surface tethered DNA probes, SPCEs chemically modified with carbon nanotubes were used. Studies show that this modification greatly improves the performance of the SPCEs by increasing its sensitivity and selectivity,  decreasing the response time and providing good chemical stability [176]. Figure 49 shows the comparison between the electrochemical properties of both the CNT-modified SPCE and the regular SPCE prior to the introduction of probe solutions. It can be observed that the characteristic wave-like shape that reflects a larger surface area and an increased rate of diffusive mass transport of the PBS buffer to the nanotube surface is noted. On the other hand, a steady-state limiting current and anodic peaks are observed in the regular SPCE. This steady state current is due to the very quick establishment of diffusion-limited mass transport toward the surface of the regular SPCE. The oxidative and reductive peaks observed when regular SPCEs were used might have been as a result of a lower pH in the PBS solution.
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[bookmark: _Toc84519644]Figure 49: Cyclic voltammetry measurement showing regular vs CNT-modified SPCE in 0.1X PBS
   The technique for functionalising the CNT-modified SPCE was quite similar to that of the regular SPCE except that the electrode pre-treatment consisted of an activation using NaOH by etching using chronoamperometry. No peaks are observed in the measurement using only PBS and this provides confidence that the pre-treatment technique employed does not negatively affect the CNT-modified layer on the electrode surface

DNA hybridisation comparison on different SPCE surfaces 
   Focusing on the efficiency of DNA hybridisation, the electrochemical response of the different electrodes employed so far and the influence of their pre-treatment techniques were compared and analysed. The variation observed in each electrode indicates that one cannot rely on a universal ‘calibration curve’ when using multiple electrodes, hence the need to record measurements after the initial probe layer on the electrode has been back-filled, prior to target hybridisation.
   It can be seen from Figure 50 that the CNT-modified SPCE showed a higher percentage signal change upon hybridisation. The standard deviation reflects the variation obtained from the experimental replicas.  The high variation observed as indicated by the error bar suggests that the deposition of carbon nanotubes during modification may have resulted in a rough and non-uniform surface which can impact on DNA hybridisation.  The observations from the bare electrodes, NaCl, and NaOH pre-treatments are consistent and in-line with previously presented results.  
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[bookmark: _Toc84519645]Figure 50: Investigating the sensitivity of different SPCE surfaces using DNA oligonucleotide hybridisation in 1mM ferricyanide buffer

CNT modified SPCE sensitivity
   DNA hybridisation was performed using the activated and NHS-EDC coupled CNT-modified electrode. To further understand the impact of the electrochemical measurements, the three voltammetry measurements that have been used so far in the study: CV, DPV and SWV were compared using previously specified parameters and the same DNA sample volume. As shown in Figure 51, SWV showed a higher signal change upon hybridisation for CNT-modified SPCEs, proving a great capacity to detect hybridisation signal changes. SWV measurement were recorded and analysed subsequently using these electrodes due to the increased sensitivity shown. The standard deviation reflects the variation obtained from the experimental replicas.  A similar study also shows that SWV proved to be more sensitive than CV in CNT modified electrodes  [246]. A different study suggests that SWV may stand out from other voltammetry measurement techniques in the future of biosensor development [183].
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[bookmark: _Toc84519646]Figure 51: Comparing DNA hybridisation results using different voltammetry measuring techniques on CNT-modified SPCEs

CNT modified SPCE specificity
   In order to confirm that the CNT-modified SPCEs were performing as expected, they were functionalised with probe and target DNA and their hybridisation specificity was observed. Upon hybridisation with target oligonucleotide DNA, the complementary DNA showed a higher signal change of around 30% compared to the non-complementary DNA hybridisation (Figure 52). This shows that CNTs are receptive to functionalisation and are able to resolve single-base pair changes. A higher sensitivity upon hybridisation is also observed in comparison to the hybridisation signal change noted when regular SPCEs were used (Figure 45). This can be attributed to the excellent properties carbon nanotubes present including their large surface area [247]. The standard deviation reflects the variation obtained from the experimental replicas.  
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[bookmark: _Toc84519647]Figure 52: DNA hybridisation using KRAS pG12D (A) wild-type oligonucleotide probe and mutant oligonucleotide target (B) mutant oligonucleotide probe and mutant oligonucleotide target

[bookmark: _Toc84528138]Conclusion
   A simple DNA sensor requiring no labelling processes or external indicators was developed using a multi carbon electrode. Designing a PCR reaction capable of amplifying either mutant KRAS G13D or wild type KRAS through primer choice from representative patient samples was possible.  In parallel, an electrochemical detection scheme involving DNA hybridisation technique and screen- printed carbon electrodes were developed and shown through a series of comparative measurements to be sensitive and specific for the KRAS G13D mutation.  Differential pulse voltammetry measurements provided the desired response and showed detection was possible from samples containing as few as 0.85 ng/µl mutant DNA amplicons.  In addition, the response was found to be consistent with previously observed results, i.e. large signal decreases being evident upon amplification of the mutant allele, offering the promise of quantitation of mutant sequences from clinical samples. These results raise the prospect of simple, rapid, cost- effective measurement of nucleic acid tumour markers from blood and other body fluids. The current time to result of the electrochemical sensor lies at 4 hours providing significant scope for optimisation. It is important to note that the sensor being developed can be potentially used for both early detection of cancer and monitoring the response to cancer treatment and thus increases the possibility of tailoring therapy and early diagnosis.

















[bookmark: _Hlk82967214][bookmark: _Toc84528139]- OPTIMISING THE ASSAY FOR USE WITH CLINICAL SAMPLES
   The design and characterisation of an electrochemical biosensor system has been reported so far using standard solutions and cell lines carrying KRAS mutant DNA sequences. To conclude on the efficiency, sensitivity and specificity of the developed ctDNA array, an investigation involving different patient plasma and extracted DNA samples was carried out to test for KRAS pG12D and KRAS pG13D mutations in real complex sample types where detection sensitivity and specificity would be most compromised by biological fouling of the surface and interactions with wild-type DNA. These investigations involved multi-SPCE, multi-CNT-modified SPCE and single CNT-modified SPCE because the different carbon surfaces and electron transfer rates/surface areas offered by these substrates may result in additional sensitivity, which could be critical when moving into more complex sample types. The standard deviation observed in the graphical illustrations reflect the variation obtained from the experimental replicas.   Both amplified and non-amplified samples were tested using complementary and non-complementary oligonucleotide DNA probe sequences immobilised onto the three different sensor types. ddPCR was simultaneously used to test for the presence of these mutations in all eight patient samples and used as a comparison guide for the efficiency of the developed ctDNA array.

[bookmark: _Toc84528140]Methods
[bookmark: _Toc84528141]Analysing patient plasma samples 
   Eight plasma samples (Figure 53) labelled 413, 428, 437, 438, 440, 459, 466, and 481 were blindly collected from individual patients and investigated for both the KRAS pG12D and pG13D mutations. Multi CNT-modified SPCEs were used for DNA hybridisation technique, and previously stated immobilisation protocols were employed for each sample. All amplicons were denatured at 95O for 5 minutes prior to immobilisation and Ferri-ferrocyanide buffer (1 µM) was used to characterise the sensor surface pre and post-hybridisation. Amplification was carried out using a phusion PCR kit and one amplification reaction designed specifically for wild-type KRAS was implemented. Before and after amplification, the quantity of dsDNA in each sample was measured using the Qubit 4 fluorometer and is shown in Table 12. Unless specifically stated, all the reported steps and measurements were carried out at room temperature. 
[image: C:\Users\cdt\Downloads\20210615_094321 (1).jpg]
[bookmark: _Toc84519648]Figure 53: Plasma samples from 8 blind patients to investigate the presence of pG12D and pG13D KRAS mutations

[bookmark: _Toc84528142]Analysing patient cfDNA samples
   cfDNA isolation was carried out from 1 mL of patients’ plasma samples and diluted as shown in Figure 54. To further compare the response of the CNT-modified SPCEs and the regular SPCEs, measurements of partial and fully complementary DNA were performed on both systems. For the DNA hybridisation technique, previous immobilisation protocols were employed for each sample and amplification was carried out using a phusion PCR kit. Two amplification reactions designed specifically for mutant KRAS pG12D and mutant KRAS pG13D were implemented. Before and after amplification, the quantity of dsDNA in each sample was measured using the qubit 4 fluorometer and is shown in Table 13. All amplicons were denatured at 95O for 5 minutes prior to immobilisation. Non-complementary and complementary detection was employed using the pre-designed probes and the amplicons retrieved. Further investigation was done by hybridising the designed oligonucleotide probes with isolated cfDNA samples (Table 14) to achieve an amplification-free detection. Ferri-ferrocyanide buffer (1µM) was used to characterise the sensor surface. Unless specifically stated, all the reported steps and measurements were carried out at room temperature.
[image: C:\Users\cdt\Pictures\More lab photos\20210617_120731.jpg]
[bookmark: _Toc84519649]Figure 54: cfDNA samples from 8 blind patients to investigate the presence of pG12D and pG13D KRAS mutations

[bookmark: _Toc84528143]Patient samples sub-study using cfDNA
  A sub-study was carried out on cfDNA obtained from four patient samples (440, 459, 466 and 481). This was done to analyse false positives and false negatives from previously obtained results and compared to ddPCR results that quantified the presence of both KRAS pG12D and pG13D mutations. Mutant DNA probe stocks were diluted to a concentration of 2 µM in 0.1 x PBS and used for pre-hybridisation. Amplification was done using a phusion PCR kit and all amplicons were denatured at 95O for 5 minutes prior to immobilisation. Single-chip CNT-modified SPCEs were used for characterisation and previously stated activation protocol and functionalisation for CNT-modified SPCEs was employed. Ferricyanide buffer (1 µM) was used to characterise the sensor surface and electrochemical measurements were carried out using CV and SWV on PSTrace software. Unless specifically stated, all the reported steps and measurements were carried out at room temperature.

[bookmark: _Toc84528144]Statistical analysis
   One-way ANOVA tests were used to check the impact the mean peak current values (CV & SWV) obtained from the 4-patient sub-study had on non-amplified vs amplified pG12D and pG13D mutant DNA hybridisation. The independent variables used were mean peak current values. The tests showed if the pairwise comparisons of patients 440,459, 466 and 481 were statistically different by calculating if the means of each patient sample is different from the overall mean.    The null hypothesis predicts that there is no difference among each sample while the alternate hypothesis predicts that at least one group significantly differs from the overall mean peak current values of all the samples. The F-test showed the statistical significance by comparing the variance in each sample group and all the means at once. A higher F-value is found if the variance within the group pairs is higher than the variance between the groups.
  A two-way ANOVA statistical test was used to determine how the mean of patient samples 440, 459, 466 and 481 changed according to the levels of two categorical variables (Unamplified and Amplified cfDNA samples for the four patient samples in the sub-study group). Mean values obtained from both CV and SWV were used. Both the one-way and two-way ANOVA tests were carried out using OriginPro data analysis and graphing software 2021.

[bookmark: _Toc84528145]Results and discussion
[bookmark: _Toc84528146]Amplification of wild-type KRAS DNA fragment from plasma 
   Wild-type primers were used to amplify the wild-type DNA in all eight patient samples. Mutant and wild-type probes for both KRAS pG12D and pG13D were coupled on the carbon nanotube modified SPCEs as pre-hybridisation probes and used to test for the presence of KRAS in all samples. The concentrations of the amplified wild-type KRAS amplicons used as target probes are shown in Table 14.

[bookmark: _Hlk84274950]Table 14: DNA quantification result showing wild-type amplification directly from plasma
	cfDNA ID
	413
	428
	437
	438
	440
	459
	466
	481

	Pre- amplification (ng/μl)
	43
	37
	33.4
	45.4
	33.6
	54.6
	44.2
	26.2

	Post- dsDNA amplification (KRAS Wild-type primers -ng/μl)
	166
	136
	142
	106
	138
	98
	124
	42

	Control (No Primer)
	37
	30.4
	25.6
	23.6
	34.6
	24.2
	34.8
	18.3




[bookmark: _Toc84528147]Non-complementary wild-type DNA hybridisation using CNT-modified SPCE 
   Other aspects of sensor performance were evaluated and this included testing the sensor with sequences of non-specific DNA sequences (wild-type amplicons and mutant probes). The difference between the mutant and wild-type DNA probes is a single base change. From Figure 55, using both the KRAS pG12D and pG13D mutant probes, it is observed that patients 466 and 481 displayed higher signal changes compared to the other six patients. This suggests that KRAS is elevated in both samples but it does not specify what KRAS mutation is present as there is no clear specificity observed when comparing both pG12D and pG13D hybridisation signals. Generally, the peak currents obtained using both voltammetry technique decreased with increasing DNA concentration but noting the SWV results patients 437 and 438 tested negative for KRAS as the percentage signal change observed was negative. An identical pattern in signal change is observed in all the measurements as would be expected given that the wild-type amplicons were binding in all regions save for the single base change.
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[bookmark: _Toc84519650]Figure 55: DNA hybridisation using pG12D and pG13D mutant probes and wild-type amplicons on CNT-modified SPCEs (n = 4)

[bookmark: _Toc84528148]Complementary wild-type DNA hybridisation using CNT-modified SPCE 
   It was necessary to test the wild-type amplicons using the KRAS wild-type probe to determine specificity. Patient 459 showed a higher signal change upon hybridization using both the CV and SWV measurement techniques as shown in Figure 56. Although patients 413 and 437 had a higher cfDNA concentration (Table 14), they showed lower signal changes upon hybridisation. The signal changes observed in patients 440, 459, 466 and 481 are identical using both CV and SWV measurement techniques. It was observed that the peak currents did not increase with increasing cfDNA concentration. This observation might have occurred as a result of the interactions from the other cells and proteins present in the blood plasma.
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[bookmark: _Toc84519651]Figure 56: (A) CV measurement and (B) SWV measurement showing complementary wild-type hybridisation using wild-type amplicons on CNT-modified SPCE

[bookmark: _Toc84528149]Amplification of mutant KRAS DNA fragment from plasma 
   Mutant primers were used to amplify the mutant DNA in all the patient samples. From Table 15, the amplification was not successful as the concentration of cfDNA in the samples after amplification was lower than the concentrations before amplification. Although the correct primers were used, the lack of success may be attributed to the suitability of the phusion PCR amplification kit used for this set of plasma samples or cross reactivity between the primer sets leading to non-specific amplification.
[bookmark: _Hlk84275063]Table 15: DNA quantification result showing mutant amplification from plasma samples
	Sample ID
	413
	428
	437
	438
	440
	459
	466
	481

	Pre- amplification (ng/μl)
	43
	37
	33.4
	45.4
	33.6
	54.6
	44.2
	26.2

	Post- dsDNA amplification (ng/μl-pG12D primers) 
	24.3
	24.7
	20.5
	22.6
	9.20
	25.6
	18.8
	12.5

	Post- dsDNA amplification (ng/μl-pG13D primers)
	6.41
	20.5
	14.0
	27.9
	13.7
	13.8
	25.1
	18.5



[bookmark: _Toc84528150]Complementary mutant DNA hybridisation using regular SPCE 
   Patients 438, 466 and 481 showed higher signals when pG12D probe was hybridised with pG12D amplicons using both CV and SWV measurements. On the other hand, patients 437, 438, 466 and 481 showed higher signals when pG13D probe was hybridised with pG13D amplicons. From Table 15, the cfDNA concentration for patient 440 was the lowest after amplifying with pG12D primers. This is reflected in the low hybridisation signal shown in Figure 57 (A) and (B).  It’s also important to note that a similar variation is observed using the SWV measurement for both the pG12D and pG13D hybridisation (i.e., patients 413 and 459)
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[bookmark: _Toc84519652]Figure 57: DNA hybridisation using pG12D and pG13D mutant probes and mutant amplicons on SPCEs

[bookmark: _Toc84528151]Amplification-free detection using SPCE
   After pre-treating and functionalising SPCEs with pG12D and pG13D mutant probe DNA, cfDNA solutions were diluted using nuclease free water and the following concentrations in Table 16 for the eight patient samples were introduced as target DNA on the electrode surface.
Table 16: Non-amplified cfDNA concentrations for all eight patients
	Sample ID
	413
	428
	437
	438
	440
	459
	466
	481

	cfDNA concentration (ng/μl)
	1.71
	1.37
	1.16
	1.33
	1.28
	1.20
	1.37
	1.20



   DPV measurements were carried out pre and post hybridisation and their resulting % signal change is plotted in Figure 58. Patients 428, 459 and 466 showed a high presence of the pG12D mutation while patients 413 and 438 showed a high presence of the KRAS pG13D mutation. Although patient 437 had the lowest cfDNA concentration, this particular sample seems to have also contained a lot of KRAS wild—type DNA. It is noted that patient sample 437 containing 1.16 ng/µl of unamplified cfDNA was detectable using both the pG12D and pG13D mutant probes.
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[bookmark: _Toc84519653]Figure 58: DNA hybridisation between (A) pG12D mutant probe and non-amplified cfDNA samples (ng/µl) (B) (A) pG12D mutant probe and non-amplified cfDNA samples (ng/µl) on SPCE

[bookmark: _Toc84528152]ddPCR results
  Using Biorad QX200 ddPCR assay, the isolated DNA samples were tested for the specific presence of KRAS pG12D and pG13D in comparison to their respective wild-type controls. This was done to certify the results obtained using the developed ctDNA array sensor. The results received are shown in Table 17 and Figures 59, 60, and 61.
[image: ]
[bookmark: _Toc84519654]Figure 59: Droplet digital PCR raw results for 8 patient samples (KRASpG12D in the left column and KRASpG13D on the right column). Top row show droplets for the mutants, 2nd row show droplets for the respective wild-type controls. Figures in 3rd row show 2D representations of droplets for the mutant on the Y-axis and respective KRAS wild-type controls on the X-axis.


Table 17: Table of quantitative determination of KRASpG12D and KRASpG13D in comparison to their respective wild type controls using BioRad QX200 droplet digital PCR assays from 1mL of plasma of various patient samples.
	Sample ID
	Well position
	BioRad ddPCR assay target (copies / ng cfDNA from 1ml plasma) 

	
	
	KRAS G12D
	KRAS -  WT
	KRAS G13D
	KRAS- WT

	413
	A02
	0.211
	197.232
	
	

	
	A03
	
	
	0.271
	195.544

	428
	B02
	0
	81.199
	
	

	
	B03
	
	
	0
	78.67

	437
	C02
	0
	128.529
	
	

	
	C03
	
	
	0.292
	135.374

	438
	D02
	0
	74.396
	
	

	
	D03
	
	
	0
	77.417

	440
	E02
	36.365
	106.618
	
	

	
	E03
	
	
	0
	122.538

	459
	F02
	0
	84.868
	
	

	
	F03
	
	
	0
	90.424

	466
	G02
	0
	97.287
	
	

	
	G03
	
	
	0.815
	107.541

	481
	H02
	15.934
	240.149
	
	

	
	H03
	
	
	0.342
	262.298

	No template control
	A04-D04
	0
	0
	
	

	
	ED4-HD4
	
	
	0
	0
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[bookmark: _Toc84519655]Figure 60: KRAS detected in cfDNA isolated from 1mL plasma from patients’ samples. A) KRASpG12D (blue bars) and corresponding wild type control (red bars) copies per ng of cfDNA for corresponding patients; B) KRASpG13D (blue bars) and corresponding wild type control (red bars) copies per ng of cfDNA for corresponding patients; C) KRASpG12D (blue bars) and KRASpG13D (red bars) using left-handed Y-axis and corresponding WT controls (green bars for pG12D and purple bars for pG13D) using right- handed Y-axis (showing similar values for WT detected in both KRASpG12D and KRASpG13D assays); and D) Percent KRASpG12D/WT (blue circle, left Y-axis) and KRASpG13D/WT (red square, right Y-axis) ratio detected in corresponding patient sample.

[bookmark: _Toc84528153]False positive and negative investigation (Four patient sample sub-study)
   The method for label-free electrochemical detection developed so far was applied to the detection of KRAS pG12D and pG13D mutations. As some false positives and negatives were noted from the initial set of experiments using the blind patient samples, a sub-group study was identified and tests carried out using the information obtained from the ddPCR results. Patients 440, 459, 466 and 481 were selected out of the cohort of 8 patients after the ddPCR results showed a high presence of KRAS pG12D in patients 440 and 481, and a low but measurable level of KRAS pG13D in patients 466 and 481. Patient 459 tested negative for both mutations so was selected as a negative control. These experiments were conducted using single chip CNT-modified SPCEs (n=3) rather than the 8 x working electrode chips to rule out cross-reactivity and the hybridisation results are shown in Figure 61. Also, these results and the associated analysis contain plots made using both cyclic voltammetry and square wave peak current changes.
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[bookmark: _Toc84519656]Figure 61: SWV measurements showing DNA hybridisation using pG12d and pG13D mutant probes on amplified and Non-amplified cfDNA samples (ng/µl) 

   The KRAS pG12D and pG13D mutations were not clearly detected in patient 440 from analysing the data for peak current both before and after amplification using phusion PCR. In all four plots presented, the signal does not change between unamplified testing and post amplification testing. Patient 459 gave consistently lower and stable signal changes for the two mutations with no sign of an obvious increase following amplification which gave some confidence the mutations were not being falsely detected for this particular sample. Interestingly, Figure 61 shows that the patients positive for pG12D (481) and double positive (466) both showed much higher signal increases following DNA amplification, suggesting that in combination, the DNA amplification reaction and choice of probes were detecting the presence of mutations (with some potential cross-reactivity between the pG12D and pG13D primer sets). This was investigated further by performing both a one-way and two-way ANOVA tests.  

[bookmark: _Toc84528154]ANOVA one-way tests on non-amplified cfDNA samples
At the 0.05 level using CV measurements from the KRAS pG12D and pG13D hybridisation on patients 440, 459, 466 and 481, the population means of the no-amplified cfDNA targets are shown in Figures 62 – 65.
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[bookmark: _Toc84519657]Figure 62: One way ANOVA tests using the TUKEY test to determine the relationship between the peak current values obtained pG12D hybridisation measured using CV in unamplified samples from patients 440, 459, 466 and 481

   From Figure 62, Patients 466 and 481 had the highest significant difference which was expected as confirmed by the concentrations of KRAS pG12D in the ddPCR results in the previous section (i.e., KRAS pG12D was not detected in patient 466 while patient 481 showed the presence of the mutation). A significant difference was observed between patient 440 and 481. This is not as expected because patients 440 and 481 both contained KRAS pG12D mutants meaning that the null hypothesis is rejected. High F-values showing the variability of repeated measurements taken on each sample and between all four samples is given as 7.039 and 9.833 respectively. All other comparisons showed a slight significant difference which could be attributed to wild-type DNA interference and bio-fouling.
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[bookmark: _Toc84519658]Figure 63: One way ANOVA tests using the TUKEY test to determine the relationship between the peak current values obtained pG13D hybridisation measured using CV in unamplified samples from patients 440, 459, 466 and 481

    From the KRAS pG13D hybridisations, Figure 63 shows that the relationships between patients (466 and 481, 459 and 481, 459 and 466) were not significantly different. It is expected that only 466 and 481 should not have shown any significant difference as both patients tested positive for the KRAS pG13D mutations. High F-values showing the variability of repeated measurements taken on each sample and between all four samples is given as 22.084 and 114.017 respectively. As these results were carried out on non-amplified samples, it is assumed that the false negatives occurred as a result of the wild-type DNA interference.


[bookmark: _Toc84528155]ANOVA one-way tests on amplified cfDNA samples
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[bookmark: _Toc84519659]Figure 64: One way ANOVA tests using the TUKEY test to determine the relationship between the peak current values obtained pG12D hybridisation measured using CV in amplified samples from patients 440, 459, 466 and 481

   From Figure 64, no significant difference was observed between patients 440 and 481. This confirms the results observed after testing the samples using ddPCR as KRAS G12D was identified in both patients. A significant difference was observed between patients 459 and 466. Again, this was not expected as both patients tested positive for the KRAS pG12D mutants and testing was done using amplified samples. F-values showing the variability of repeated measurements taken on each sample and between all four samples is given as 5.958 and 0.229 respectively. These values were low suggesting less variability in the measurements, and especially between the samples.
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[bookmark: _Toc84519660]Figure 65: One way ANOVA tests using the TUKEY test to determine the relationship between the peak current values obtained pG13D hybridisation measured using CV in amplified samples from patients 440, 459, 466 and 481
   
   All the pair relationships, except (patients 466 and 481) observed in Figure 65 were expected to show no significant difference. The interactions between patients (440 and 481, 466 and 481) indicates that the difference of means is significant at the 0.05 level. F-values showing the variability of repeated measurements taken on each sample and between all four samples is given as 7.326 and 3.475 respectively. This result and the large error bars observed in all the results can be attributed to the high variation in all the electrodes used making it difficult to pull the analytical signals out. This can be mitigated in the future by producing electrodes in house to reduce variation and improve resolution of the analytical signal.



[bookmark: _Toc84528156]ANOVA two-way tests on unamplified and amplified samples
   A two-way ANOVA statistical test was used to determine how the mean of patient samples 440, 459, 466 and 481 changed according to the levels of two categorical variables (Unamplified and Amplified cfDNA samples for the four patient samples in the sub-study group). At the 0.05 level for both CV and SWV measurements for the KRAS pG12D and pG13D hybridisation on patients 440, 459, 466 and 481, the population means of both the DNA targets and patient IDs are significantly different and the interaction between the DNA targets and all the patient (440, 459, 466 and 481) is significant (Figures 66 – 69). 
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[bookmark: _Toc84519661]Figure 66: ANOVA two-way test showing CV interactions between unamplified and amplified cfDNA targets using KRAS pG12D mutant probe
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[bookmark: _Toc84519662]Figure 67: ANOVA two-way test showing SWV interactions between unamplified and amplified cfDNA targets using KRAS pG12D mutant probe
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[bookmark: _Toc84519663]Figure 68: ANOVA two-way test showing CV interactions between unamplified and amplified cfDNA targets using KRAS pG13D mutant probe
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[bookmark: _Toc84519664]Figure 69: ANOVA two-way test showing SWV interactions between unamplified and amplified cfDNA targets using KRAS pG13D mutant probe
   
    A closer interaction between unamplified and amplified samples is noted between patient samples 440 and 459 using both CV and SWV. For the pG12D hybridisation, all experiments show significant changes for the mutated samples 466 and 481 following amplification and detection. The pG12D positive sample (440) does not increase, giving a false negative result. For both pG12D and pG13D hybridisation, the negative patient sample (459) does not significantly change also giving a false negative result.
   These results provide some early stage findings that it might be possible to detect post-amplification changes in electrochemical signal which could be diagnostically useful for revealing the presence of the mutational changes. There are some severe limitations in this early stage work which will be discussed in the following section.


    The results presented in this section show the systematic development of a sensitive and specific electrochemical hybridisation assay using real patient samples. Control experiments were conducted using non-specific sequences of DNA. Although error for each measurement was accounted for, significant signal changes observed in the multi SPCE and multi CNT-modified SPCE might have been due to cross-hybridisation [115]. This prompted the change to single CNT-modified SPCEs which were used to further investigate the false positives and negatives encountered from the initial hybridisation testing. 
    The non-complementary and complementary hybridisation using the wild-type amplicons (Figures 55 & 56) displayed large differences proving that one base mis-match can be detected using the methods presented. Clinical samples are generally complex in terms of interfering compounds, proteins and cells which may foul the surface [248] [249]. Some limitations encountered when performing DNA hybridisation on screen printed electrodes using plasma samples include (1) the coagulation that occurs when the samples are denatured prior to incubation on the electrode surface (2) The possible interaction of other cells and proteins contained in the plasma. It is likely that the semi-solid mass formed during coagulation could disrupt the formed SAM on the surface of the electrode and inhibit the hybridisation of target DNA strands. The magnitude of current observed was not consistent among electrodes. Overall, across different electrode types, DPV showed better sensitivity with regular SPCEs while SWV showed better sensitivity with SPCE functionalised with CNTs.
     
     The DNA quantification results obtained using the Qubit 4 fluorometer were slightly different from the results obtained using ddPCR and varied significantly from the DNA hybridisation results. From these results, it has been observed that the developed ctDNA array sensor will successfully detect mutations that have been amplified compared to non-amplified mutants. Although amplification-free detection is generating a lot of interest and success in ctDNA research [26], [250]–[252], the sensor array employed in this study might need to be further modified to achieve a similar sensitivity. It may also be necessary in the future and perhaps beneficial here to employ a DNA purification step to obtain pure interferent free samples of DNA for amplification rather than attempting direct amplification in plasma.  A DNA purification step would add complexity to the final device/assay and so was omitted in these tests but a good future experiment would be to see if the very promising results for KRAS pG12D and pG13D obtained in chapters 5 and 6 can be replicated with DNA samples extracted and purified from plasma.



[bookmark: _Toc84528157]Conclusion
Generally, the CNT-modified SPCEs gave a more consistent detection compared to the regular SPCEs. This has important implication for future studies and suggests that a wide range of CNT modifications should be explored during the optimisation stage of sensor development. The use of single chip CNT modified SPCE was to investigate if cross-reactivity occurred while the multi-CNT modified SPCEs were covered in buffer solutions during experiments. The results from the single electrodes also showed  huge variation ruling out the suspicion of cross-reactivity. The difference in cost between the multi-SPCEs (£1.43 per electrode) and the multi-CNT modified SPCEs (£1.81 per electrode) is little compared to the single modified CNT electrodes (£6.20 per electrode). Using multi-CNT SPCEs will keep the electrode substrate at a low cost.
     The sample size was also small, so there was a higher potential for false positive results. The false positives and negatives results might have also occurred as a result of wild-type DNA binding to the surface of the electrodes. It is important to note that the widest variations were observed in patients who tested negative for the mutation of interest.     Due to the inconsistency of the results obtained from each patient using different measurement techniques and control, it was not possible to construct a dose response curve. A direct comparison with previous work is not possible as electrochemical biosensors using the detection technique and platform on the investigated mutations have not been developed previously. A similar work carried out using DNA hybridisation performed on a microfluidic device showed that it was possible to detect amplified KRAS mutations against a background of up to 95 % wild-type DNA [253]. From a practical perspective, these data show that although both SPCEs and CNT-modified SPCEs are sensitive, they can be more specific for single base-change mutations.








[bookmark: _Toc84528158]- OVERALL CONCLUSIONS
   The current method for monitoring cancer recurrence is having a scan every 3 to 6 months for the first two years after treatment and then every 6 to 12 months for a further 3 years [254]. ctDNA analysis is a potentially less-invasive alternative to tissue biopsy analysis for tumour genotyping across all solid tumour types as it offers a quicker analysis time [234], [235]. Once the ctDNA biomarker is released, it appears in the blood throughout the early stages of a tumour thus presenting a very practical method for early diagnosis for capturing heterogeneity between tumours of the same type and in different patients [235]. In this study, a low-cost, label-free detection system for the detection of KRAS pG12D, pG13D and wild-type cfDNA was characterised. The electrodes used were commercially available and easily pre-treated. The approach took advantage of a commercially available low-cost thermo-cycler to amplify regions and denature DNA amplicons prior to immobilisation on the sensor surface. Control experiments were conducted with non-specific DNA sequences. It was shown that the electrochemical sensitivity observed was strongly determined by the choice of electrode, choice of electrode pre-treatment technique, choice of redox buffer, length of DNA fragment, amplification reaction and type of target sample being analysed.
    The detection of both amplified and non-amplified KRAS pG12D and pG13D mutations which are both single base change mutations was possible. For the amplified samples, 0.027 ng/µl amplicons were detectable while for the non-amplified samples, 0.85 ng/µl cfDNA concentration was detectable using the assay developed. The significance of the results obtained from the non-amplified samples lies in the fact that it was possible to detect gDNA hybridisation without performing PCR on the ctDNA, although at low sensitivities. Some of the findings of this study on ctDNA amplification are in line with several previous studies that were also able to successfully detect ctDNA KRAS mutations in patient samples using ddPCR technique [234][23][24][238]. The findings observed from artificial oligonucleotide sequences and representative clinical samples do not wholly correlate with the findings from direct clinical samples. This might have occurred due to a small sample size or further need for assay optimisation for real clinical samples. 
    This thesis shows that an electrochemical sensor can be directly coupled to a standard amplification reaction which employs standard primers and reagents and that amplification reactions for other ctDNA markers can be developed off-chip and transferred directly into the assay to give a ctDNA panel.  In selecting the approaches reported using the current system, once optimised, the possibility of developing a multiplexed panel of DNA sequences on a single chip is immense, meaning that commonly mutated genes could all be identified in parallel (e.g. KRAS, TP53, BRCA1&2, IDH-1 etc.).  This approach of developing biomarker “panels” is thought to be one of the key advantages of our approach [255]. 
    Other significant advantages to this approach are its simplicity and time-to-result. The multiplexed analysis that was employed greatly reduced analysis time and minimized reagent consumption. In total, the DNA isolation from blood, clean up and PCR amplification at 25 cycles takes approximately 150 minutes. The ctDNA target incubation takes approximately 60 minutes while the voltammetry pre and post hybridisation measurements for each electrode takes less than 10 minutes. This gives a total of 4 hours (3 hours for non-amplified detection). However, through optimisation and device integration, we believe considerable room for optimisation can be made in terms of time to result. The current time to result for cancer detection in a clinical setting is 2-3 days (including sample transportation) for a non-complicated biopsy analysis and 7-10 days for a complicated biopsy analysis [14]. In the UK, National Health Service mutation typing following biopsy can take up to 9 weeks [15].  These results, combined with the generality of the detection method employed shows a potential for employing this strategy to develop a multi-electrochemical sensor system; a real step towards an affordable point of care device. The current analysis time of 4 hours is a big stride towards PoC provision for ctDNA profiling in the healthcare setting. This can be further optimised by an efficient isothermal amplification which can cut down the number of thermal cycles and in turn reduce the overall amplification time from 2 hours to 1 hour [256].   
   New blood tests for cancer monitoring during treatments should be highly specific, otherwise too many healthy individuals will receive false positive results. It can be concluded that electrochemical detection will quickly and accurately screen for cancer so treatment can be initiated as quickly as possible.

[bookmark: _Toc84528159]Limitations with this study
   This work had two main limitations (1) due to equipment outages/downtime in the cleanroom it was not possible to develop a chip (2) the proposed electrochemical assay does not achieve sufficient performance in clinical samples yet to be deployed and needs further work. 
   Some of the commercially produced screen-printed electrodes that were used proved to be inconsistent and showed a wide variation in voltammetric peak currents making them unlikely to be implementable in the final solution. To remedy this, it will be necessary to approach companies that produce screen printed carbon electrodes for applications such as diabetes monitoring and in particular some of the companies that are employing graphene as an additive in their carbon SPEs for blood glucose monitoring. These inks are now beginning to produce high quality electrochemical responses in ferri-ferrocyanide measurement buffers and could be used as the basis of a DNA detection system for ctDNA.
   The second limitation was slightly more problematical and is at the heart of the research question.  Achieving low sensitivity in clinical samples is a challenge to any scientist working in this area and alternative detection techniques could be employed if the selected technique does not work sufficiently well such as use of a rapid nucleic acid amplification step, e.g. an efficient isothermal amplification reaction, to increase DNA copy numbers. It was difficult to establish a limit of detection for the assay due to some of the variability encountered. Another confounding factor associated with DNA amplification could be primer design.  In this work we developed our own primers by careful design but it could be possible that there is some cross-reactivity between primers, especially since it is only a single base pair change and so further work on resolving this issue could be performed which would include either more iterative designs of primers sequences or the direct adaptation of other primer sets from existing and well established commercially available KRAS mutation screening panels.
   Despite the limitations encountered, the potential of these electrochemical biosensors, once matured as a technology to provide efficient clinical workflows is immense.  The work progresses successfully from detection in buffers, to cell lines with findings becoming sub-optimal in clinical samples.  Future work should concentrate on resolving the performance issues seen from clinical sample testing so that assay signal can be improved and detection in such samples can become possible.
   One final limitation with this work relates to the current outbreak of Covid-19 which began in March 2020 and continues until now.  Altogether, six months of laboratory time were lost to the project and this time could have proven useful in solving some of the issues from clinical sample testing which arose at the end.  This could have included addressing topics such as the development of an anti-fouling coating, another design of PCR primers or use of a commercial KRAS mutation screening kit, or implementation of a DNA purification step into the assay to improve sensitivity and specificity.  

[bookmark: _Toc84528160]The ideal diagnostic solution
   An ideal ctDNA diagnostic kit should be sensitive enough to detect cancer at stage I or earlier, be able to integrate on a multi-panel platform, be inexpensive, should be repeated easily, should be operated by a technician and well accepted by a patient. Commercially, a comprehensive toolkit that meets medical needs as shown in Figure 70 will ideally detect ctDNA mutations, monitor cancer on a personal basis and track mutations.
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[bookmark: _Toc84519665]Figure 70: Different medical needs in cancer diagnostic that an ideal ctDNA kit should cover
   A sensor that can detect emerging biomarkers like exosomes will be able to obtain tumour information from other circulating nucleic acids including RNA which is contained within exosomes and has been shown to increase the total number of mutant copies available compared to ctDNA alone.

[bookmark: _Toc84528161]Recommendations for further work
   Future work will involve analysing the concentration response for the amplified PCR products in real clinical samples in order to gain an impression of potential detection limits. The improved understanding of the probe-target interaction will inform the design of future electrochemical DNA biosensors and allow improved sensitivity to be achieved. 
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]  Near future work will explore the detection of other KRAS mutations and mutations in other genes involved in cancer e.g. P53 and BRCA1. Analysing multiple mutations simultaneously in a given sample without prior knowledge of the alterations using multiplex techniques and direct detection of ctDNA from cancer patient samples will support the future direction of PoC clinical testing.
Other key recommendations include:
· Developing a simple sensor chip that is sensitive and reproducible
· Testing shorter incubation times to reduce the overall assay time to result
· Investigating shelf life of regular and modified electrodes
· Using shorter DNA fragments to perform a robust concentration dose response in order to determine a limit of detection
· Identifying more optimal primers for different amplification techniques
· Using DMSO or direct probe sonication to denature dsDNA
· Integrate the assay with on-board thermocycling and electrochemical measurement
· Further sensor verification with a large set of clinical samples
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Section 1
Tp53 sequences 
	Tp53 wild-type Plasmid DNA (From E.coli)
	> T7 5'-TAATACGACTCACTATAGGG-3'
TCTaGAaATaATTTTGTTTaACTTTAAGAAGGAGATATACCATGGGCAGCAGCCATCATCATcATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAGGAGCCGCAGTCAGATCCTAGCGTCGAGCCCCCTCTGAGTCAGGAAACATTTTCAGACCTATGGAAACTACTTCCTGAAAACAACGTTCTGTCCCCCTTGCCGTCCCAAGCAATGGATGATTTGATGCTGTCCCCGGACGATATTGAACAATGGTTCACCGAAGACCCAGGTCCAGATGAAGCTCCCAGAATGCCAGAGGCTGCTCCCCCCGTGGCCCCTGCACCAGCAGCTCCTACACCGGCGGCCCCTGCACCAGCCCCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTACGGTTTCCGTCTGGGCTTCTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGCCCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAGCTGTGGGTTGATTCCACACCCCCGCCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGAGGTTGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGTCTGGCCCCTCCTCAGCATCTTATCCGAGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATGACAGAAACACTTTTCGACATAGTGTGGTGGTGCCCTATGAGCCGCCTGAGGTTGGCTCTGACTGTACCACCATCCACTACAACTACATGTGTAACAGTTCCTGCATGGGCGGCATGAACCGGAGGCCCATCCTCACCATCATCACACTGGAAGACTCCAGTGGTAATCTACTGGGACGGAACAGCTTTGAgGTGCGTGTTTGTGCCTGTCCTGGGAGAGACCGGCGCACAGAGGAAGAGAATCTCCGCAAGAAAGGGGAGC

	Tp53 p.R273H Mutation in U-373 MG cell line
	> Bglob-intron-F 5'-ctggtcatcatcctgccttt-3'
atatacACTGTTTGAGATGAGGATAAAATACTCTGAGTCCAAACCGGGCCCCTCTGCTAACCATGTTcATGCCTTCTTCTCTTTCCTACAGCTCCTGGGCAACGTGCTGGTTGTTGTGCTGTCTCATCATTTTGGCAAAGAATTCCTCGACGGATCCGAATTCCACGACGGTGACACGCTTCCCTGGATTGGCAGCCAGACTGCCTTCCGGGTCACTGCCATGGAGGAGCCGCAGTCAGATCCTAGCGTCGAGCCCCCTCTGAGTCAGGAAACATTTTCAGACCTATGGAAACTACTTCCTGAAAACAACGTTCTGTCCCCCTTGCCGTCCCAAGCAATGGATGATTTGATGCTGTCCCCGGACGATATTGAACAATGGTTCACTGAAGACCCAGGTCCAGATGAAGCTCCCAGAATGCCAGAGGCTGCTCCCCGCGTGGCCCCTGCACCAGCAGCTCCTACACCGGCGGCCCCTGCACCAGCCCCCTCCTGGCCCCTGTCATCTTCTGTCCCTTCCCAGAAAACCTACCAGGGCAGCTACGGTTTCCGTCTGGGCTTCTTGCATTCTGGGACAGCCAAGTCTGTGACTTGCACGTACTCCCCTGCCCTCAACAAGATGTTTTGCCAACTGGCCAAGACCTGCCCTGTGCAGCTGTGGGTTGATTCCACACCCCCGCCCGGCACCCGCGTCCGCGCCATGGCCATCTACAAGCAGTCACAGCACATGACGGAGGTTGTGAGGCGCTGCCCCCACCATGAGCGCTGCTCAGATAGCGATGGTCTGGCCCCTCCTCAGCATCTTATCCGAGTGGAAGGAAATTTGCGTGTGGAGTATTTGGATGACAGAAACACTTTTCGACATAGTGTGGTGGGCCCTATGAGCCGCCTGAGGTTGGCTCTGACTGTACCACCATCCACTACAACTACATGTG



Section 2
More CNT modified electrode hybridisation results
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