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ABSTRACT 

 
Epithelial ovarian cancer is one of the most prevalent gynaecological cancers in women 

and is often diagnosed in the late stage due to the mild symptoms. Currently, ovarian 

cancer screening is reliant on the prevailing usage of blood based CA125 protein 

biomarker and transvaginal ultrasound which can detect ovarian cancer in the preclinical 

phase in a substantial portion of cases. However, there are also other elements that can 

result in elevated CA125 levels such as menstruation, endometriosis or ovarian cysts. As 

such, the lack of accurate disease risk classification during ovarian cancer screening has 

led to several health burdens associated with unnecessary biopsies and overtreatment of 

patients. Thus, new diagnostic methods with improved sensitivity and specificity for 

ovarian cancer are a clinical priority. 

 

To address the enigma associated with ovarian cancer screening, liquid biopsy 

technologies have been developed. Molecular profiling of liquid biopsies has the potential 

to detect changes associated with the tumuor in collected, non-invasively body fluid 

samples. Detection of tumour origin biomolecules such as; circulating tumour cells 

(CTCs), circulating tumour specific nucleic acids (ctDNA, ctRNA, miRNAs, lnRNAs), 

exosomes, autoantibodies in blood, saliva, stool, urine etc. has brought about a paradigm 

shift in the management and diagnosis of cancer. From reliance on painful and hazardous 

tissue biopsies or sophisticated equipment dependent imaging, cancer management 

schemes are witnessing rapid evolution towards minimally invasive yet highly sensitive 

liquid biopsy-based tools. Clinical application of liquid biopsy is already paving the way 

for precision theranostics and personalised medicine, especially by enabling repeated 

sampling, which in turn provides a more comprehensive molecular profile of tumours. 

On the other hand, integration with novel miniaturised platforms, engineered 

nanomaterials, as well as electrochemical detection has helped in the development of low 

cost and simple platforms suited for point-of-care application. Despite excellent analytical 

performances of the existing detection methodologies, electrochemical approaches offer 

a promising alternative for simple, sensitive, specific, rapid, and cost effective analysis of 

genetic and epigenetic biomarkers in cancer samples. Therefore, innovative technology 

using electrochemical approach would be an effective method for the detection of 

biomarkers in patients with cancer. 

 

This thesis focuses on the use of nucleic acids (i.e., genetic and epigenetic) biomarkers, 
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specifically HOX antisense intergenic RNA (HOTAIR) lncRNA and DNA methylation 

to identify tumour specific changes and their performance as diagnostic biomarkers in 

non-invasively collected biofluid samples. Novel electrochemical and colourimetric 

approaches have been demonstrated for the construction of a sensitive, and specific 

biosensor platform for the complex task of detecting and quantifying circulating ovarian 

cancer biomarkers. To achieve this goal, first a comprehensive literature review on the 

biogenesis, significance, and potential role of four widely known biomarkers (CTCs, 

ctDNA, miRNA and exosomes) in cancer diagnostics and therapeutics has been provided. 

A detailed discussion of the inherent biological and technical challenges associated with 

currently available methods and the possible pathways to overcome these challenges is 

also provided. The recent advances in the application of a wide range of nanomaterials in 

detecting these biomarkers are also highlighted. Next, an amplification-free 

electrochemical method for the detection of HOTAIR lncRNA was developed. In this 

method, HOTAIR sequences were magnetically isolated, purified and detected by a 

sandwich hybridisation method at a screen-printed gold electrode (SPE-Au). This event 

was monitored by amperometry using the hydrogen peroxide/horseradish 

peroxidase/hydroquinone (H2O2/HRP/HQ) system which enabled a catalytic 

enhancement of the signal. In the following chapter, a more sensitive assay was discussed 

which utilised colourimetric and electrochemical readout for HOTAIR detection. In this 

approach, subsequent detection of magnetically purified and isolated sequences was 

performed using the sandwich hybridisation event coupled with HRP-catalysed reaction 

of 3,3′,5,5′-tetramethylbenzidine (TMB) in the presence of H2O2 which facilitated the 

naked eye observation and enabled an alternative amperometric quantification of 

HOTAIR.  

 

We then explored the bioengineering and characterisation of self-assembled 

superparamagnetic polyhydroxybutyrate (PHB) nanobeads for the development of a 

platform method for the analysis of circulating biomarkers, where these nanobeads were 

modified with specific bio-recognition antibodies, dispersed in analyte fluids where they 

worked as “dispersible capture agents” to bind specific targets. The enormous active sites 

of PHB nanobeads allow the direct attachment of a larger number of antibodies which 

can significantly enhance the capture efficiency. Their magnetic property allows magnetic 

nanoparticle-based mixing, separation and purification which can improve assay 

performance by reducing the matrix effects of the biological samples, as non-target 

species can be removed via magnetic isolation and purification steps. Two common 
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circulating biomarkers namely global DNA methylation and exosomes were chosen for 

this method. After purification and magnetic collection, the isolated targets were directly 

adsorbed onto a screen-printed gold electrode (SPE-Au) and electrochemically quantified 

using a catalytic redox cycling system of hydrogen peroxide/horseradish 

peroxidase/hydroquinone (H2O2/HRP/HQ). In another approach, to simplify the assay 

protocol, the PHB nanobeads were directly adsorbed onto the SPE-Au electrode via PHB-

gold affinity interaction followed by the immune attachment of the methylated DNA 

targets onto the surface-bound PHB nanobeads/anti 5mC-HRP conjugates. The targets 

were then quantified using the similar catalytic redox cycling of H2O2/HRP/HQ. 

 

Lastly, the clinical utility of these novel technologies was demonstrated using ovarian 

cancer cell lines and a cohort of well-annotated patient samples. This illustrates an attempt 

to translate the developed technologies from an academic research phase to patient usage 

by assessing the clinical performance metrics.  

 

To date, there are various ovarian cancer treatment options such as surgery, 

chemotherapy, targeted therapy, radiation therapy and palliative treatment. Each 

treatment method is dependent on various factors such as the cancer stage, gene type, 

overall health and fitness, as well as the desire to bear children. Thus, it is envisioned that 

the research that integrates new cutting-edge biomarkers and innovative detection 

strategies (as showcased in this thesis) could advance ovarian cancer diagnosis and risk 

stratification in clinical settings. This will enable a more personalised treatment approach 

accustomed to the needs of individual patients.   
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Chapter 1: Introduction 
 

 

1.1 Background and motivation 

 

Cancer is a major devastating disease exemplified by a complex interaction of genetic 

and environmental factors that coordinate carcinogenesis.1 As a public health conundrum, 

cancer accounts for more than 18 million new cases and 10 million deaths2 per year 

worldwide and this number is expected to double in the next two decades. While treatment 

methods have significantly advanced in the past 30 years, the growing burden, rising costs 

and inequalities in access to treatments remain challenging. In Australia, approximately 

134,174 new cases of cancer were diagnosed with 47,753 deaths in 2017.3 In parallel to 

these alarming cancer burden statistics, efforts on cancer genome characterisation are 

transforming our understanding of tumour biology at an unprecedented level,4, 5 creating 

new avenues for early detection and more efficient disease monitoring strategies. From 

this perspective, various genomic approaches applied to tumour specimens have 

leveraged the development of biomarkers for cancer detection and prediction of treatment 

response.6 

 

Early diagnosis of epithelial ovarian cancer still remains elusive. Quondam efforts to 

improve early diagnosis have been focusing on unearthing tumours while they are 

confined in the ovary. Nevertheless, given the recent discovery of serous tubal 

intraepithelial carcinoma as a potential precursor to ovarian epithelial carcinoma, future 

efforts should focus on identifying any potential precursor lesions outside the ovary. As 

the burden of ovarian cancer is estimated to increase for the foreseeable future, especially 

in low-and middle-income countries with aging populations, women will need access to 

optimal ovarian cancer care in order to improve survival rates. The growing 

understanding of the physical and psychological sequelae of cancer clearly shows that 

each type of cancer brings forth a unique set of challenges depending on the 

characteristics of the disease, the required treatments and the disease prognosis.7  Ovarian 

cancer may be extremely burdensome for women physically and psychologically due to 

the advanced state of the disease at the time of diagnosis, side effects of the disease, 

continuous cycles of invasive chemotherapy, and intuit loss of femininity as a result of 

the removal of reproductive organs. Very few women suffering from ovarian cancer have 

an opportunity for cure and thus, the majority will only be left to face the perceived 

prospect of dying. Several studies have shown that women with gynecologic cancer often 
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suffer from psychological distress during screening, diagnosis and treatment phase of the 

disease.8,9 Following the disease diagnosis, women often suffer from depression and 

anxiety which consequently affect their ability to cope with disease course and treatments. 

10 

 

The opportunity to early diagnosis of a pathological condition and, at the same time, to 

improve the efficacy of therapeutic treatments is the main objective for many biomedical 

research and pharmaceutical industries. Conventional tissue biopsies have been used by 

clinical experts to diagnose and manage diseases for over 1,000 years.11 In ovarian cancer 

patients, biopsies reveal the histological interpretation of the disease and unveil the details 

of the tumour genetic profile thus allowing prediction of disease progression and response 

to therapies. However, repeated sample collection by subjecting patients to invasive 

procedures is usually impractical with several limitations including discomfort suffered 

by patients during long procedures, inherent clinical risks, surgical complications and 

costly procedures. In addition, tumour heterogeneity makes it difficult to establish a 

therapeutic course of action due to the extensive intertumoural and intratumoural 

evolution of the primary tumour and its metastases, which may underestimate the 

complex nature of the tumour genome. Some tumours are not accessible to biopsies and 

hence the procedure on its own might elevate the chances of cancer seeding to other 

sites.12 To overcome the limitations of tissue biopsies, new methods to determine tumour 

genetics and tumour dynamics that are rapid, cost effective, and non-invasive at various 

stages during disease progression need to be developed.  

 

Liquid biopsy is a new diagnostic concept that provides important metastatic information 

for identifying and monitoring tumour genomes in body fluid samples. In ovarian cancer, 

liquid biopsies hold the potential to imbue cancer patient prognosis and guide treatment 

decisions when direct tumour biopsy may be impractical. Liquid biopsies rely on the 

analysis of circulating biomarkers isolated from bodily fluids. These circulating 

biomarkers include circulating tumour cells (CTCs), circulating tumour specific nucleic 

acids (circulating tumour DNA (ctDNA), circulating tumour RNA (ctRNA), microRNAs 

(miRNAs), long non-coding RNAs (lncRNAs)), exosomes, autoantibodies in blood, 

saliva, stool, urine, etc. Circulating biomarkers are released by tumour cells into the blood 

circulation and they harbour the mutations of the original tumour. In recent years, 

circulating tumour biomarker analysis has shed a new light on molecular diagnosis. 

Studies have shown that the screening of genetic mutations using circulating tumour 
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nucleic acids is highly sensitive and specific, indicating that analysis of circulating tumour 

nucleic acids may substantially improve current techniques of tumor diagnosis, prognosis, 

early-stage detection and assist in targeted therapy. 

 

As such, the successful development of a broad platform technology that could enable the 

sensitive and specific capture of circulating biomarkers could potentially be a 

transformative technology in modern medicine. The development of versatile and fully 

optimised biosensor methodologies might indicate a breakthrough for early ovarian 

cancer diagnosis and, thereby, for personalised medicine. In biosensor technology, 

several transduction methods have been employed and these include optical, 

piezoelectric, acoustic and electrochemical. However, electrochemical methods offer 

distinct advantages. In particular, electrochemical biosensors are relatively cheap, highly 

sensitive, with independent sample turbidity and very simple instrumentation, which 

make them suitable for both centralised and decentralised testing. In support of biosensor 

technology, much research is currently being channelled towards the development of 

robust functional core-shell structures that can serve as advanced nanomaterials for 

biosensing applications. These nanomaterials have been applied in biosensing assays due 

to their unique properties exhibited at the nanoscale, which can substantially improve 

analytical specificity and sensitivity.13, 14  

 

Nanomaterials can be used in electrochemical biosensors as electrode surface modifiers 

and as signalling labels. As surface modifiers, nanomaterials facilitate signal 

amplification via catalytic activity and conductivity, and also enable superficial 

interactions with chemical and biological reagents and targets. Sensitivity, stability, and 

other characteristics on traditional platforms are greatly improved. Nanomaterials are 

conjugated with signalling molecules, such as enzymes and redox-active compounds, and 

are often employed as labels to enhance the generated signal. Several nanomaterials have 

been interrogated to analyse their properties and recent applications in biosensors. The 

electronic and mechanical properties of nanomaterials have been explored in their use in 

improved biological signalling and transduction mechanisms. Examples include metallic 

nanoparticles, carbon or metallic nanotubes, magnetic particles, and functionalised 

conductive polymers. These materials can variously be employed for the immobilisation 

of bioelements in diverse biodetection techniques. Metal based nanoparticles are excellent 

materials for electronic and optical applications owing to their high catalytic activity, 

large surface area and good biocompatibility. The exploitation of optoelectronic 
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properties of nucleic acid sequences allow efficient detection using metallic 

nanoparticles. 

 

Biopolymers have increasingly attracted interest as advanced materials that can be 

engineered to exhibit unique advantageous properties for diagnostics application.15, 16 

Bioengineered polyhydroxybutyrate (PHB) beads that are synthesised and assembled 

inside industrial microbial production hosts such as E. coli 17-19 or Bacillus megaterium 

offer a versatile materials platform that harnesses low cost manufacture, reusability and 

high-performance in bioassays.17,20-22 Bioengineered PHB nanobeads are core-shell 

structures where the core is made of semi-crystalline hydrophobic PHB exhibiting unique 

thermal and mechanical characteristics while the surface is composed of covalently 

anchored proteins that can be engineered to present such binding domains suitable for 

biosensing applications.23 The self-assembly of PHB-anchored proteins during PHB 

synthesis enables the dense display of various protein functions on the surface for 

enhanced target capture and recognition.24 The increased functional surface area of PHB 

beads also allows for integration of inorganic binding peptides that mediate binding such 

as gold, silica,20 cadmium25 and, as described in this study, iron oxide to convey additional 

physical properties such as superparamagnetism. These advantages of PHB nanobeads 

open new opportunities towards the development of electrochemical detection methods 

for circulating cancer biomarkers. However, in order to accelerate the technology-transfer 

process of electrochemical biosensors to the medical field, considerable research efforts 

must be addressed to create and optimise the biofunctionalisation and the assay 

procedures, which permit reliable and accurate detection of relevant biomarkers directly 

in biological fluids, essentially avoiding any pretreatment of the sample. 

 

In this PhD work, I aim to develop novel methods for analysing targeted CBs such as 

HOTAIR lncRNA, DNA methylation and exosomes in complex biological specimen. I 

have developed several novel methods for detecting CBs with the underlying principle 

that relies on a two-step strategy. In the first step, the target CBs were magnetically 

isolated and purified. The purified sample was then detected electrochemically or 

optically (naked-eye) in the second step. For magnetic isolation and separation, I have 

explored magnetic dynabeads and a new class of bioengineered and self-assembled 

superparamagnetic PHB nanobeads.  The enhanced functional surface area of PHB beads 

enables the coupling of inorganic binding peptides that facilitate binding of iron oxide 

that ferry additional physical properties such as superparamagnetism. Given that the PHB 
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nanobead surface can be readily tuned for efficient isolation and electrochemical 

detection of different targets, these novel bioengineered superparamagnetic nanobeads 

represent a versatile diagnostic platform technology that combines enrichment of the 

target with its sensitive and specific detections. The developed methods offer several 

benefits such as the numerous magnetic mixing and purification steps to isolate the 

targets, to minimise the matrix effects of the biological samples which consequently 

reduces non-specific detection. The application of single-use, disposable and inexpensive 

screen-printed electrodes helps to eliminate tedious cleaning procedures and non-specific 

response resulting from multiple surface reactions and excessive capacitive charge 

associated with conventional disk electrodes. The proof-of-concept methods 

demonstrated in this thesis could be cost-effective alternative platforms for screening 

cancer-related CBs in routine clinical environments.
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1.2 Aims 

This PhD project aims to develop a simple, reliable, and inexpensive platform technology 

for the analysis of a range of circulating cancer related biomarkers (lncRNAs, methylated 

DNA and exosomes) in ovarian cancer samples with high sensitivity and specificity. 

Following a comprehensive literature review on the biogenesis, significance and potential 

role of widely known major biomarkers (e.g. CTCs, ctDNA, miRNA and exosomes) in 

cancer diagnostics and therapeutics, this research will interrogate the development of 

optical (colourimetric) and electrochemical assays for lncRNA, DNA methylation and 

exosome biomarker detection. More emphasis will also be given to the synthesis, 

characterisation and application of bioengineered superparamagnetic PHB nanobeads for 

DNA methylation and exosomes sensing.  

The specific objectives of my PhD project are: 

1. To develop colourimetric and electrochemical based assays for the detection and 

quantification of circulating HOTAIR lncRNA. 

2. To synthesise, characterise and apply self-assembled superparamagnetic PHB 

nanobeads for isolation and electrochemical detection of DNA methylation and 

exosomes. 

3. To apply the developed assay platforms in clinical samples. 

 

1.3 Significance of the project 

The demand for point-of-care diagnostics and monitoring is proliferating consequently 

with the hike in the prevalence of chronic diseases, increasing healthcare costs and unmet 

healthcare needs. It is estimated that about 1,510 Australian women will be diagnosed 

with ovarian cancer each year, and 1,046 women will die from the disease – that’s one 

woman every eight hours.26 Due to a survival rate of only 46% and a recurrence of 75%, 

40% of women will suffer from clinical depression. Thus, this calls for immediate 

revaluation of the strategic areas of research that needs implementation and funding. As 

part of strategic investment program, several companies, governmental institutions and 

privately funded agencies- the major stakeholders, have united in the battle against 

cancer, which is towards the development of drugs or technologies that meet the demand 

of cancer patients through personalised treatments. Therefore, enormous efforts of 

research have been devoted towards the development of nanostructured-based novel 

technologies and devices for diagnosis and monitoring of cancer via the detection of 
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disease-specific biomarkers to meet this increasing demand. The importance of this 

research relates to the following scientific advances. 

 

One of the pitfalls associated with disease diagnosis is the scarcity of minimally invasive 

biomarkers, which can be isolated and detected in complex biological matrices with high 

sensitivity and specificity. As such, multiple species of clinically relevant circulating 

biomarkers linked with the initiation and progression of cancers could be useful as 

sensitive and specific biomarkers. In this thesis, lncRNA HOTAIR, which expresses in 

response to tumorigenesis in ovarian cancer, was selected. DNA methylation and 

exosomes were also interrogated.  

 

This study also reports on the bioengineering and characterisation of self-assembled 

multifunctional PHB nanomaterials tailored for the development of an electrochemical 

detection platform. The self-assembled PHB nanobeads not only bind target-specific 

antibody peroxidase conjugates, but can also be processed to adopt superparamagnetic 

properties which is an essential attribute for nanomaterials required in biosensing for 

isolation, separation and purification. The ZZ domains and Fe binding peptides were 

bioengineered for co-display on the surface of the PHB beads (Fe3-Z6-PHB) and 

processed with iron oxide to become superparamagnetic for separation and detection of 

methylated DNA targets and exosomes. Although the bioengineered Fe3-Z6-PHB 

nanobeads are not naturally superparamagnetic, magnetism can be achieved when Fe 

binding peptides on the bead surfaces sequester iron oxide in ferrofluid in a magnetic 

field.27 The use of Fe3-Z6-PHB nanobeads in this work has the advantage of being 

biologically assembled for dense and homogenously oriented display of binding domains 

for enhanced surface interaction, not only mediating favourable magnetic properties via 

interaction with ferrofluid, but also a high binding capacity for an antibody conjugate for 

specific target detection. 

 

To summarise, the achievement of the stated research aims of this thesis could have a 

significant clinical impact in advancing the current unmet demand for better approaches 

in comprehensive early detection of ovarian cancer. The development of novel ovarian 

cancer analytical nanodiagnostics targeting next-generation blood-based biomarkers 

could potentially be a useful tool for accurate minimally invasive ovarian cancer early 

detection. The further clinical utility of nanoplatform assays and biomarker targets will 

aid the translation of the thesis outcomes from the lab benchtop into clinical use. Together, 
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the integration of detection strategies and superior biomarkers might alleviate 

unnecessary biopsies, overdiagnosis, and overtreatment of ovarian cancer patients, 

leading to more effective treatment decisions of women with, or at risk of developing 

ovarian cancer. Lastly, from a research perspective, these studies could raise cognizance 

towards the detection of next-generation ovarian cancer biomarkers for 

nanotechnologists; as well as conveying the immense potential of nanodiagnostics to 

clinicians. 
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1.4 Structure of the thesis 

This thesis includes seven chapters. Chapter 2 has been published as a “Review Paper” in 

a peer-reviewed journal. Chapters 3, 4, 5, and 6 are a collection of journal papers that have 

been published and submitted. Chapter 7 is the overall conclusions and future direction 

of this PhD research work. 

 

Chapter 1: Thesis introduction 

This thesis comprises of seven chapters and is presented as a combination of peer-

reviewed published articles and submitted manuscripts. 

 

Chapter 2: Advanced liquid biopsy technologies for circulating biomarker 

detection 

This chapter provides a detailed literature review of research background that is presented 

in this thesis. In particular, it entails the biogenesis, diagnostic, prognostic and therapeutic 

use of four widely known circulating biomarkers and also the role that nanotechnology 

plays in the translation of these biomarkers for clinical screening usage. This chapter also 

highlights the current methodological deficiencies associated with available detection 

approaches and possible pathways to alleviate them. 

 Chapter 2 is presented as one peer-reviewed review article: N Soda, BHA Rehm, P 

Sonar, NT Nguyen and MJA Shiddiky, Advanced liquid biopsy technologies for 

circulating biomarker detection. Journal of Materials Chemistry B, 2019, 7, 6670-6704. 

 

Chapter 3: An amplification-free method for the detection of HOTAIR long non-

coding RNA  

This chapter describes the development of an amplification free detection platform for 

HOTAIR long non-coding RNA. The self-assembled thiolated probes allow hybridisation 

of target HOTAIR and enhanced amperometric quantification via HRP catalysed 

HQ/H2O2 system. This method could quantitatively detect HOTAIR expression levels in 

human cancer cells and serum samples without prior tedious pre-treatment or 

amplification steps.  

Chapter 3 is presented as a peer-reviewed article: N Soda, M Umer, S Kasetsirikul, C 

Salomon, R Kline, NT Nguyen, BHA Rehm and MJA Shiddiky. An amplification-free 

method for the detection of HOTAIR long non-coding RNA, Analytica Chimica Acta, 

2020, 1132, 66. 
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Chapter 4: PCR-Free Detection of Long Non-Coding HOTAIR RNA in Ovarian 

Cancer Cell Lines and Plasma Samples  

This chapter describes the development of a biosensing platform for the visual 

(colorimetric) estimation and subsequent electrochemical quantification of ovarian-

cancer-specific HOTAIR lncRNA. The proof-of-concept assay developed in this chapter 

may find potential use in routine clinical settings for the screening of cancer-related 

lncRNAs. 

Chapter 4 is presented as a peer-reviewed article: N Soda, M Umer, N Kashaninejad, S 

Kasetsirikul, R Kline, C Salomon, NT Nguyen and MJA Shiddiky. PCR-Free Detection 

of Long Non-Coding HOTAIR RNA in Ovarian Cancer Cell Lines and Plasma Samples. 

Cancers,  2020,12, 2233. 

 

Chapter 5: Self-assembled superparamagnetic polyhydroxybutyrate nanobeads for 

isolation and electrochemical detection of cancer biomarkers  

This chapter describes the bioengineering and characterisation of self-assembled 

multifunctional PHB nanomaterials tailored for development of an electrochemical 

detection platform, which utility was exemplified for global DNA methylation and 

specific detection of exosomes derived from ovarian cancer cells. 

Chapter 5 is presented as an accepted research manuscript: N Soda, ZJ Gonzaga, S Chen, 

KM Koo, NT Nguyen, and MJA Shiddiky and BHA Rehm., Self-assembled 

superparamagnetic polyhydroxybutyrate nanobeads for isolation and electrochemical 

detection of cancer biomarkers, ACS Applied Materials & Interfaces, 2021, 13. Accepted 

on June 14, 2021. 

 

Chapter 6: Electrochemical Detection of Global DNA Methylation based on 

Bioengineered Polyhydroxybutyrate Nanobeads 

This chapter describes the development of a sensitive biopolymer nanomaterial-based 

electrochemical platform for DNA methylation detection. This method relies on the 

bioengineering of polyhydroxybutyrate (PHB) to self-assemble into functional core-shell 

structures that can be used as advanced nanomaterials for fabrication of the sensing 

platform. 

Chapter 6 is presented as a submitted research manuscript: N Soda, ZJ Gonzaga, AS 

Pannu, P Sonar, R Kline, C Salomon, NT Nguyen, BHA Rehm and MJA Shiddiky, 

Electrochemical Detection of Global DNA Methylation based on Bioengineered 
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Polyhydroxybutyrate Nanobeads, submitted to Cancers on May 31, 2021. 

 

Chapter 7: Conclusions and Future perspectives  

This chapter summarises the previous thesis chapters and outlines recommended future 

work based on the current progress outlined through this thesis. 
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Introduction 

Chapter 2 provides a detailed literature review of the advanced liquid biopsy technologies 

for circulating biomarker detection. Specifically, it first introduces the biogenesis, 

significance and potential role of four widely known biomarkers (CTCs, ctDNA, miRNA 

and exosomes) in cancer diagnostics and therapeutics. Next, a detailed discussion of the 

inherent biological and technical challenges associated with currently available methods 

and the possible pathways to overcome these challenges is provided. This is followed by 

the recent advances in the application of a wide range of nanomaterials in detecting these 

biomarkers. Last, insights and future outlook towards the clinical translation of precision 

ovarian cancer nanodiagnostics for next-generation biomarker detection are provided. 

 

Chapter 2 is based on a published review article in Journal of Material Chemistry B. 
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Chapter 2: Literature review 

Advanced liquid biopsy technologies for circulating biomarker 

detection 

 

2.1 ABSTRACT 

Liquid biopsy is a new diagnostic concept that provides important information for 

monitoring and identifying tumor genomes in body fluid samples. Detection of tumour 

origin biomolecules like circulating tumour cells (CTCs), circulating tumour specific 

nucleic acids (circulating tumour DNA (ctDNA), circulating tumour RNA (ctRNA), 

microRNAs (miRNAs), long non-coding RNAs (lncRNAs)), exosomes, autoantibodies 

in blood, saliva, stool, urine, etc. enables cancer screening, early-stage diagnosis and 

evaluation of therapy response through minimally invasive means. From reliance on 

painful and hazardous tissue biopsies or imaging depending on sophisticated equipment, 

cancer management schemes are witnessing a rapid evolution towards minimally invasive 

yet highly sensitive liquid biopsy-based tools. Clinical application of liquid biopsy is 

already paving the way for precision theranostics and personalised medicine. This is 

achieved especially by enabling repeated sampling, which in turn provides a more 

comprehensive molecular profile of tumours. On the other hand, integration with novel 

miniaturised platforms, engineered nanomaterials, as well as electrochemical detection 

has led to the development of low-cost and simple platforms suited for point-of-care 

applications. Herein, we provide a comprehensive overview of the biogenesis, 

significance and potential role of four widely known biomarkers (CTCs, ctDNA, miRNA 

and exosomes) in cancer diagnostics and therapeutics. Furthermore, we provide a detailed 

discussion of the inherent biological and technical challenges associated with currently 

available methods and the possible pathways to overcome these challenges. The recent 

advances in the application of a wide range of nanomaterials in detecting these biomarkers 

are also highlighted. 

 

2.2 INTRODUCTION 

Early detection of circulating biomarkers (CBs) in accessible body fluids such as blood 

or urine has the potential to improve survival for individuals with cancer. It also decreases 

the cost of treatment by ameliorating the prescription of ineffective therapies. The four 

most common CBs with excellent diagnostic, prognostic and therapeutic potential are 

circulating tumor cells (CTCs),1 circulating tumor specific nucleic acids (ctDNA, ctRNA, 
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miRNAs, lncRNAs),2,3 extracellular vesicles4 (exosomes, apoptopic bodies, etc.), and 

autoantibodies.5 By capturing these CBs in clinical samples, physicians can essentially 

perform ‘liquid biopsy’. This is a promising non-invasive or minimally invasive 

diagnostic tool for early diagnosis of cancer that provides real-time information on 

tumour evolution and therapeutic response in contrast to conventional tissue biopsy.6 The 

conventional tumour tissue biopsies are severely prone to sampling bias – since repeated 

sample collection is not feasible they only provide a glimpse of tumour heterogeneity.7 

Thus, liquid biopsies have emerged as a disparate group of technologies that seek to 

expand the scope and application of body fluid-based cancer diagnosis. Liquid biopsy 

also provides insights into tumour biology and potentially can differentiate metastatic and 

indolent cancer. Thus, an opportunity to identify reliable CBs mirroring tumour behavior, 

via fully or minimally non-invasive liquid biopsy, represents a great paradigm shift in 

personalised clinical care. 

 

Owing to the recent advances in the development of highly specific gene-amplification 

and sequencing technologies liquid biopsies can access more biomarkers relevant to 

cancer. Thus, the molecular profile of liquid biopsies is a promising field for cancer 

biomarker discovery. This is due to the relatively low invasive techniques used to collect 

the material and the possibility of obtaining many samples from the same individuals at 

different times. For many years, CTCs, exosomes, ctDNA and microRNAs have been 

regarded as major biomarkers for cancer detection.6 These biomarkers are released from 

tumor sites into peripheral fluids; hence they can be detected and analysed.  The large 

amount of cancer cells in circulation is driven by a continuous discharge of tumour-

derived nucleic acids, viable CTCs and exosomes into the circulation. In brief, the ability 

to isolate, characterise and detect these CBs using non-invasive approaches represents a 

new diagnostic tool that would enable clinical experts to analyse the evolution of tumour 

multiple times (Fig. 2.1). 

 

The need for non-invasive molecular profiling tools in recent years has grown 

substantially due to the increasing need and better understanding of genomic alterations 

and personalised treatment options.  The integration and utilisation of CBs in routine 

clinical settings is of utmost importance. Hence, numerous validation studies are required 

to provide substantial evidence of the efficiency and reliability of the markers for the 

clinical utility of the developed tests. In the past few years, many technologies have been 

developed for the detection of CBs in peripheral blood using different platforms.2,4,8,9 In 
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spite of this technological advancement, the lack of standardisation and variability in 

methodologies for CB assessment contribute to dynamic limitations for integrating these 

technologies in clinical settings. A fundamental prerequisite in the development of CB-

based diagnostics is the ability to measure CBs from body fluid (serum, plasma, etc.) with 

adequate precision and sensitivity. The precise quantification of CBs has been greatly 

influenced by many limitations such as pre-analytic variations, technical problems in 

qRT-PCR and data analysis, and normalisation.10 

 

The integration of liquid biopsies with novel miniaturised platforms, engineered 

nanomaterials, and electrochemical detection has led to the development of low-cost and 

simple platforms suited for point-of-care applications. Recently, several reviews have 

been published on the application of CTCs, ctDNA, miRNA, and exosomes as cancer 

biomarkers,11–13 as well as on their detection strategies.2,14,15 Herein, we provide a 

comprehensive review of the literature published in recent years on the background of the 

biology of CTCs, ctDNA, miRNA and exosomes as biomarkers. A detailed discussion of 

the inherent technical challenges together with possible solutions to overcome these 

challenges is provided. We also provide a critical commentary on the performance 

attributes of various newly developed materials and technologies. This will assist 

researchers in recognising the shortcomings and limitations of current platforms, a better 

understanding of which can help in identifying possible future avenues of research. 
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Figure 2.1 Schematic representation of the circulating biomarkers, functions, and 

detection technologies in molecular diagnosis. 

 

2.3 Biogenesis of Circulating Biomarkers  

2.3.1 Circulating tumour cells 

The earliest detection of CTCs in peripheral blood was reported by Australian physician 

Thomas Ashworth using a microscope in 1860.16 Thereafter, a theory was proposed based 

on the infiltration of tumour cells into the vessel wall and bloodstream. In particular, the 

majority of CTCs were found to be accidental cells in circulation driven passively or 

actively by external forces such as tumour growth and mechanical stress during surgical 

operation.17 The formation of metastatic lesions during cancer progression was initially 

thought to occur in the later stages. However recent reports have demonstrated that CTCs 

infiltrate the circulation at an early stage and spread to potential metastatic regions as 

single cells or clusters.18,19 Numerous metastasis studies conducted in the 20th century 

indicated that clusters or aggregates of tumour cells contain higher metastatic potential 

than single cells.20–22 A direct correlation of size, concentration and number of CTC 

aggregates with their metastatic potential was established particularly in animal studies 

showing the capability of CTC aggregates in traversing pulmonary circulation in small 

animals.20,23 The analysis of CTCs is therefore centered on the evaluation of mechanisms 

of cancer metastasis. During metastasis initiation, the tumour cells in the primary site 
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proliferate resulting in the attraction of blood vessels to provide oxygen and nutrients for 

tumour growth. Epithelial–mesenchymal transition (EMT) has been linked to metastasis. 

However, its involvement still remains unclear as to whether it occurs and to which degree 

it contributes to metastasis. Recent evidence suggests that patients with metastatic lesions 

are more susceptible to have CTCs that can be easily isolated but they are usually very 

low concentrated, usually 1–10 CTCs per mL of whole blood24 which also contains about 

7 x 106 and 5 x 109 white blood cells and red blood cells respectively.25 Therefore, 

technologies that can effectively isolate a single CTC from the background of several 

blood components are essential. While such levels of sensitivity are difficult to achieve, 

a considerable number of novel technologies have been developed to efficiently isolate, 

quantify and characterise rare CTCs. 

 

2.3.2 Circulating tumour DNA 

Circulating tumour DNA was first reported by Mandal and Metails in 1948.26 CtDNA is 

a fraction of cell-free DNA that emanates from tumour cells and is discharged into the 

circulation. Cell-free DNA comprises short nucleic acid fragments (B166 bp) found in 

almost all body fluids, including plasma, and is likely derived from apoptotic cells.27,28 

cfDNA is involved in different physiological and pathological processes such as 

coagulation, immunity, aging, and cancer. In cancer patients, the large number of tumours 

leads to the release of circulating tumour DNA which may carry similar genetic 

alterations and mutations as the primary tumour. Thus, the analysis of ctDNA could 

enable cancer diagnosis and prognosis through non-invasive means. Under normal 

physiological conditions, infiltrated phagocytes release necrotic and apoptotic cell debris 

from the tissue. The increased cellular turnover also results in a rapid increase of cell 

debris. Therefore, the removal of biological molecules in necrotic and apoptotic cell 

debris into the circulation, including ctDNA, is substantially greater than in normal 

conditions. Therefore, ctDNA is considered as a potential biomarker for diagnosis, 

prognosis and patient-specific therapy. 

 

2.3.3 Circulating microRNA 

Biogenesis of RNA in the nucleus and its function in gene regulation and protein synthesis 

are greatly influenced by several controlled pathways based on multiple enzymes and 

cellular factors.29–31 Circulating miRNAs represent short RNA molecules with an average 

length of 22 nucleotides that play an important role in regulating gene expression through 



Chapter 2 

 

 

21  

binding to target mRNA. miRNA synthesis involves the conversion of miRNA genes to 

hairpin-structured primary miRNA either by RNA polymerase II or via the transcription 

process.8 Following this conversion transcription miRNAs are split or processed by a 

distinctive microprocessor complex. This contains RNA binding protein DGCR8 and 

ribonuclease enzyme Drosha. Subsequently, miRNAs are transferred to the cytoplasm 

and further divided by an enzyme called Dicer to form miRNA duplexes. Mature miRNAs 

are then produced after strand separation of the duplexes and begin to assemble various 

enzymes and proteins to produce RNA induced silencing complexes. The regulatory and 

inhibitory actions exerted by miRNA are driven by RNA silencing complex-induced 

degradation and post-translational inhibition (Fig. 2.2).32,33 

 

 

Figure 2.2 Schematic representation of the biogenesis of micro RNA (miRNA): the 

synthesis of miRNAs and their application in translational repression and transcriptional 

modulation. Reprinted with permission.34 Copyright 2012, Elsevier. 

 

2.3.4 Extracellular vesicles  

The discovery of exosomes was first reported three decades ago by two independent 

research groups that described the transferring receptors in reticulocytes to be related to 

small-sized vesicles approximately 50 nm in diameter. The specific roles of these vesicles 

were not known until later in 1996 when it was established that exosomes are discharged 
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by B immune cells and can activate CD4+ T-cell clones in an antigen-specific manner.4,35 

The term “exosome” was then formulated to describe vesicles with a nanosized diameter 

ranging between 30 and 150 nm shed into the extracellular environment once there is 

fusion between endosomes and cellular membranes.36 Following this discovery, several 

extracellular vesicles have been identified and classified according to their biogenesis, 

function and cellular genesis.37,38 Various mechanisms are involved in biogenesis of 

exosomes, which also allow better classification of the protein and RNA cargo to produce 

exosomes with distinctive biochemical compositions. Exosomes exist in all body fluids 

including urine and plasma and are generated by most normal and pathological cells. The 

origin of exosomes from the multivesicular endosome (MVE) starts with the inward 

invagination of the cellular plasma membrane which generates endosomes. The 

endosome membrane undergoes a series of inward invaginations, which transform the 

early endosome to the mature late endosome, resulting in the generation of multiple 

intraluminal vesicles. The multivesicular body (MVB) formed at this point consists of 

numerous vesicles with each containing cytosol with different proteins and nucleic acids 

in a small unit. Exosomes are therefore secreted into the extravesicular space when the 

MVB fuses with the plasma membrane. Exosomes can be secreted via the trans-Golgi 

network or inducible pathways. Various proteins from the Rab family such as Rab27a 

and Rab27b function essentially as regulators of exosome secretion.39 Previous studies 

have also shown that the activation  of  tumour  suppressor  protein,  p53,  activates  and 

increases  the exosome  secretion  rate by  regulating  the transcription of several genes 

including TSAP6 and CHMP4C.40 

 

2.4 Diagnostic, prognostic and therapeutic use of circulating biomarkers 

2.4.1 Circulating biomarkers as diagnostic biomarkers 

CtDNA. Early diagnosis of cancer is vital as it provides guidance towards effective 

therapeutic interventions and significant improvement in patient survival.41 Over the past 

few years, detection of ctDNA by non-invasive means has made exceptional contribution 

towards the pursuit of potent and credible biomarkers. Predictive biomarkers play a 

pivotal role in guiding treatment decision. Patients are identified and divided into 

subgroups depending on their responses to specific cancer therapies, or other alternative 

treatment procedures. Detection of specific cancer epigenetic aberrations using ctDNA, 

such as promoter hypomethylation, may aid to provide vital information to apprehend 

tumour biology and analysis in clinical environments. As a potential predictive 

biomarker, O6-methyl- guanine-methyl-transferase (MGMT) promoter methylation for 
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ctDNA can be measured in glioblastoma multiforme (GBM) patients. The measurement 

of MGMT methylation in plasma ctDNA using bisulphite-pyrosequencing and methyl-

BEAMing strategies showed higher response of the MGMT methylation status in 

metastatic colorectal cancer. This provided better prognosis of treatment response and 

improvement in progression-free survival.42 Assimilation of ctDNA in potential clinical 

assays can aid in the identification and classification of predictive biomarkers based on 

their response towards therapy using key somatic mutations. Earlier studies reported 

selective detection of circulating mutant KRAS in non-small cell lung cancer patients by 

using restriction fragment-length polymorphism and polymerase chain reaction (RELP-

PCR) assays on circulating DNA. Gormally et al. detected KRAS mutations in healthy 

subjects up to 2 years before cancer diagnosis.43 Comparably, they also detected TP53 

mutations in the cfDNA of healthy patients on an average of 20.8 months before the 

diagnosis of cancer.43 

 

miRNA. Dysregulated miRNA can affect various cellular pathways leading to tumor 

development and progression. Hence, miRNA can be used in the diagnosis and 

management of cancer.44–46 Circulating miRNA biomarkers provide several advantages 

in liquid biopsy such as high stability, early detection and minimal invasive means for 

monitoring cancer. Compared to other circulating RNAs such as mRNA and lncRNA, 

miRNAs are more stable and exhibit sturdy expression patterns in clinical samples.8 

Different cancers have characteristic signatures of the miRNA expression pattern. 

Recently, a lot of attention has been focused on the exploration of diagnostic significance 

of miRNA in cancer.47–49 Calin et al.50 demonstrated the underexpression of miRNA 

15/16 in chronic leukemia by showing a correlation between tissue derived miRNA and 

cancer miRNA 15/16. Lawrie et al. reported on the diagnostic significance of circulating 

miRNAs in B-cell lymphoma.51 In their report, miR-21 and miR-155 levels were 

relatively high in the serum of cancer patients when compared with healthy individuals. 

 

Exosomes. Exosomal vesicles play a pivotal role in different pathological conditions, 

such as infectious diseases,52 obesity and pregnancy complications53–55 and different types 

of cancer.56,57 Several studies have also highlighted the association of exosomes with 

coagulation, angiogenesis, apoptosis  and  inflammation.58,59 In addition, exosomes shed 

from tumour cells can transport  oncogenetic molecules to recipient cells and regulate 

their gene expression, thus playing an important role in the progression, metastasis and 

drug resistance.35,60–62 In recent years, many scientists examined the potential of 
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exosomes in the diagnosis and therapeutic interventions of numerous diseases including 

cancer, neurodegenerative diseases, infectious diseases and cardiovascular diseases. A 

number of studies have recently indicated the significant diagnostic potential of exosomal 

proteins for breast cancer.63–65 For example, Rupp et al. coupled magnetic beads used for 

exosome isolation in immune-affinity techniques with EpCAM and anti-CD24 and 

demonstrated the ability of exosomal CD24 to work as a breast-cancer marker.65 

Furthermore, studies have also demonstrated the relative association of exosomal proteins 

with other various cancer types including ovarian, pancreas, prostrate and colorectal 

cancer.66,67 Significantly increased amounts of exosomal survivin have been recorded in 

prostate cancer patients compared to healthy patients.68 Glypican-1, another surface 

exosome protein, has been demonstrated to be the only surface protein present in 

pancreatic cancer serum; nevertheless, the glypican-1 protein is not found in benign 

pancreatic disease-derived samples and these findings strongly indicate the potential of 

glypican-1 to work as a pancreatic cancer biomarker.69 

 

2.4.2 Circulating biomarkers as prognostic biomarkers 

CTC. Once single CTCs are isolated, a range of genomic profiling technologies can be 

applied. In the past few decades, numerous genetic studies have been explored on RNA 

or DNA derived from enriched CTC cohorts with little sensitivity due to tumor profile 

covering by wild type DNA leukocytes.70,71 Single CTC analysis prevents the hurdle of 

leukocyte contamination, thus enabling the analysis of CTC heterogeneity and helps in 

locating co-existing mutations within a cell. Several amplification strategies for NGS, 

genotyping and array analyses for single cells have been established.72–75 Due to the 

amount of amplification needed for single-cell analysis, many concerns have been put 

forward over the WGA errors dissimulating as amplification bias and somatic mutations 

or allele dropout distorting the genomic profiles.76 In spite of the difficulties of single-

cell profiling, such as costly downstream processing, the  NGS  and WGA strategies have 

demonstrated to be sturdy enough  to reliably extract similar detailed information from 

one cell cycle.77 

 

CtDNA. Degeneration and recurrence are a major problem for monitoring cancer due to 

minimal residual disease (MRD), which consists of tumour components that remain after 

chemotherapy or therapeutic surgery. Currently, there are few available effective markers 

for monitoring MRD in solid tumours despite the routine monitoring of MRD for 

hematological malignancies with well characterised pathognomonic lesions.78 Removal 
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of solid tumours by surgical techniques provides an opportunity to identify reliable and 

personalised markers which can be employed in non-invasive assays for continuous 

monitoring of recurrence and relapse.79 

 

miRNA. Over the past few years, a number of studies have shown the effective prognostic 

role of miRNA in cancer compared to mRNA as a result of its high stability. Schetter et 

al. demonstrated the significant connection between overexpressed miR-21 and poor 

prognostic and therapeutic results in colon cancer patients.80 On the other hand, 

Takamizawa et al. highlighted the correlation of downregulated let-7 miRNA with low 

survival of lung cancer patients.81 

 

2.4.3 Circulating biomarkers as therapeutic biomarkers 

CTC. With the increasing evidence of diagnostic potential of CTCs in various cancer 

types, their clinical application still needs to be explored. Many studies have 

demonstrated a strong correlation of survival rates and reduced progression free survival 

with CTC baseline levels in many cancer types. These cancer types include breast, liver, 

colorectal, gastric and melanoma.1,82 Studies have also highlighted that detection of CTCs 

in patient’s blood sample after therapy indicates reduced progression free survival and 

overall survival rates. 

 

Exosome. Several exosome-derived therapeutic approaches have been developed such as 

tissue regeneration therapy, drug delivery, vaccine development and gene silencing. The 

therapeutic potential of exosomes in tissue regeneration has been demonstrated by Lai et 

al. using exosomes derived from mesenchymal stem cells.83 A significant reduction of 

infarct size in a mouse model of myocardial ischemic injury is shown. More so, exosomes 

extracted from mesenchymal stem cells (MSC) were recently applied for pediatric 

refractory graft-versus-host disease (GvHD) treatment84 and this further triggered their 

potential utility for other related diseases including type 1 diabetes.85 MSC-derived 

exosomes in animal models were also found to speed up the functional recovery from 

stroke and brain injuries. This may be attributed to the improved therapeutic neurogenesis 

and angiogenesis.86,87 

 

2.5 Isolation and purification of circulating biomarkers 

Many technologies have been developed for isolation and analysis of CBs. However, it is 

imperative to identify the major obstacles associated with their analysis. One of the major 
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obstacles in CB analysis, particularly CTCs, is their complex surface, and the overall 

heterogeneity immensely increases their scarcity in circulation. More so, depending on 

the stage and cancer type, CTCs have various sizes, surface protein expressions and 

physical properties. Also, the identification and characterisation of single tumour cells are 

considerably difficult to uncover compared to that of other millions of hematopoietic cells. 

Thus, highly sensitive and specific analysis strategies are required to obtain maximum 

CTC collection. CTC enrichment strategies can be categorised according to the physical 

and biological properties of CTCs, as described in Fig. 2.3. 

 

 

 

Figure 2.3 Schematic representation of enrichment strategies for CTCs based on their 

biological and physical properties. Immunoaffinity: (A) positive selection allows 

immunomagnetic enrichment based on expressed proteins on CTCs; (B) negative 

selection removes unwanted cells using antibodies such as CD45; (C) CTC 

immobilisation; (D) density gradient approaches enabling CTC separation in media 

based on their densities; (E) filtration based on the size of the cells; (F) dielectrophoresis 

(DEP) employs the dielectric charge across the cell membrane of CTCs in a conductive 

medium; (G) microfluidic hydrodynamics using cell inertia to sort CTCs into distinct 

microfluidic channels. Retrieved with permission from ref. 88. Copyright 2016, Elsevier. 

 

2.5.1 Immunomagnetic isolation and enrichment technologies 

To date, various technologies have been developed to isolate and detect CTCs. The 

CellSearch CTCs System is the only commercial test approved by the Food and Drug 

Administration (FDA) for the enumeration of CTCs in whole blood. The importance of 

the CellSearch assay results has been extensively illustrated through pilot study programs 
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and regulated clinical trials. To date, the CellSearch system is regarded as the gold 

standard for quantifying CTCs. The system presents a vastly standardised and automated 

platform for tumor cell detection in whole blood. CTC enumeration error is minimised 

during sample preparation steps and uses immunomagnetic nanoparticles directed against 

EpCAM to isolate and concentrate epithelial tumour cells.89,90 However, the efficiency of 

the assay is dependent upon the expression levels of EpCAM and Cytokeratin target 

antigens. These can vary remarkably and also EpCAM is down-regulated by processes 

such as EMT.91 Also, non-tumor epithelial cells have been found in the blood circulation 

of patients with prostatitis92 or patients undergoing surgery.93 Thus, the heterogeneity of 

CTCs is a major limitation from a technical standpoint which resulted in alternative 

methods of CTC enrichment, such as the CTC-iChip which is independent of tumour 

antigen expression.94 

 

Proteins and receptors present in the exosome membrane provide an opportunity to 

develop highly specific strategies to isolate exosomes through the immunoaffinity 

interactions between proteins and their antibodies, and receptors with specific ligands. 

Over the years, numerous immunoaffinity capture-based methods have been established 

for exosome isolation. Recent studies have demonstrated the effective isolation of 

exosomes from antigen cells by utilising antibodies coated with magnetic beads. Hence, 

it is worth noting that selecting an appropriate exosome membrane marker is one of the 

most critical steps in immunosensing assays. Biomarkers for exosome immunoisolation 

are membrane-bound and exposed on the exosome surface. Zarovni et al. developed a 

detection platform for isolating and quantifying exosomes in serum, urine and plasma 

based on ELISA.95 The absorbance values from ELISA results were used to compare the 

expression of known surface markers and to provide quick readouts of specificity and 

yield of exosomes. Compared to ultracentrifugation, greater exosomal RNA amounts 

were obtained from the ELISA. Furthermore, Zarovni et al. developed an immuno- 

capture based on magnetic particles and the resultant capture efficiency of antibody-

coated magnetic particles was closely related to that of ultracentrifugation.95 More 

recently, a lipid nanoprobe was employed to capture exosomes from blood plasma and 

serum-free-cell culture supernatant. This method successfully determined exosomal DNA 

isolated from 19 stage-IV NSCLC patients and allowed the detection of mutations in 

KRAS codons and EGFR exons.96 The advantage of using an immunological technique 

is that it has high specificity driven by the antibody–antigen affinity interactions. The 

major drawbacks of using this approach are that it is costly and requires various 
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combinations of antigen–antibody and isolation procedures. 

 

2.5.2 Size-based enrichment and isolation technologies 

Physical parameters have been successfully used to isolate CTCs through cell separation. 

Isolation techniques for CTCs based on their size exploit the different geometrical and 

mechanical properties between CTCs and blood cells. Thus, it is imperative to have a 

clear understanding of the physical differences before establishing size-based CTC 

isolation technologies. An accuCyte-CyteFinder assay isolates CTCs based on density.  

Sensitive  identification  and  analysis  of  rare  cells,  and cross-examination of disease 

biomarkers  can  be  achieved by using this assay.97 A high-throughput Vortex HT chip 

generates laminar fluid microvortices at high flow rates and isolates large CTCs from 

whole blood samples.98 This method expedites the label-free isolation of rare tumour 

cells. The single-use ScreenCell Cyto device has the ability to isolate rare, fixed tumour 

cells with a high recovery rate and also permits live cell isolation.99 

 

Size exclusion chromatography has also been used to isolate exosomes. This method 

separates macromolecules based on their size. It applies a column packed with porous 

polymeric beads. Size-exclusion chromatography allows the precise separation of large 

and small molecules and application of various solutions. Compared to centrifugation 

methods, the structure of exosomes isolated by chromatography is unaffected by the 

shearing force. Exosomes can also be isolated by sieving them via a membrane and using 

filtration by pressure or electrophoresis. 

 

2.5.3 Differential ultracentrifugation and density gradient centrifugation 

Ultracentrifugation is regarded as the gold-standard exosome isolation technique.100 This 

approach is relatively easy to use, is affordable and does not require technical expertise 

and sample pre-treatment. With these merits, ultracentrifugation-based methods have 

become a promising alternative for exosome isolation among researchers. Centrifugation-

based methods involve the application of a centrifugal force to an exosome sample 

solution such as cell culture media or biological fluids. Two types of preparative 

ultracentrifugation such as differential centrifugation and density gradient 

ultracentrifugation have been widely used. Differential centrifugation involves multiple 

steps of centrifugation cycles of different centrifugal force and duration to isolate 

exosomes based on their size differences and density. The quality and quantity of 

exosomes isolated using differential ultracentrifugation depend on the centrifugal speed, 
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radius of centrifugation, rotor type, angle of sedimentation, pelleting efficiency, and 

solution viscosity. Separation of exosomes by gradient ultracentrifugation is based on 

their size, mass and density in a pre-built density gradient medium in a centrifuge tube 

with steadily lower density from bottom to top. Although density gradient 

ultracentrifugation requires minimal load and extensive centrifugation times, it provides 

less contaminated exosomes as compared to ultracentrifugation alone. The efficiency of 

differential centrifugation is also subject to operator-dependent variability.101 

 

2.5.4 Filtration 

Filtration approaches can be combined with ultracentrifugation to improve its relative 

performance. Ultrafiltration is based on the separation of resuspended particles using their 

molecular weight and size.102 The filtration step eliminates large debris and dead cells 

while the ultracentrifugation step further purifies the filtered samples. Compared to other 

isolation methods, the filtration method is easier, faster and does not require specialised 

equipment. However, during filtration, exosomes can be trapped in filter pores and the 

applied force that helps in the passage of the sample through filter membranes may 

damage, deform or break large exosomal vesicles.103 Exosomes entrapped in membranes 

can be recovered by using a membrane with low exosomal protein-binding properties.  A 

centrifugation step can be used to avoid the force driven step thereby preventing the 

deformation of exosomes. 

 

Microfiltration based methods utilising track-etched polymer filters have been used to 

isolate cells in whole blood. Recently, track-etched polycarbonate filters were used for 

enriching and enumerating CTCs from fixed blood samples.104,105 On another note, a 

flexible micro spring array (FMSA) device has been employed for high-throughput 

enrichment of viable CTCs from clinically relevant whole blood samples.106 The 

performance of this device is based on the implementation of flexible polymer micro 

springs as effective microfiltration structures that enrich CTCs based on their size and 

deformability while reducing cell disruption on initial impact. Sample clogging is avoided 

by maximising the device’s porous surface area which increases the sample capacity. 

 

2.5.5 Polymer precipitation 

Generally, samples of interest are mixed with a polymer solution at lower temperature 

and optimum salt concentration, followed by incubation at 4 °C overnight. Low-speed 

centrifugation is therefore used to recover precipitated exosomes. The recovered 



Chapter 2 

 

 

30  

exosomes can be resuspended in PBS for further use. The exosome precipitation method 

is relatively easy to use, can be scaled to accommodate larger samples, no specialised 

equipment is required and can be easily applied in clinical settings.103 The precipitation 

method has been  widely  used for isolating several biomolecules, viruses, and other small 

particles. Polyethylene glycol (PEG) is the most commonly used polymer in this 

approach. Studies have shown that commercially available kits achieve the highest yield 

of isolated exosomes from clinical samples and are simpler and efficient compared to 

conventional methods.107,108 Furthermore, the largest amounts of mRNAs and miRNAs 

were extracted from the subsequent profiling analysis of exosomes isolated by 

precipitation.109 During the low-speed centrifugation, exosomes possibly trapped in the 

polymeric networks generated by the Tamm–Horshfall protein are removed by reducing 

the polymer networks with dithothreitol. Subsequently, measurement of exosomes can be 

performed using CD9 ELISA. Western blot can be used to examine the purity of exosomal 

proteins and RNA measured by qRT-PCR.110,111 

 

2.5.6 Microfluidics-based enrichment technologies 

Microfabrication techniques allow the construction of structures at or below the cellular 

length scale with eccentric merits for cell separation. Microfluidic devices enable precise 

control of fluid flow. The cell capture efficiency is highly dependent on the cell– antibody 

contacts that can be monitored through the fluid flow rate and direction. Nagrath et al.112 

developed the first microfluidic device (the CTC-chip) for CTC enrichment from patients’ 

blood with common epithelial tumours. The CTC-chip contained an array of microposts 

chemically functionalised with anti-EpCAM antibodies. The design and liquid flow were 

optimised to enable high cell-capture efficiency by the antibody-coated microposts. 50% 

purity was obtained when applied to capture CTCs in whole blood samples of metastatic 

cancer patients with sample concentrations ranging between 5 and 1281 CTCs per mL.  

 

Although the development of microfluidic methods for exosome isolation is at a 

premature stage, they present promising opportunities for application in clinical settings. 

Only smaller sample volumes are required with minimal processing times, and these 

methods isolate exosomes with high purity. Microfluidic technologies for exosome 

isolation are usually used for diagnostic purposes due to their high sensitivity.113 In 

addition to the conventional exosome isolation techniques, innovative sorting 

mechanisms such as electrophoretic, acoustic and electromagnetic manipulations can be 

implemented.114 Developed technologies for exosome isolation can be classified into 
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three categories including (i) immunoaffinity, (ii) sieving (e.g. nanoporous membrane), 

and (iii) trapping exosomes on porous structures (e.g. nanowire-on-micropillars). 

 

2.6 Nanomaterials in circulating biomarker analysis 

Nanotechnology has recently become one of the cutting edge technologies which 

generates new sets of materials that offer exceptional attributes for interfacing bio-

recognition events with electronic signal transduction.115 Nanotechnology is described as 

the creation and control of matter at a scale of approximately 1 to 100 nanometers.116 

Numerous applications of nanomaterials including in clinical diagnostics, health 

monitoring, pharmaceutical analysis and environmental monitoring are driven primarily 

by their exceptional physiochemical properties. These include high surface-to-volume 

ratio, reactive capacity, biocompatibility and other desirable functional properties which 

are not present in bulk materials.117 In biosensor technology, several transduction 

techniques have been employed including optical, piezoelectric, acoustic and 

electrochemical. However, electrochemical methods offer distinct advantages. In 

particular, electrochemical biosensors are relatively cheap, highly sensitive, independent 

of sample turbidity, and require very simple instrumentation, which make them suitable 

for both centralised and decentralised testing. 

 

Nanomaterials can be used in electrochemical biosensors as electrode surface modifiers 

and as signaling labels. The modification of the electrode surface with nanomaterials 

enables signal amplification via catalytic activity and conductivity, and also provides 

superficial interactions with chemical and biological reagents and targets. Sensitivity, 

stabilisation and other attributes on established platforms have been immensely improved. 

Nanomaterials conjugated with signaling molecules, such as enzymes and redox-active 

compounds, are often employed as labels to amplify the generated signal. Different 

detection modes of nanomaterial-based biosensors can be used such as voltammetry, 

amperometry, and impedimetry. The construction of functional nanoscale electrode 

materials is recently advancing the wide application of electrochemical biosensors in 

liquid biopsies. Despite the advantages of modifying electrochemical biosensor platforms 

with functional nanomaterials, there are several characteristic drawbacks. These include 

aggregation and dissolution of nanomaterials which impacts the mass transport and 

electron transfer. However, functional nanocomposites can be grown directly on the 

electrode surface and this helps to resolve the recurrence of dissolution and aggregation 

as proposed by Govindhan et al.117,118 
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Electrochemical methods represent one of the most promising approaches for the 

detection and determination of CBs in body fluids, resulting from their rapid responses, 

lower detection limits, diminutive size and ease of manufacture.119,120 Enormous efforts 

have been devoted towards the expansion of electrochemical biosensors based on 

functional nanostructured electrode materials for the detection of CBs in liquid biopsies. 

Combined with electroanalytical methods, these materials have practical significance in 

the development of technology platforms for diagnosis, health monitoring and biological 

applications. Many publications have reported the preparation of biosensors and their 

application in diagnostic analysis and several biosensors have been constructed using 

different materials.121,122 

 

Several nanomaterials have been investigated to analyse their properties and recent 

applications in biosensors. The electronic and mechanical properties of nanomaterials 

have been explored to enhance biological signaling and transduction mechanisms. Among 

these are metallic nanoparticles, carbon or metallic nanotubes, magnetic particles, and 

functionalised conductive polymers. These can diversely be applied for the 

immobilisation of bioelements in several biodetection techniques. The exceptional 

properties of metal-based nanoparticles make them suitable candidates for electronic and 

optical applications owing to their high catalytic activity, large surface area and good 

biocompatibility. The exploitation of optoelectronic properties of nucleic acid sequences 

allows efficient detection using metallic nanoparticles. Enzymatic detection of glucose 

using quantum dots as fluorescence agents and conjugation of colloidal nanoparticles with 

antibodies enable specific biomolecular detection in immunosensing and 

immunolabelling applications. 

 

2.6.1 Magnetic nanoparticles 

Magnetic nanoparticles have been widely used in various applications such as magnetic 

separation, biosensing and thermal ablation therapy. The use of superparamagnetic 

particles or magnetic beads in biosensing applications has recently become popular. This 

has been due to advantages such as their physiochemical properties, biocompatibility, 

environmentally friendliness and low-cost production. In addition, biological samples 

show very low magnetic background, and thus highly sensitive measurements can be 

performed in turbid or otherwise less visible samples without further processing. 

Magnetic nanoparticles exhibit their best performance in the size range between 10 and 
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20 nm due to supermagnetism.123 

 

Iron oxide superparamagnetic nanoparticles have recently been applied as nanozymes, 

exhibiting distinctive attributes including large surface area, mobility and high mass 

transference. In addition, they can be retrieved easily by applying an external magnetic 

field. The use of these superparamagnetic nanoparticles with their excellent 

environmental biocompatibility represents an effective green chemistry approach because 

of their successive recovery cycles as biocatalysts. Recently, our group synthesised novel 

gold-loaded ferric oxide nanocubes (Au-NPFe2O3NC)124 that exhibit multiple 

functionalities including superparamagnetism, high electrocatalytic activity and high 

surface-to-volume ratio for adsorption of targeted nucleotides.125–127 The metal-loaded, 

highly porous, superparamagnetic nanoparticles have been used as (i) dispersible capture 

agents,128 (ii) electrocatalysts,129 and (iii) nanozymes130  (they possess peroxidase-like  

activity)  for the detection of circulating biomarkers (e.g., cell-free DNA, tumour DNA, 

microRNA, autoantibodies, exosomes, tumour cells, etc.) in body fluids. 

 

2.6.2 Polyhydroxyalkanoate (PHA) 

Over the past few years, there has been a growing cognizance towards the potential 

application of biopolymers in medicine and biotechnology. In particular, bioengineered 

nano-microstructures produced by microorganisms have gained more interest due to their 

functional properties such as biocompatibility, biodegradability and low toxicity which 

are compatible with biomedical and biotechnological applications. Biopolyester beads 

represent a complex set of polyesters synthesised by most genera of bacteria and members 

of the family Halobacteriaceae of Archea131 and are deposited as water-insoluble 

cytoplasmic nano-sized inclusions. PHA beads are spherical with a polyester core 

surrounded by proteins. A key enzyme, polyester synthase, catalyses the enantio-selective 

polymerisation of (R)-3-hydroxyacyl-coenzyme A thioesters to polyesters. Ralstonia 

eutropha polyester synthase protein PhaC is the most characterised PHA synthase for this 

process. Polyester chains are self-assembled, thus forming polymer granules that have a 

hydrophobic core. The PHA synthase protein remains covalently attached to the 

synthesised polyester surface.132 The resultant spherical granules have different sizes 

ranging from 50 to 300 nm and occupy the intracellular space.133 The structure of PHA 

granules has not been fully established.134 The amorphous mobile state of the hydrophobic 

polyester core, in vivo, consists of water which acts as a plasticiser to prevent 

crystallisation.135 This mobile state allows the synthesis and degradation by enzymes. The 
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biosynthesis mechanism of PHA via the polymerisation of (R)-3-hydroxyacyl-CoA 

enables the generation of spherical inclusions. These begin to assemble as the PHA 

synthase facilitates the formation of an insoluble polymer with higher molecular weight 

from soluble substrate monomers. The synthase is covalently attached to the polyester 

chain and during polymerisation, it continuously assimilates the monomer substrates into 

the nascent polyester chain until the polymerisation is terminated as a result of the 

depletion of the substrate or lack of space in the cell. The resultant spherical granules’ 

size and the number of inclusions per cell vary among organisms with the diameter in the 

range between 100 and 500 nm and between 5 and 10 granules per cell.136 

 

Several proteins play a crucial role in the synthesis, degradation and formation of PHA 

granules137 and these have been classified into four main categories. These are, PHA 

synthases (PhaC), depolymerases (PhaZ), regulatory proteins (PhaR), and phasins. The 

PhaC enzyme plays a crucial role in PHA bio-synthesis through its catalytic activity 

towards (R)-3-hydroxyacyl CoA thioester substrates. PHA depolymerase enzymes 

facilitate the degradation of amorphous PHA within granules and aid in assembling PHA 

granules as a source of energy.138 Phasins are noncatalytic proteins mostly found on the 

surface of PHA which stabilizes the PHA granules and prevents the merging of separated 

granules.139 Phasins also regulate the unspecific binding of unrelated proteins on the 

granule surface which can inhibit the overall cell metabolism.139 The transcriptional PhaR 

monitors the production of phasins and the generation of PHA granules. 

 

To date, several biomolecules have been successfully immobilised on the surface of PHA 

granules. This shows the potential biomedical application of these bacterial storage 

compounds for diagnostic and therapeutic uses. Recently, functionalised nano-/micro-

beads have been produced by exploiting the covalent binding of the PHA synthase protein 

to the surface complemented by the high stability of PHA beads outside the cell. 

Functional proteins of interest are generated as genetic fusions to the PhaC synthase 

protein. During PhaC protein expression in cells, granules form with the fusion proteins 

displayed stably on the surface of the granule, thus enabling the production of 

functionalised beads in a single step. This process produces engineered biopolyester 

beads which are capable of binding to immunoglobulin (lgG),140,141 inorganic substrates 

and biotin,142,143 displaying target antigens,144 and enabling the production of purified 

proteins145 and diagnostic imaging.146,147 The exceptional properties of the granules such 

as biodegradability and biocompatibility make them attractive replacement for beads 
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generated by chemical means (Fig. 2.4). 

 

 

 

Figure 2.4 Various applications of PHA granules. (A) Different synthesis approaches for 

functionalised PHA beads. (1) Recombinant production of a plasmid encoded fusion of 

the target protein and a GAP in a PHA synthesising host strain. (2 and 3) Natural PHA 

producing organisms generate native PHA granules which are subsequently isolated by 

chemical extraction followed by in vitro bead generation. Finally, the purified GAP fusion 
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protein binds to the PHA granules/beads in vitro (2 and 3). (B) Schematic review of 

various biomolecules and compounds that have been successfully functionalised on the 

surface of PHA granules. Adapted with permission from ref. 136. Copyright 2009. 

American Chemical Society. 

 

2.7 Detection technologies of circulating biomarkers 

2.7.1 Amplification and sequencing-based approaches 

PCR based methods have been the most commonly used techniques for CTC detection 

since their emergence in the 1990s. Primers that selectively amplify the translocation 

lesion are selected in the flanking regions of the translocation. RT-PCR and qRT-PCR 

methods are regarded as the most sensitive for detecting transcripts characteristic of 

tumour cells. The detection sensitivity of these techniques is valued at one malignant cell 

out of 1–10 million other cells: one cancer cell in 1–10 mL of whole blood.148 In addition, 

high specificity is attained by designing primers that are specific for the gene of interest, 

and high efficiency is generally achieved as a result of the simultaneous analysis of the 

entire genomic DNA or RNA in one reaction. 

 

RT-PCR is a rapid and inexpensive method for amplification of nucleic acids. However, 

its sensitivity is very low for detecting mutations in the background of wild-type DNA, 

with 10–20% allele frequency.149 Various PCR-based techniques have been developed to 

improve the sensitivity including Allele-Specific amplification (AS-PCR),150 Peptide 

Nucleic Acid-Locked Nucleic Acid (PNA-LNA) PCR,151 and co-amplification at lower 

denaturation temperature (COLD-PCR).152 The driving force for these assays is mainly 

centered on blocking the amplification of the normal allele using a blocking oligo at the 

3’ end. The blocking allows the amplification of the mutant allele to occur. During the 

PCR, the modification step that allows the enrichment of variant alleles from a mixture 

of mutation containing DNA and wild-type DNA is also used by these methods to amplify 

the target nucleic acids. 

 

Digital PCR (dPCR) is a sensitive and robust platform that is used to detect point 

mutations in ctDNA at low allele fractions. The commonly used dPCR platforms include 

droplet-based systems, microfluidic platforms for parallel PCR such as droplet digital 

PCR (ddPCR), and BEAMing (beads, emulsions, amplification, and magnetics).153 

Droplet dPCR applies the same principle of dPCR, whereby single DNA molecules are 

dispersed into thousands of droplets. Droplets containing mutated or wild-type DNA 

strands can be captured and enumerated via a flow cytometry apparatus by using 
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fluorescently labelled TaqMan probes.154 DdPCR sensitivity relies on the quantity of 

droplets.155 The commercially available ddPCR system, QX200 Droplet dPCR System, 

is capable of producing 20 000 nanolitre-sized droplets. This number has been amplified 

by using the RainDrop dPCR System, which has the ability to produce up to 10 million 

picolitre-sized droplets. However, the ddPCR method has limitations including long 

droplet processing times and difficulties in producing droplets.156,157 The BEAMing 

approach incorporates multiple techniques to improve the specificity and sensitivity of 

mutation detection. Compared to emulsion and flow cytometry, rare mutations can be 

detected effectively with AF less than 0.01%.158 BEAMing is easy to set up and can be 

executed using readily available apparatus such as flow cytometer, magnetic stirrer and 

thermo-cycler. The sensitivity of the BEAMing approach can be increased by examining 

more recyclable beads which contain variant alleles.159 Several sensitive targeted deep 

sequencing methods have been developed for the analysis of ctDNA specific genomic 

areas. These include Ion-AmpliSeq,160 safe-sequencing system (Safe-Seq),161 tagged 

amplicon sequencing (Tam-Seq)162 and cancer personalised profiling by deep sequencing 

(CAPP- Seq).75 Amplicon sequencing is mainly used for evaluating mutated genes in 

specified genomic regions. The Ion-AmpliSeq method is rapid, cost effective and requires 

small amounts of input DNA. However, it suffers from a high error rate in detecting small 

insertions and deletions. Targeted capture-based platforms are widely used for examining 

gene changes in cancer.75 

 

In the case of miRNA analysis, RT-qPCR offers several merits such as sensitivity, a wide 

dynamic range, less sample input and better accuracy.163 This method is based on the 

reverse  transcription of RNA to cDNA followed by a quantitative polymerase chain 

reaction and the accumulation of the reaction  product is followed in real time. Since the 

discovery of miRNA, multiple RT-qPCR-based miRNA expression analysis strategies 

have been developed. The TaqMan technology,164 the commonly used method for 

miRNA analysis, utilises a stem-loop reverse transcription primer system to reverse 

transcribe the RNA and amplify cDNA (Fig. 2.5). This approach is generally employed 

to recognise global differences between miRNA expressions across comparative samples. 

The TaqMan approach enables the quantification of the targeted miRNA expression to 

validate the results obtained by whole-genome screening to determine a few specific 

miRNAs in a large sample cohort.  Le Carr´e et al. described the validation of a multiplex 

reverse transcription and pre-amplification of miRNA using TaqMan method on human 

muscle plasma samples. The method could screen a larger number of miRNAs in 
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parallel.165 Despite the high sensitivity and efficient quantification of relative miRNA 

concentrations using the RT-qPCR, absolute quantification of RNAs is still limited and 

only smaller number of expressed RNAs are required. This is not suitable for high-

throughput miRNA screening.163,166 

 

 

Figure 2.5 Methods of miRNA detection and quantification by RT-qPCR. (a) Reverse 

transcription of a single miRNA using a gene-specific stem-loop primer. A mixture of 

specific primers and a hydrolysable probe are then used to amplify the resultant cDNA. 

The Taq polymerase displaces and hydrolyses the probe to separate the fluorophore and 

quencher. (b) miRNAs are polyadenylated by poly(A) polymerase followed by reverse 

transcription using an oligo dT priming strategy. The resulting cDNA is amplified using 

specific primers and the reaction is monitored in real-time using a fluorescent dye. 

Reproduced with permission.166 Copyright 2014, Biological Procedures Online. 

 

Sequencing technologies comprise several steps widely classified as template 

preparation, sequencing and imaging, and data analysis. The coalition of specific 

procedures differentiates each technology and determines the output data of each 

platform. The next-generation sequencing allows the measurement of miRNA in a 

genome-wide fashion.167 NGS is capable of identifying and quantifying both known and 

unknown sequences simultaneously and also allows multiplexed expression analysis of 

miRNA from various sample sources in a single experiment. This prevents factors that 

may have a negative impact on test results. Sequencing-by-synthesis technology  is  one 

of the NGS technologies that is widely used for the determination of novel  miRNA  

signatures  or  panels  due  to  the broad depth sequence data it provides which allows 

exact quantification of miRNA species. In this method, purified miRNA is ligated to 
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adaptors at both 3’ and 5’ ends followed by conversion into complementary DNA 

(cDNA). Index sequences are then introduced into cDNA during the subsequent 

amplification step that tag the cDNA library. This later allows parallel quantification of 

several samples in a single experiment. Amplification has generally been conducted using 

either emulsion PCR (emPCR) or bridge PCR (bPCR). Libraries of cDNA are then 

introduced to a flow cell where capturing and subsequent bridge-amplification of single 

cDNA occurs, thus resulting in clonal spots of each cDNA generated in the flow cell. The 

Sanger method is then applied to the flow cell to sequence the respective spots using 

fluorescently labelled dye terminators coupled with a CCD camera. NGS approaches have 

a broad range of applications. Recently, they have been used to characterise the 

evolutionary relationships of ancient genomes168, 169 and to unravel the role of non-coding 

RNAs in health and disease. Although NGS has been used for discovery and validation 

of miRNA signatures, it could also be employed for measuring small miRNA panels from 

a larger cohort of samples similarly to routine testing in a clinical laboratory. However, 

when compared to qRT-PCR, NGS is still an expensive and time-consuming 

methodology since it is not fully automated. More so, the data analysis of NGS is not yet 

standardised and its routine clinical application is still questionable. 

 

2.7.2 Microfluidics based technologies 

Microfluidics is a technology that is characterised by manipulation of fluids at 

submillimeter scale and has demonstrated great potential for improvements in diagnosis 

and molecular biology research. Microfluidics has recently become an attractive 

alternative to conventional experimental approaches due to its rapid sample processing 

and precise monitoring of fluid flow. Several microfluidic platforms have been developed 

for the detection of CTCs, ctDNA, miRNA and exosomes. Microfluidic platforms for 

CTCs use confocal fluorescence microscopy driven by a central self-organised array of 

superparamagnetic particles within the microchannel which allow the generation of a 

sturdy array. Another microfluidic device, CTC chip, is composed of an array of 

microspots containing EpCAM antibodies and can isolate CTCs from blood with high 

efficiency and reproducibility. EpCAM is overexpressed in a myriad of carcinomas 

including those of the lung, breast, liver, colorectal, prostate and breast, and is not present 

in hematological blood cells and this allows highly sensitive capture of CTCs in blood 

using the chip. The blood sample is introduced across the chip through a controlled flow 

system, enabling EpCAM-positive cells to bind to the micro-posts which are subsequently 

quantified using a camera. One major technical limitation of the CTC-Chip is the reliance 
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on laminar fluid flow which only allows limited cell–substrate interactions. To overcome 

this challenge, a high throughput microfluidic mixing device, Herringbone-Chip, with an 

enhanced CTC isolation platform has been utilised.170 The Herringbone- chip design 

enables passive mixing of blood cells by generating micro vortices which increases 

interaction between cells and antibody coated channel walls. 

 

DNA microarrays have been broadly used for detecting target nucleic acids via sequence-

specific hybridisation with known probes immobilised on solid substrates. High aspect 

ratio nano-pillar arrays on a silicon-based chip surface have been used to increase signal 

intensity in DNA microarrays.171 The structural design of the nanopillar array enables 

increased probe immobilisation capacity due to their high surface-density platform 

resulting in increased target accessibility with minimal background noise. 

 

Inertial microfluidics has also been applied in CB analysis owing to its unique advantages 

in particle manipulation.172 Particles of interest flow in straight and curved channels and 

the inertial lift force is generated leading to the lateral migration to the dynamic 

equilibrium position. Particle focusing and separation is achieved as a result of the inertial 

lift force, by which optimum throughput manipulation can be attained. The curved 

channel adjusts the equilibrium position of particles, and particles with different sizes can 

clearly be separated. 

 

Over the past decade, numerous microfluidic technologies for isolating and detecting 

exosomes have been developed with several merits including high yield, rapid analysis, 

high efficiency, low sample input and automation.173,174 With these merits, microfluidic 

platforms have demonstrated great potential for exosome analysis in clinical settings. 

Zhao et al. recently developed a simple multiplexed microfluidic approach using 

immunomagnetic beads.175 When employed in the blood-based diagnosis of ovarian 

cancer by multiplexing measurement of three exosomal tumour markers (CA-125, 

EpCAM, CD24), the ExoSearch chip showed substantial diagnostic power and was 

comparable with the standard Bradford assay. Vaidyanathan et al.176 also reported a 

simple multiplexed microfluidic assay for detecting various exosomes based on a tunable 

alternating current electrohydrodynamic method. The approach exhibited high sensitivity 

for analysing exosomes derived from cells expressing HER2 and PSA compared to 

hydrodynamic based assays (Fig. 2.6). Despite the recent technological advancement in 

microfluidics, there are still many challenges hindering the clinical application of 



Chapter 2 

 

 

41  

microfluidics-based technologies. Several microfluidic chips without automation need 

manual off-chip sample preparations which therefore limit their real application in clinical 

settings. Furthermore, experienced personnel are required to conduct the experiments. 

 

 

 

 

Figure 2.6 Schematic representation of multiplexed device functionalisation, capture and 

colorimetric detection of captured exosomes driven by tunable alternating current 

electrohydrodynamic-induced nanoshearing. Adapted with permission.176 Copyright 

2017, American Chemical Society. 

 

2.7.3 Immunoassay methods 

2.7.3.1 ELISA 

The ELISA detection-based principle usually involves the direct immobilisation of 

circulating exosomes to a microwell plate followed by blocking with a blocking agent. 

After blocking, a recognition antibody is introduced to bind to specific antigens present 

on the CB surface. Lastly, an HRP-tagged antibody is used for specific and sensitive 

readout via an enzymatic signal amplification step. A colourimetric substrate such as 

TMB is used for the assay readout.177,178 Logozzi et al. designed a sensitive and specific 

sandwich ELISA to measure exosomes in plasma and cell culture media using 

housekeeping proteins CD63 and Rab-5b and caveolin-1 (tumour-associated marker).60 

One major limitation of the ELISA-based detection approach is the high nonspecific 

adsorption of biomolecules from complex body fluids during exosome detection. 

 

The ELISA mechanism has been widely adopted to analyse a myriad of CBs. Recently, 
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Boriachek et al.179 reported on direct exosome isolation and subsequent detection with 

calourimetric and electrochemical-based methods utilising the ELISA detection principle. 

In this approach, gold-loaded nanoporous ferric oxide (Au-NPFe2O3NC) nanoparticles 

were functionalised with exosome associated antibodies (CD9 or CD63). Upon magnetic 

isolation and purification, exosome-bound nanoparticles were immobilised onto a 

placenta alkaline phosphatase (PLAP) antibody-modified screen-printed electrode. The 

oxidation of TMB in the presence of H2O2 was catalysed by Au-NPFe2O3NC and the 

observed colour change indicated the presence of PLAP-specific exosomes in the Au-

NPFe2O3NC/CD9/exosomes/PLAP immunocomplexes. 

 

2.7.3.2 CellSearch 

The CellSearch system is the only clinically validated and FDA cleared test for capturing 

and enumerating CTCs in blood samples. It uses magnetic beads coated with anti- 

EpCAM antibodies for capturing and enumerating epithelial CTCs. The captured tumour 

cells are then treated with a nuclear stain (DAPI) and identified by cytokeratin staining 

fluorescent antibody conjugates against epithelial markers EpCAM and cytokeratins. 

Non-specific staining of hematopoietic cells is examined by counterstaining with 

leukocyte marker (CD45) antibodies. Automated fluorescence imaging capable of 

classifying epithelial cells positive for cytokeratin and negative for CD45 is then used to 

analyze the captured cells. Several reports have indicated the clinical significance of the 

CellSearch system in the analysis of colon, breast and prostate cancer.180–183 

 

2.7.3.3 EPISPOT 

This method is based on the ELISA and specifically detects CTCs and disseminated 

tumour cells (DTCs) in cancer patients. The technique is based on the detection of 

proteins produced by functional CTCs and DTCs combined with a negative enrichment. 

EPISPOT avoids direct contact with target cells and detection of CTCs is based on 

discharged proteins during short-term culture. Only viable cells are detected after the 

depletion of CD45 positive cells.184 

 

2.7.3.4 Immunocytochemical methods 

Over the past few years, the immunohistochemistry approach has been widely used to 

analyse CTCs and DTCs using related specific and sensitive antibodies to isolate and 

detect. However, the choice of CTC markers is still a major concern with the majority of 

cancers lacking specific tumour or organ markers. Thus, the lack of reproducibility, 
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reliability and specificity of immunochemistry paved the way for alternative pathways 

for CTC detection based on immunocytological methods. 

 

2.7.4 Electrochemical based approaches 

In the electrochemical detection approach for exosomes, biorecognition molecules bind 

to the target exosomes and selectively recognise antigens present on the exosome surface. 

Detection antibodies are labelled with electroactive molecules and used as an 

electroactive transducer.185 Several electrochemical assays have been developed for 

exosome detection in previous years. A recently developed exosome platform (iMEX) is 

a miniaturized analytical system that can rapidly isolate and detect exosomes in clinical 

specimens186 (Fig.  2.7). The iMEX system allows parallel quantitative measurements and 

can directly isolate cell-specific exosomes from plasma samples with high sensitivity. 

The iMEX system has two main steps which are magnetic selection and electrochemical 

sensing. Firstly, immunomagnetic beads are coated with antibodies against CD63 and 

used to capture and isolate exosomes. Secondary antibodies tagged with HRP are then 

added, which facilitate the catalytic oxidation of TMB to generate an electrical current. 

The entire assay is conducted within an hour with a minimum amount of the input sample 

consumed. Substantial progress has been made over the years towards the integration of 

nanotechnology with electrochemical biosensing strategies for the analysis of exosomes. 

Our group has recently demonstrated a new method for quantifying exosomes based on 

quantum dot (QD)-functionalised disease-specific antibodies.187 The assay involves three 

steps where initially the bulk exosomes are magnetically captured by magnetic beads 

functionalised with a tetraspanin CD63 antibody followed by the quantification of breast 

and colon cancer-related exosomes using CdSe QD-functionalised biotinylated breast and 

colon cancer-related antibodies. This method exhibited an LOD of 100 exosomes per mL. 
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Figure 2.7 Schematic representation of an iMEX platform. (A) Schematic of the sensor. 

The sensor can quantify signals from eight electrodes simultaneously. Exosomes are 

captured immunomagnetically by small cylindrical magnets located below the electrodes. 

(B) Circuit diagram with eight potentiostats with each consisting of three electrodes: 

reference (R), counter (C), and working (W). (C) A packaged device. (D) iMEX assay 

representation. Exosomes labelled with HRP are captured on the magnetic bead surface 

coated with antibodies against CD63. Eight channels are examined simultaneously using 

TMB. Reprinted with permission.186 Copyright 2016, American Chemical Society. 

 

Electrochemical detection methods for miRNA usually rely on hybridisation between the 

surface bound reciprocal receptor probe and target miRNA on the electrode surface. The 

hybridisation between miRNA and reciprocal probes generates a quantifiable signal. 

Detection of miRNAs is mostly performed via voltammetric, amperometric and 

impedimetric methods.15 Owing to the smaller size of miRNAs, the detection sensitivity 

of electrochemical platforms can be enhanced by labelling the target miRNA and 

coupling with electrocatalytic amplification. Transduction is driven by the 

electrochemically active reporter species whose properties can cause changes in 

interfacial properties as a result of miRNA hybridisation. 
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The commonly used reporters are enzyme-substrates and small molecules. Gao and Yang 

reported on the application of electrocatalytic nanoparticle tags for the detection of 

miRNA.188 Their approach utilises an indium oxide electrode as an immobilisation 

platform for oligonucleotide capture probes. After hybridisation, isoniazid-capped OsO2 

nanoparticles are introduced to the electrode via a condensation reaction to chemically 

amplify the signal. The nanoparticles effectively catalyse the oxidation of hydrazine. The 

successful and wide application of enzymes as labels is centered on their ability to convert 

single hybridisation events into multiple molecules that could be detected. Recently, 

numerous papers reported on the application of enzymatic reaction for recognition of the 

hybridisation event between the targeted miRNA and probe. Yanli et al.189 reported on 

the development of an ultra-sensitive tetrahedron-based electrochemical miRNA sensor 

based on enzyme transduction. In this approach, tetrahedral nanostructure-based capture 

probes complementary to part of the target miRNA were self-assembled on the gold 

surface and detection was performed in a sandwich assay format. The signal probe 2 

flanked with a biotin tag binds specifically to poly-HRP80 and in the presence of 3,3,5,5-

tetramethylbenzidine (TMB) catalyses the reduction of H2O2. This method exhibited 

excellent real applicability in the analysis of real samples (<1000 copies of miRNA). 

 

2.7.5 Optical methods 

2.7.5.1 Surface plasmon resonance (SPR) 

Nanoplasmonic sensing approaches are optical methods that rely on local refractive index 

changes from a minute sensing volume producing a signal readout, often in the form of 

an optical spectral shift.190 Nano-plasmonic methods are commonly label-free and can be 

easily designed to enable multiplexing detection using small input sample volumes. SPR 

has recently emerged as a versatile technique for analysing molecular interactions by 

evaluating the refractive index change on a chip surface. The SPR biosensing technique 

involves the functionalisation of the surface of a metal film supporting a surface plasmon 

with specific biorecognition elements, for example, complementary nucleic acid strands 

or antibodies. Molecules of the analyte that are in contact with the SPR sensor bind to the  

biorecognition  element,  increasing the refractive index at the sensor surface which is 

quantified optically. The change in the refractive index exhibited by the captured 

biomolecules is highly dependent on the target concentration and its properties. During 

the measurement, the angular shift in the SPR spectrum is monitored over time and 

reveals the amount of the bound target. In previous years, several nano-plasmonic 

techniques have been developed for detecting CBs. Xue et al. developed an SPR sensor 
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based on two-dimensional antimonene nanomaterials for detecting cancer-related bio- 

markers, miRNA-21 and miRNA-155. This approach exhibited a higher sensitivity with 

an LOD of 10 aM (Fig. 2.8). SPR offers several advantages such as low cost, high 

reproducibility, and non-destructive evaluation of the sample which allows detection for 

both clear and colored samples.191,192 Carrascosa et al.193 developed a label-free 

biosensing technique for regional DNA methylation detection (MCF7 cancer cells) using 

surface plasmon resonance coupled with molecular inversion probes (MIPs). The SPR 

signal was a function of concentration with a minimum detectable methylated target 

concentration of 100 nM for synthetic targets. The coupling of MIPs and SPR has the 

potential to enhance the sensitive and specific measurement of regional DNA methylation 

in a real-time and label-free manner. 

 

 

 

Figure 2.8 (i) Fabrication of antimonene materials. (ii) A schematic representation of 

miRNA sensor integrated with antimonene nanomaterials. (I) Assembly of antimonene 

nanosheets on gold film surface. (II) Absorption of gold nanorods modified with single 
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stranded DNA (AuNR-ssDNA) on antimonene sheets. (III) Formation of double strands 

with complementary AuNR-ssDNA by passaging different concentrations of miRNA 

solution. (IV) Release of AuNR-ssDNA on antimonene nanosheets as a result of the 

interaction with miRNA. The AuNR-ssDNA molecular reduction on SPR surface 

decreases substantially the SPR angle. Reprinted with permission from ref. 192. 

Copyright 2019, Nature Communications. 

 

 

2.7.5.2 Surface-enhanced Raman scattering (SERS) 

Optical sensors based on SERS have recently emerged as robust techniques for detecting 

biomolecular interactions.194 SERS is a non-invasive method that is commonly used to 

investigate the conformational changes in molecules under several extrinsic conditions. 

SERS integrates the structural specificity and experimental flexibility of conventional 

Raman spectroscopy to provide an ultrasensitive detection platform for biomolecules with 

multiplexing capabilities.195 SERS requires a small input sample with minimal sample 

preparation. Alternatively, SERS labels can be coupled to target-specific ligands and be 

used for the selective detection and localisation of the corresponding target molecules. 

Well-defined nanoplasmonic structures with exceptional physiochemical properties are 

critical for SERS. Generally, three platforms are commonly used as SERS-active 

substrates for biomedical applications: 2D nanostructures, colloidal nanoparticles in 

solution and colloidal SERS tags196 (Fig. 2.9). 

 

 

Figure 2.9 (a) A simplified illustration of surface enhanced Raman scattering (SERS) 

arising from the interaction of a laser beam with molecules directly adsorbed on the 

surfaces of nanoparticle clusters. (b) Structural design of biofunctionalised SERS 

nanoparticle tags, composed of a metal nanoparticle core, adsorbed Raman reporters on 
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the metal surface (green stars), a biocompatible layer (orange layer), and targeting 

ligands. Adapted with permission from ref. 196. Copyright 2015, American Chemical 

Society. 

 

Colloidal substrates and 2D nanostructures are usually designed to detect the inherent 

analyte SERS signals, whereas the nanoparticle tags are coupled with antibodies or other 

target ligands for detection. Wang et al.197 developed a multiplexed homogeneous 

platform to detect miRNA-21 and miRNA-34a breast cancer biomarkers based on inverse 

molecular sentinel nanoprobes. The modified nanoprobe approach was based on the 

nonenzymatic strand-displacement process and the conformational change of stem loop 

(hairpin) oligonucleotide probes upon target binding. A robust and sensitive SERS-based 

assay for duplex detection of pathogen antigens with nanoyeast single-chain variable 

fragments has been demonstrated by Wang et al.198 Silica coated-purified SERS 

nanoparticle clusters were used which enabled sensitive duplex antigen detection. Major 

challenges associated with SERS-based immunoassays include nonspecific adsorption 

and the time consuming procedure. To address these challenges, the same group has 

reported on a rapid and simple approach using alternative current electrodynamic-induced 

nanoscaled surface shear forces to enhance the capture and fluorophore-integrated 

gold/silver nanoshells as SERS tags. The nanoscaled physical forces acting within the 

nanometer range from the electrode surface increased the sensitivity with a limit of 

detection of 10  fg  mL-1  for  specific  detection  of  EGFR2  in  breast  cancer samples 

(Fig. 2.10).199 

 

 

Figure 2.10 Schematic illustration of alternative current electrohydrodynamic surface-

enhanced Raman scattering (ac-EHD SERS) immunoassay. Reproduced with permission 

from ref. 199. Copyright 2015, American Chemical Society. 
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2.7.5.3 Flow cytometry 

Flow cytometry is one of the most commonly used methods for quantification and high 

throughput analysis of exosomes. This method is based on the passage of individual 

exosomes through a laser spot and measurement of the emitted scattered and fluorescent 

light. Initially, a sheath of fluid is hydrodynamically focussed on the suspended single 

particle to intersect with the laser200 and the resultant signals are obtained from the 

corresponding detectors. Flow cytometry enables individual exosomes to be resolved and 

the measurement of several surface markers per exosome.201 The signals are then 

amplified and converted to a digital form. However, due to the smaller size of exosomes, 

it is difficult to recover weak signals and only particles larger than 300 nm can be 

resolved.202 Fluorescence-activated cell sorting (FACS) is a specialised type of flow 

cytometry that allows the sorting of exosomal vesicles based on fluorescent labelling.203 

This approach utilises specific antibodies tagged with fluorescent dyes to capture and sort 

target exosomes depending on the required parameters.  Recently, Rim et al.204 developed 

the FACS method for quantitative measurement of exosomes in M1g2908 murine lung 

fibroblasts and LA-4 and KLN 205 murine lung cancer cells. In this approach, exosomes 

were isolated using CD9- or CD63-antibody-coated magnetic beads and analysed using 

FACS. An increase in CD63-specific exosomes in LA-4 lung cancer cells was observed. 

 

2.7.6 Conventional methods 

2.7.6.1 Nanoparticle tracking analysis (NTA) 

NTA is the most widely used method for characterising the size and concentration of 

exosomes. The size distribution of biological particles ranging between 50 nm and 1 µm 

can be measured using NTA. Exosomal particles are first irradiated by a laser beam and 

the resultant scattered light is monitored using an optical microscope and then analysed 

by image processing software. The software monitors the diffusion rate of exosomes 

through the field-of-view. The diameter of the exosome is derived from its rate of 

Brownian motion which can be related to particle size using the Stokes–Einstein 

relationship which is dependent on the temperature and viscosity of the suspended 

fluid.205 Although NTA is capable of analysing large quantities of vesicles compared to 

electron microscopy and atomic force microscopy, it is still limited to clinical 

applications.206 These limitations are as a result of the lengthy procedures involved in data 

collection and analysis. Long analysis time may result in bleaching of the fluorescent dye 

and this tool cannot be applied for the analysis of biochemical composition of exosomes. 
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2.7.6.2 Northern blotting 

Northern blotting (NB) has been applied for lin-4 miRNA detection which is a negative 

regulator of lin-14 protein.207 The technique combines an electrophoretic separation – 

usually by denaturing urea polyacrylamide gel – followed by a semidry capillary transfer 

to a positively charged nylon membrane. MiRNAs are then hybridised with labelled 

probes and imaged. The size separation step in NB allows the application of the technique 

in quantitative expression analysis of primary or precursor miRNA and mature RNA as 

well as size variation of isomiRNAs from imprecision of Drosha and Dicer cleavage in 

upstream biogenesis of mature miRNA.208,209 However, NB suffers from several 

limitations including low throughput, the requirement of high input RNA and lower 

sensitivity.210,211 

 

The commonly used labelling system in NB, i.e., radioisotopes (32P), presents several 

health and safety concerns for researchers and the environment. Also, the use of 

radioisotopes is time consuming  and  in  some  instances  radioisotope  labels  need  to   

be exposed for days in order to detect weak signals. To circumvent the safety concerns of 

using radioisotopes  as  labels,  hapten-labelled probes coupled with enzymatic detection 

techniques have been established.212 Locked nucleic acids (LNAs) have also been used 

as NB probes to enhance the sensitivity and  improve  mismatch specificity.213 RNA can 

also be cross-linked to the membrane using 1-ethyl-3-(3-dimethylaminopropyl 

carbodiimide) (EDC) and an approximately 20-fold increase in  sensitivity  has been 

reported by Pall et al.211 Modifications of the traditional NB procedure allows its 

application in any laboratory setting.  

 

2.7.6.3 Microarray 

Detection of miRNA using microarrays is based on the sensitive and specific 

hybridisation of the target miRNA to complementary DNA probes. Microarrays rely on 

the spatial arrangement of complementary capture probes on a solid substrate, which 

hybridise with the target of interest.  Several microarray platforms have been used to 

quantify genome-wide RNA including GeneChip (Affymetrix), miRCURY LNA 

(Exiqon), and SurePrint (Agilent). Microarray-based methods can measure multiple 

miRNAs simultaneously, but their clinical utility is limited by specific probes required, 

specialised equipment and hybridisation procedures which limits a specific target to 

confined spots that are easily observed with fluorescence or imaging instrumentation. The 

whole chip is subjected to the same hybridisation conditions since all target sequences are 
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analysed in parallel on a microarray. More so, the hybridisation procedure increases the 

cost and minimises the reproducibility between platforms.214,215 Analysis of microarray 

data is time consuming and data normalisation is often difficult (Table 2.1). 
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  Table 2.1 Summary of detection technologies of ctDNA, miRNA, CTCs and exosomes 

 

Biomarker Tumor type Detection principle Method Merits Limitations Ref. 

ctDNA Breast, osteo-

sarcoma, 

colorectal, 

ovarian 

PCR-based ARMS/scorpion PCR Low cost, ease of use Lower sensitivity, can only 

detect limited genomic loci 

216 

    

Nested real-time PCR 

 

High sensitivity 

 

 

217 

    

PCR-SSCP 

 

Suitable for detection of specific point 

mutations, copy-number variations, short 

indels and gene fusions 

 

Can only detect limited 

genomic loci 

218 

    

Mutant allele-specific 

PCR 

 

No bioinformatics analysis 

 

 219 

    

Mass spectrometry 

 

 

 220 

    

Bi-PAP-A amplification 

Detection of ctDNA with very low  mutant 

genes 

 221 

    

BEAMing 

     222 

 Breast, ovarian, 

colorectal, 

hepatocellular, 

prostate, non- 

small-lung cancer 

Digital PCR Droplet-based 

digital PCR 

Microfluidic digital PCR 

High sensitivity Expensive 223 

 

224 

and 

225 

    

PARE 

  226 

  Whole-genome 

sequencing 

Digital karyotyping Wide application Bioinformatics expertise 

required 

227 

    

TamSeq 

 

Does not require prior knowledge 

 

Expensive 

228 

   SafeSeq of the molecular alterations  229 

  

Pancreatic ductal 

 

Targeted deep 

 

Ion-AmpliSeqTM 

 

Low cost, high sensitivity 

  

230 
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sequencing 

 adenocarcinoma,   

CAPP-Seq 

  231 

 gastric, 

colon, 

breast, lung 

colorectal,  

  

OnTarget 

  232 

       

miRNA Pancreatic, 

oesophageal, 

prostate 

Northern blotting Combination of 

electrophoretic separation 

on a membrane followed 

by hybridisation with 

labelled probes and 

imaging 

Widely available and easy to perform 

Highly specific 

Tedious and time 

consuming 

233 

and 

234 

 Breast, prostate, 

ovarian, 

colorectal 

gastric, colon, 

breast, lung, 

colorectal 

Microarray Hybridisation of miRNA 

with complementary 

probes pre-deposited 

onto microarray plat- 

form spots 

Established protocol, purpose built 

analysis tools 

High throughput screening, suitable for 

discovery studies, inexpensive 

Less quantitative, quality 

miRNA annotation 

required, unable to 

discriminate closely 

related miRNA efficiently, 

time consuming, poor 

degree of automation, low 

sensitivity and specificity 

235 

and 

236 

  Next-generation 

sequencing 

Massive analysis of 

short DNA sequences in 

parallel followed by 

sequence alignment to a 

genome or de novo 

sequence assembly 

Wide spectrum of applications 

Sensitive and accurate  

Distinguishes miRNA variants 

Bioinformatics support 

required, well suited for 

relative measurements only 

Poor degree of automation 

237 

 Breast, lung, 

colorectal, 

cervical, 

gastric, 

prostate, head 

and neck 

cancer 

qRT-PCR Reverse transcription of 

RNA to cDNA followed 

by quantitative PCR 

Well established and widely used 

method 

Wide dynamic range, good sensitivity 

and specificity 

 Suitable for measuring small RNA 

panels 

Compatible with laboratory workflows 

Limited to high throughput 

screening and discovery 

studies  

Effective only against 

established RNAs 

238 

and 

239 
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 Ovarian, breast, 

prostate, lung, 

gastric 

Electrochemical Direct/indirect 

adsorption of miRNA 

onto bare gold surface 

via RNA-gold affinity 

interaction and using 

voltammetric techniques 

to detect the resultant 

current signals 

 

Well suited for point-of-care assays 

based on panels of a few miRNAs 

Sensitive 

Complicated and multiple 

sensor fabrication steps, 

technology not ready for 

routine clinical settings 

240–

242 

 Breast, gastric, 

salivary adenoid 

cystic 

carcinoma, 

thyroid 

Nanostring Measures the blockade 

current as a result of the 

halted charge transport in 

the nanopore by the 

present miRNA target 

Highly sensitive and excellent 

dynamic range 

Method not available 

everywhere 

 Complicated workflow 

243 

and 

244 

 Breast, gastro- 

intestinal, lung, 

colon, colorectal 

Immunoassay Two step nucleic acid 

immunoassay with 

labelled monoclonal 

antibody to DNA/RNA 

heterohybrids 

Suitable for routine measurements in 

central laboratory settings 

High degree of automation 

Varying sensitivity across 

different miRNA panels and 

sample types 

245 

 Oral, breast, 

prostrate 

Surface plasmon resonance 

(SPR) 

Measures the refractive 

index (RI) changes 

generated by surface 

modified molecular 

interactions between 

RNAs and the 

bioreceptor 

High sensitivity 

Real-time and label-free analysis 

Low throughput 

Not suitable for routine 

measurements 

192 

       

CTC Breast, 

colorectal, lung, 

prostate 

CellSearch Immunomagnetic 

enrichment method 

Antibody-coated 

ferromagnetic spheres, 

semiautomatic process 

Current gold standard and FDA- 

approved for cancer diagnosis, 

prognosis and therapeutics 

Semiautomated system 

Sensitive 

Reproducible 

High purity 

Suitable for molecular profiling and 

flow cytometry 

Limited to CTCs with high 

EpCAM levels 

Increase in false positive 

results during inflammatory 

conditions  

Expensive instrumentation 

Costly 

Multiple steps Non-viable 

cells 

246 

and 

247 
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Modest cell recovery 

 

 

 

 

 

 

 

 

 

 Prostate, breast, 

colorectal 

MagSweeper Immunomagnetic 

enrichment EpCAM-

antibody coupled 

ferrofluid 

Non-destructive capture method 

Automated 

Flexible input sample volume 

 High purity 

High recovery 

Detects EpCAM-positive 

CTCs only 

Insufficient data for clinical 

utility 

248 

 Prostate, 

pancreatic, colon 

Nanovelco isolation by size 

of epithelial tumour cells 

(ISET) 

Nanovelco surface which 

allows single tumour cell 

capture 

High sensitivity 

Single step separation procedure 

Pre-processing of blood sample not 

required 

Low cost 

Lack of stable antibody- 

functionalised chip  

Fixed cells 

Detects only EpCAM-

positive CTCs 

 Insufficient data for clinical 

application 

249 

 Breast, 

cutaneous 

melanoma, 

colorectal 

carcinoma 

 Marker-free filtration 

approach (size) 

EpCAM-positive and negative 

tumour cells are retained Simple 

procedure 

Availability of cells for additional 

studies 

Inherent size overlap 

between CTCs and WBCs 

Low specificity  

Fixed CTCs 

Requires an automated 

filtration system 

Limited data for clinical 

validation 

250 

 Prostate, colon, 

breast 

CTC-chip Antibody-coated pins 

inside the chip, blood 

flows between the pins 

High sensitivity 

No blood sample pre-processing 

required 

Low sample input 

Can be applied for molecular 

profiling 

Cell viability is maintained Specific 

Cells not suitable for tissue 

culture EpCAM-positive 

CTCs can only be detected 

Prototype 

251 
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High detection rate (approximately 

100%) 

 Lung, breast, 

prostate, head 

and neck cancer 

CTC-iChip Hydrodynamic sorting, 

inertial focusing 

Marker-free isolation  252 

 Breast, ovarian Flow fractionation coupled 

with dielectrophoresis 

Separation based on total 

cell capacitance 

 Variations in cytoplasmic 

and membrane conductivity 

over time 

253 

and 

254 

 Breast, skin, 

non- small cell 

lung cancer 

In vivo CTC detector Medical Seldinger 

guidewire functionalised 

with EpCAM inserted 

intravenously 

Real time monitoring 

No blood processing required 

 255 

and 

256 

 Prostate Electrochemical detection 

chip coupled with capture 

circuit 

Circuit for CTC capture 

integrated with lysis and 

mRNA analysis 

Combined capture and analysis 

minimise sample handling 

 257 

 Breast, prostate EPISPOT Depletion of CD45+ 

cells 

Detects viable epithelial secreting 

cells 

 183 

 Pancreatic, non- 

small cell lung 

cancer 

Aptamer-modified metal 

nanowires 

Aptamer-based capture 

of CTCs 

Unbiased enrichment independent of 

CTC/DTC phenotype 

Low stability of aptamers in 

blood 

258 

 Breast, prostate, 

melanoma 

Cluster-Chip Uses bifurcating traps 

under low shear 

conditions to capture 

CTC clusters (2–30 cells) 

Recovery of viable cells through 

mild release conditions 

Label free isolation of unfixed CTC-

clusters from unprocessed whole 

blood specimens 

 259 
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 Prostate, ovarian mHall chip Simultaneous analysis of 

multiple markers labelled 

with different magnetic 

nanoparticles 

Allows gentle release 

 High specificity 

Collects multiple-marker profiles 

 260 

 Breast Multiwell invasion chip 

(MI-Chip) 

Detects 3D cancer-cell 

migration towards a 

chemotactic agent 

Provides phenotype information 

Well suited for cell line 

Not suitable for cells with 

extremely weak biomarkers 

due to low magnetic 

susceptibility 

261 

       

Exosomes Breast, lung Gelatin nanocoating Antibody-functionalised 

coating that allows thermal 

release of captured CTCs 

Gentle mechanosensitive release of 

captured cells 

No assays demonstrated for 

CTCs 

 

262 

 Ovarian Nanoparticle tracking 

analysis 

Measures exosome 

phenotype and Brownian 

motion 

Rapid and avoids shrinkage arte- 

facts due to fixation 

Independent of particle refractive 

index 

Allows resolution of heterogeneous 

particle mixtures 

Allows quantitative estimation of 

sample size, size distribution, and 

concentration 

Unable to determine 

exosome phenotype. 

Does not detect cellular 

origin or biochemical 

composition 

263 

  Dynamic light scattering Measures particles’ 

relative size distribution 

in fluid 

Suitable for monodisperse samples Unable to accurately 

determine heterogeneous 

mixtures 

Unable to provide 

information on biochemical 

composition 

264 
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  Flow cytometry Measures the emitted 

scattered and fluorescent 

light 

 Difficult to recover weak 

signals.  

Only larger particles 4300 

nm can be resolved 

No specific information on 

the morphology is obtained 

Difficult to recover weak 

signals 

265 

  Transmission electron 

microscopy (TEM) 

Uses electrons to create 

images to determine the 

size and morphology of 

microvesicles 

Can provide biochemical 

information when labelled 

Fixation and dehydration 

affects size and morphology 

Increased concentration of 

microvesicles by 

centrifugation 

 Extensive sample 

processing 

266 

  Electron microscopy High resolution 

fluorescence microscopy 

 Not suitable for quantitative 

analysis 

 Requires extensive sample 

preparation 

267 

  Stimulated emission 

depletion (STED) 

microscopy 

 Label-free and quantitative 

technique 

Real-time imaging 

 268 

  Raman spectroscopy Inelastic light-scattering 

to detect the structure 

and biochemical 

composition of 

macromolecules 

  269 
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2.8 Grand challenges associated with circulating biomarker analysis 

2.8.1 Biological challenges 

During cancer progression, many tumours discharge biomarkers into blood circulation, 

and their analysis offers the potential to predict, screen and monitor therapeutic responses 

and tumor responses. The precise quantification of CBs has been greatly influenced by 

many biological limitations including their relatively low abundance in complex 

biological matrices and nonspecific adsorption of biomolecules. 

 

2.8.1.1 Low abundance 

The study of CBs in clinical specimens presents the basis for establishing non-invasive 

liquid biopsies. Evidence from clinical studies suggests that individuals with metastatic 

lesions are more susceptible to have CTCs that can be easily isolated. However, they are 

usually very low in abundance, ranging between 1 and 10 CTCs per mL of whole blood,24 

which also contains about 7 × 106 and 5 ×109 white blood cells and red blood cells 

respectively.25 Therefore, technologies that can effectively isolate a single CTC from the 

background of several blood matrices are essential. A considerable number of novel 

technologies have been developed such as positive and negative selection, or free-

enrichment assays to effectively isolate, quantify and characterise rare CTCs. 

 

CTCs can be enriched positively or negatively based on their biological properties. The 

positive enrichment methods select cells with CTC-like properties that are not displayed 

by other blood cell components. This is done through the use of an anti-epithelial 

antibody, an anti-mesenchymal antibody or an anti-epithelial and anti-mesenchymal 

antibody. The epithelial cell adhesion molecule (EpCAM) is the commonly used surface 

cell marker for positive enrichment of epithelial CTCs via immuno-magnetic bead 

separation, where the antibody-labelled ferro-particles capture CTCs in a magnetic field. 

Negative enrichment is achieved by exploiting antibodies against CD45 to remove the 

redundant leukocytes. Physical characteristics such as size, deformability, and differences 

in densities and surface charges can also be used to enrich CTCs through membrane and 

filtration-based systems. However, patients with benign colon disease have been reported 

to have circulating epithelial cells,270 and these cells might result in false-positive 

findings. In addition, the possible transition of epithelial-to-mesenchymal carcinoma cells 

results in decreased expression of epithelial markers that might be the root of false-



                                                                                                                                        Chapter 2 
 

 

 

60 
 

positive findings. Hence, the identification of additional mesenchymal markers 

upregulated during EMT on CTCs is a prerequisite. 

 

The paltry concentration of cfDNA in the plasma of healthy individuals, usually between 

0 and 100 ng mL-1,153 makes the detection of ctDNA in plasma samples immensely 

difficult, requiring more blood samples. Although the concentration of cfDNA in cancer 

patients may be 50 times higher than the normal levels, the amount of ctDNA in the bulk 

cfDNA is proportionately low. With the influence of tumor heterogeneity resulting from 

clonal evolution of cells containing tumour initiating molecules, the selection of branch 

mutation for ctDNA detection may not provide accurate results representing the overall 

ctDNA level. However, sensitive detection and quantification of ctDNA has been 

improved due to the recent advancements in digital genomic strategies and parallel 

sequencing technologies271, 272.  Direct analysis of ctDNA through hybridisation is often 

difficult due to a number of processing steps. These steps include the efficient denaturation 

of dsDNA into ssDNA which is suitable for hybridisation analysis, and also renaturation 

of ssDNA molecules affects the efficiency of the hybridisation-based assay.273 To 

circumvent this challenge, many strategies have been posited including the use of DNA 

clutch probes (DCPs) that inhibit the renaturation of denatured DNA molecules thus 

enabling effective hybridisation analysis.274 

 

2.8.1.2 Nonspecific response from biomolecules 

Sample heterogeneity can affect the efficient analysis of CBs. For analysis of exosomes, 

many factors, including age, gender, and body mass index, are known or suspected to 

influence vesiculation, which in turn affects the selection of controls for heterogeneous 

samples.275 Therefore, more systematic interrogations are required to examine the upshot 

of sample heterogeneity on the amount, functionality and biogenesis of exosomes. 

 

Circulating miRNAs are often found in complex biological matrices that are generated 

from various nonspecific cells and other biomolecules. Depending on the detection 

strategy, the matrix to be used may contain sizeable amounts of proteins, nucleic acids 

and other biomolecules that could interfere by adsorbing on the sensing surface non-

specifically and giving substantial background readings. Thus, there is a need for the 

development of detection strategies that have antifouling sensing surfaces to circumvent 
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the nonspecific adsorption of undesired biomolecules, and they should be highly specific 

towards target miRNAs. Campuzano et al. developed an electrochemical hybridisation-

based antifouling sensing platform for detecting DNA sequences in human serum, which 

can be used for circulating miRNA.276 Suitable blocking agents such as bovine serum 

albumin, mercaptohexanol or poly(ethylene glycol) can be employed to avoid nonspecific 

binding.277 

 

2.8.1.3 Varying sizes 

Circulating DNA was among the first biomarkers examined for cancer staging with the 

increased serum DNA concentrations associated with metastatic cancer and other related 

conditions, including sepsis and autoimmune disease.278 Circulating tumour DNA 

accounts for a smaller portion of total cfDNA, especially in early stage cancer and 

minimal residual conditions, and thus its detection in plasma  is difficult.279 High 

fragmentation of cfDNA represents one of the major concerns in determining circulating 

DNA. DNA fragmentation decreases intact or analysable DNA copies containing genetic 

markers of interest, thus causing analysis such as sequencing and amplification difficulty.2 

More so, isolation and precise quantification of circulating DNA are affected by the 

potential loss of DNA characteristics being exploited in the designed analysis. 

 

The length of RNA ranges between 18 and 20 nt for small RNA such as miRNA and 4200 

nt for large RNA such as long non-coding RNA (LncRNA). Typically, it is difficult to 

detect short RNAs using amplification-based methods due to the possible size match with 

selected primers. To circumvent this challenge, short RNA can be polyadenylated 

enzymatically resulting in longer sequences, which can be used in the reverse 

transcription step in RT-qPCR driven by oligo-dT primers.280 A stem-loop primer can 

also be used during reverse transcription to form a nicked RNA hybrid via hybridisation 

with the 3’  end of the target RNA sequence.281 Conversely, detection of long RNAs based 

on hybridisation techniques poses significant challenges due to the possible formation of 

secondary and tertiary structures on the sensor platform.282,283 

 

2.8.1.4 Difficulties in direct analysis 

The commonly used methods for nucleic acid analysis are based on amplification and 

hybridisation. Hybridisation provides sequences with high specificity suitable for cancer 



                                                                                                                                        Chapter 2 
 

 

 

62 
 

specific molecular alteration-based ctDNA analysis. However, longer processing times 

and multiple steps are incurred during the denaturation of double stranded DNA. In 

addition, renaturation of ssDNA also inhibits the efficiency of hybridisation-based 

analyses.284 Various electrochemical methods based on DNA clutch probes and alkaline 

phosphatase labelled Zn-finger proteins have been proposed to overcome this 

challenge.284,285 In the clutch probe approach, Shana O Kelley and colleagues have used 

DNA clutch probes (DCPs) for detecting ctDNA with high sensitivity and specificity. 

DCPs enable efficient hybridisation analysis by preventing renaturation of DNA 

molecules.274 The assay enabled the detection of 1 fg mL-1 of target mutation in the 

presence of 100 pg mL-1 of wild-type DNA (Fig. 2.11).285 

 

 

Figure 2.11  Schematic representation of the clutch probe approach for ctDNA detection. 

(A) Detection approach. Double stranded DNA is denatured to generate ssDNA, and 

DNA clutch probes are then introduced to inhibit the renaturation of ssDNA. The PNA 

clump hybridises with the perfectly matched wild type target ssDNA, whereas the mutant 

target ssDNA remains unhybridised. (B) Detection technique based on the chip. 

Nanostructured microelectrodes (NME) are immobilised with PNA probes 

complementary to mutant target DNA and only complementary mutant targets bind to the 

probe. The resultant signal generated is recorded in the presence of a reporter system. 

(C) Sensor design. The sensors are deposited in arrays on the microchip with the inset 

showing the cross-sectional hole in the chip. (D) An image showing the NME sensor using 

scanning electron microscopy. Reprinted with permission from ref. 285. Copyright 2016, 

American Chemical Society. 
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2.8.1.5 Low stability 

At room temperature, RNA is normally unstable because of possible degradation by 

ribonucleases (RNases). Henceforth, RNases can affect the precise detection of RNA 

through continual degradation during incubation steps. To overcome this hurdle, Frie et 

al. highlighted the incorporation of RNase inhibitors into the assay.286 In this approach, 

cells are permeabilised in the presence of RNAse inhibitors that inhibit endogenous and 

exogenous RNAses. 

 

Different forms of circulating DNA display different levels of stability.287,288 The process 

of release, degradation and clearance of cfDNA involves several steps. The varying levels 

of DNase activity and attachment of cfDNA on the blood cell surface affect the clearance 

time and their stability.289,290 Various mechanisms and organs are associated with cfDNA 

clearance, uptake and degradation by phagocytes.291,292 As a result, quantifying the 

amount of cfDNA in diagnostic approaches presents inconsistent and insufficient 

results.293 

 

2.8.1.6 Similar sequences 

The high similarity of miRNA sequences together with their short length often poses 

further difficulties for isolating them. Micro RNAs from the  same  family can have  

different  substantial outcomes  in  the  body; for example, let-7a and let-7c which differ 

in the sequence by a single nucleotide are decreased in lung and breast cancer 

respectively.8,294 Therefore,  accurate  detection  and  quantification of specific miRNA 

may be influenced by nucleotide base-pair mismatch. Highly specific recognition systems 

are required to determine sequences that differ only by a single nucleotide. Recently, the 

use of locked nucleic acid (LNA) probes has emerged as a potential strategy to measure 

similar target sequences. When encapsulated into DNA  probes,  LNA  analogues  

increase the melting temperature which enhances the binding affinity and sensitivity up 

to 10-fold.295 More so, further complication may be incurred when using hybridisation-

based methods to  compare sequence heterogeneity between the genomic precursors and 

3’  and 5’  ends of isomiRNAs.296,297 

 

2.8.2 Technical challenges of circulating biomarker 

The need for non-invasive molecular profiling tools in recent years has grown 
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substantially due to the increasing need and better understanding of genomic alterations 

and personalised treatment options. The integration and utilisation of CBs in routine 

clinical settings is of utmost importance. Numerous validation studies are required to 

provide substantial evidence of the efficiency and reliability of the markers for the clinical 

utility of the developed tests. To establish the cancer defining variants, cancer-related 

biomarker profiles of large numbers of controls and healthy individuals are required, and 

continuous follow-ups are needed to identify false positive signals.2 Current 

demonstrations often face technical challenges associated with pre-analytical conditions 

that need to be standardised such as sample collection and processing. 

 

2.8.2.1 Sample preparation and choice of the sample source 

The choice of the source for CBs particularly miRNA may have a profound effect on the 

sequence expression profile obtained. MiRNAs have been found to exist in numerous 

biological fluids and therefore it is imperative to understand the sources of miRNAs that 

are significant for clinical use. Currently, circulating miRNAs are extracted from venous 

plasma or serum with a good correlation between their expression levels.298 It has been 

observed that miRNAs obtained from plasma and serum were not affected by multistep 

treatments such as freeze–thaw cycles, boiling, long-term storage or high pH.299 However, 

during plasma preparation, the cellular pellet is susceptible to contamination when 

pipetting away the supernatant. The presence of sizeable inter-sample flexibility of 

protein and lipid in individual serum or plasma samples could inhibit the impact of the 

RNA extraction efficiency and potentially present possible inhibitors to qRT-PCR. 

Furthermore, it is noted that platelets and red blood cells also bear disease-specific 

miRNAs, which may result in contrived high miRNA concentrations as a result of 

hemolysis or improper processing of the blood sample.8 Vesicles/exosomes are also   

known   to be carriers of circulating miRNA. Recent studies have indicated that exosomes 

obtained from serum and saliva are highly enriched in miRNAs and most of these 

miRNAs are enclosed in micro-vesicles, primarily exosomes, and do not circulate freely 

in human biological fluids.300,301 Thus, exosomal miRNA can be applied in preliminary 

biomarker selection studies to overcome the occurrence of false negatives by low 

concentrated miRNA that may be omitted by using unfractionated serum or saliva.300 

 

2.8.2.2 Inconsistency of different isolation methods 
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Commercially available protocols for isolating miRNAs from serum and plasma are based 

on liquid–liquid extraction such as guanidium-phenol extraction preceded by isopropanol 

precipitation of miRNA in aqueous phase.302 Column-based methods such as miRNeasy 

(Qiagen) and mirVana (Invitrogent AM1560) are also used. However, it is difficult to 

achieve consistency owing to the short sequences and low concentrations. In addition, the 

application of pre-amplification reagents in some studies to enhance qRT-PCR sensitivity 

requires standardisation. Small discrepancies in centrifugation rates in various protocols 

may have a significant effect on the isolation efficiency of particulates of interest resulting 

in extra variables added to extracted miRNA.  

 

In the case of exosomes, one of the major drawbacks of routine diagnostic application of 

exosomes as cancer biomarkers is the method of isolation used. Presently, there is no 

established gold standard method for exosome isolation.303,304 Owing to their low density 

and small size, exosomes are normally isolated from cell culture media and body fluids 

by differential ultracentrifugation.305 Although ultracentrifugation is shown to be 

reproducible and yield optimal amounts of exosomes, it is labour-intensive, time 

consuming and requires expensive equipment, thus limiting its clinical applications in 

resource-poor settings. In addition, exosomes are subjected to extreme pressure during 

processing which can result in the reduction of highly specific exosomes during 

precipitation.306 Furthermore, it is difficult to reproduce exactly the isolation in different 

settings or places. Another isolation method frequently used is ultrafiltration which is 

based on size exclusion. Exosomes are separated based on their size using membrane 

filters with defined molecular weight or size exclusion limits.102 Compared to 

ultracentrifugation, ultrafiltration is relatively fast with no special equipment required.306 

However, the application of force may give rise to deformed or breaking up of vesicles 

which makes it difficult to use them in downstream applications. This is especially in the 

analysis that requires a high exosome concentration, such as the determination of their 

miRNA profile.103 Recently, many commercial kits compatible with body fluids based on 

precipitation have been developed.306 Their reproducibility and rapidity make them useful 

for future diagnosis, especially in miRNA-based tests. The emergence of microfabrication 

technology has presented a unique opportunity in microfluidics-based assays by probing 

the physical and bio-chemical characteristics of exosomes at microscales. Acoustic, 

electrophoretic and electromagnetic manipulations can also be used as innovative sorting 
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mechanisms for exosomes.114, 176,307 Advantages of using these devices include the 

reduced sample volume, reagent consumption and isolation time. 

 

2.8.2.3 Specificity challenges 

CTCs. Different subsets of CTCs can exhibit various phenotypes during EMT. Thus, a 

desirable broad-enrichment spectrum based on the application of a specific combination 

of cell surface epithelial and mesenchymal markers is needed.308 However, a vast 

combination of disparate markers encompassing all CTC phenotypes may enhance the 

chances of single cells expressing one of these markers leading to false positive results. 

To overcome this challenge, scientists have often targeted actin bundling protein plastin 

3, which is not expressed in blood cells and also not downregulated by CTCs during their 

EMT. Recently, microfluidic channels coalesced with surface cell markers or physical 

properties, such as IsoFlux,309 are extensively applied in CTC enrichment strategies, and 

substantially enhance efficient and accurate CTC analysis.310,311 Furthermore, Karabacak 

et al.312 described an isolation procedure of CTCs using CTC-iChip technology that 

integrates cell surface markers and physical properties. This system showed promising 

results, recovering more CTCs with less nucleic acid damage.  After CTC enrichment, 

some CTCs may be retained as background cells, causing low efficiency for analysis and 

sequencing.313 However, recent advancements in next generation sequencing (NGS) and 

single-cell-sequencing technologies allow for the implementation of techniques such as 

flow cytometry analysis (FACS) and laser capture microdissection (LCM). These further 

isolate CTCs from the background cell pool. 

 

Furthermore, tumor specific markers such as mammaglobin for breast cancer and 

prostate-specific antigen (PSA) for prostate cancer, are specific but can be downregulated 

during dedifferentiation of tumor cells.314–316 Another challenge associated with CTC 

detection is the limited supply of blood samples from available cancer patients. This may 

foist serious difficulties when using micro-devices to detect rare CTCs in early stage 

cancer, in which the CTC count levels are relatively low. To alleviate this challenge, one 

may use a Cell Collector directly to collect CTCs. Patient’s blood is passed through a 

functionalised area of the collector, which filters it and enables binding of CTCs by 

antibodies against EpCAM.313 Leukapheresis is another clinical approach that is 

commonly employed for isolating  mononuclear  cells  from  large  amounts  of  blood. 
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Leukapheresis uses flow cytometry and RT-PCR to analyse CTCs via elutriation.317 

Recently, leukapheresis has been used on non-metastatic cancer patients for molecular 

analysis where it enabled the determination of about 100 000 CTCs per patient and 

established a correlation of CTC numbers with disease spread.318 

 

CtDNA. Several preanalytical factors such as blood collection, delay in processing, 

centrifugation protocols, sample shipment, storage conditions, choice of anticoagulant, 

etc. can affect the results of CB analysis.319–322 Delays between sample collection and 

isolation of plasma can affect the intact DNA as a result  of peripheral blood cell lysis 

which subsequently affects the PCR and tagmentation-based sequencing strategies by 

reducing the available effective template for analysis.323 Thus, there is a need for special 

cell-stabilisation collection tubes that have the capacity to hold a preservative that can 

inhibit the lysis of peripheral blood cells for many days at room temperature. The ability 

to perform centrifugation in various centrifuges or storing at 4 °C after collection for a 

short period of time, will markedly improve the possibility of collecting high quality 

samples. Previous reports predominantly focused on PCR or dPCR based single locus-

specific analysis. However, the use of the multiplexed droplet digital PCR strategy to 

examine amplifiable ctDNA and evaluate large molecular weight background DNA in a 

single step exhibits a greater resolution and large genomic coverage than a locus-specific 

approach.279,323 Multiplexing techniques play a critical role in sequencing experiments by 

aiding in the optimization of sample input to attain reproducible performances. Several 

regions in the genome are targeted, thus minimising input DNA required for quality 

assessment. Locus-specific amplification bias or somatic copy number changes often 

found in qPCR or digital PCR assays designed for single or double loci targets are also 

avoided.323 

 

Notwithstanding the recent advancements and improvements in designing isolation and 

purification protocols, sizeable sample amounts are still lost during the purification stage. 

Previous studies have shown that subjecting samples to high centrifugation speeds results 

in ex vivo release of DNA from blood cells.324 However, the incorporation of 

microfluidics and nanotechnology has opened new avenues for cfDNA isolation that can 

avoid tedious purification steps. Campos et al. constructed a polymer-based microfluidic 

device for extraction of cfDNA. The device enabled efficient cfDNA/ctDNA extraction 
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directly from plasma.325 

 

2.9 CONCLUSIONS AND FUTURE PERSPECTIVES 

To date, conventional tissue biopsy for pathological diagnosis of cancer is immensely 

invasive and general imaging screenings such as tomography, scans and magnetic 

resonance imaging scans are expensive and scarce in many clinics. Thus, blood-based 

assays for screening and identifying tumour related markers are of great importance and 

can significantly reduce healthcare costs. In this review, we have provided an overview 

of CBs (ctDNA, miRNA, CTCs and exosomes) as non-invasive cancer biomarkers with 

applications in diagnosis, prognosis and therapy response and the recent developments in 

their detection technologies. We have also articulated the main methodological 

deficiencies of some of these technologies. NGS approaches have the ability to avoid 

limitations associated with PCR amplification such as the error rate for DNA polymerase 

which limits the application of PCR-based methods that rely on sensitive amplification. 

Furthermore, there is need for improved analytical and diagnostic assays that are sensitive 

towards genome-wide ctDNA because of the lack of recurrent genetic alterations by many 

tumor types which can reveal specific cancer markers. In addition, more attention needs 

to be devoted towards intratumoural heterogeneity.333 Since it is not clear whether ctDNA 

constitutes DNA from well-defined sub-clones, more interrogations need to be conducted 

with respect to clinical, molecular and imaging studies to assess clinical progression and 

therapeutic resistance. Several attempts have been made towards the development of 

reliable assays for tumour genomes derived from ctDNA. Most laboratory procedures are 

tedious and costly which limits the actual application in a diagnostic setting. However, 

future advancements in sequencing technologies and chip designs are believed to have a 

potential to analyse genome-wide ctDNA with high sensitivity at a lower cost. 

 

We have also evaluated the current progress and limitations in miRNA-detection 

technologies together with their clinical relevance in diagnosis and prognosis. It has been 

established that miRNA can operate as a liquid biopsy marker for noninvasive diagnosis 

of cancer. Among the detection technologies of miRNA, electrochemical based assays 

generally entail the hybridisation of target miRNA with a complementary capture probe 

followed by an electrochemical readout method. However, in spite of the huge progress 

made in electrochemical strategies, extensive work is still required to integrate them into 
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portable point-of-care devices. Generally, many electrochemical biosensors are solely 

proof-of-concept demonstrations which rely mostly on complicated fabrication steps of 

the sensor and a series of optimisations in a well-equipped centralised facility. Hence, 

there are many challenges involved in order to translocate these laboratory-based proof-

of-concept demonstrations to clinical applications. One of the challenges is the false-

positive detection of miRNA as a result of nonspecific binding. Nanomaterials have also 

been incorporated for the construction of miRNA biosensors to amplify and obtain 

sensitive detection signal. Since highly efficient technologies for miRNA continue to 

develop, we anticipate that an ideal miRNA sensor with desired clinical applications will 

be constructed in the near future. 

 

The deficiency of technologies that can effectively isolate and detect CTCs poses a major 

challenge to the understanding and application of CTC biomarkers in clinical settings. 

The heterogeneity of biomarkers currently employed for capture or enrichment of CTCs 

and the notable bias of currently available platforms are the key to technological 

limitations of CTCs which require more attention. Despite the progress shown in CTC 

detection technologies,259 more time is required to translate these advances to routine 

clinical applications. For more than a decade, the CellSearch system still remains the only 

FDA approved CTC based cancer diagnosis system and has not been implemented into 

routine clinical practice due to insufficiently proven clinical merits,334 in spite of the 

continuous evolution of the technology.335 Therefore, more focus should be directed 

towards detailed molecular and functional characterisation of single CTCs. High 

throughput analytical techniques such as NGS have enabled the analysis of whole 

genomes and transcriptomes of single CTCs, and with the possibility of automation, large 

CTC molecular landscapes have been determined.336–338 
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Introduction 

Chapter 3 demonstrates the successful development of a diagnostic platform for 

detection of HOTAIR biomarker in sample collected from ovarian cancer patients. 

HOTAIR is aberrantly expressed in the body fluids of ovarian cancer patients and is 

a signature of the disease stages. The self assembled monolayer platform serves as a 

highly stable template in physiological buffer for fabricating highly stable sensing 

electrodes. The extraordinary affinity interactions of streptavidin and biotin and 

the sandwich hybridisation approach coupled with an enzyme catalysed amplification 

step enables us to engineer an electrochemical based platform for HOTAIR lncRNA 

detection. Our assay enables us to detect selectively HOTAIR from a large population 

of RNAs extracted from body fluids. Based on the role of circulating HOTAIR 

lncRNA in cancer, the developed assay has the potential to determine early, advanced, 

metastatic or nonmetastatic stages of ovarian cancer with a non- or minimally invasive 

approach. 

 
Chapter 3 is based on a published article in Analytica Chimica Acta. 
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Chapter 3: An amplification-free method for the detection of 

HOTAIR long non-coding RNA 
 

 
 

3.1 ABSTRACT 

The discovery of large transcripts of long RNAs that have limited protein coding 

capacity, known as long non-coding RNAs (lncRNAs) present new concepts on 

RNA-mediated gene regulation.  Increasing evidence suggests that large intervening 

ncRNAs regulate key pathways in cancer genesis and metastasis. Among the most 

characterized lncRNAs, homeobox (HOX) transcript antisense intergenic RNA 

(HOTAIR) acts as an oncogenic molecule in different cancer cells, and thus its 

expression level serves as a potential biomarker for diagnostic and therapeutic 

purposes in several human cancers, such  as  breast,  prostate, liver and ovarian 

cancer. This paper reports a simple and sensitive sensor platform for the detection of 

HOTAIR. Extracted HOTAIR sequences from ovarian cancer cells and plasma 

samples derived from ovarian cancer patients were magnetically isolated and 

purified, followed by a sandwich hybridisation event at a screen-printed gold 

electrode. This event was monitored by amperometry using the hydrogen 

peroxide/horseradish peroxidase/hydroquinone (H2O2/HRP/HQ) system. The 

catalytic enhancement of the amperometric signal enabled our assay to achieve a 

detection limit of 1.0 fM with a good inter-assay reproducibility (relative standard 

deviation (%RSD) = < 5.0%, n = 3). The method was used for the analysis of specific 

HOTAIR in cell line and a small cohort of plasma samples derived from patients 

with ovarian cancer. Our method offered several hundred folds enhanced  sensitivity 

compared to recent reports based on circular exponential amplification with 

fluorescence (EXPAR) and quenched staudinger-triggered probe-based rolling circle 

amplification (Q-STAR) techniques. The analytical performance of the method was 

also demonstrated using a standard RT- qPCR. We believe that the proof of the 

concept assay demonstrated here could be a cost-effective alternative platform for 

screening cancer-related lncRNAs in routine clinical settings. 
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3.2 INTRODUCTION 

Long non-coding RNAs are a heterogeneous class of transcripts that exceed 200 

nucleotides in length and do not encode proteins. Previously, lncRNAs have been 

regarded as transcriptional noise due to their inability to translate into proteins.1 However, 

increasing evidence shows that they exhibit a wide range of expression levels and distinct 

cellular localisations, and in association with human diseases.1 They play a critical role 

in various epigenetic processes, including transcription, chromosome structure 

modulation, messenger RNA (mRNA) stability, mRNA availability and post-translational 

modification, cell cycle regulation, and differentiation regulation.2-6 The interaction of 

lncRNAs with histone repressive proteins of the polycomb group family by recruiting 

them to gene loci, facilitates silencing.7 Several studies have shown that lncRNAs are 

more nuclear localised than mRNA as a result of ineffective splicing and having a lower 

expression level, which is more specific to the cell type compared to protein coding RNAs 

while they can vary spatially, temporally or in response to stimuli.8,9 

 

HOTAIR is one of the first lncRNA discovered to be associated with tumorigenesis and 

has been reported as an oncogene in several cancers.10 Transcribed in an antisense 

manner, HOTAIR is found within the HOXC gene cluster of chromosome 12 and has a 

length of 2158 nucleotides.11 As a novel regulator of tumorigenesis, aberrant HOTAIR 

expression has been linked to cell metastasis in several cancers, including pancreatic,12 

lung,13 gastrointestinal stromal,14 colorectal,9 and breast carcinomas.10 Recently, a 

correlation between single nucleotide polymorphisms in HOTAIR and its link to ovarian 

cancer has been established. Wu et al. demonstrated that rs4759314 and rs7958904 of 

HOTAIR predict the increased risk to develop epithelial ovarian cancer.15 In addition, 

Zhang et al. has recently shown that aberrant HOTAIR was highly expressed in ovarian 

carcinoma and associated with proliferation and metastasis of ovarian cancer cells.16 

These progressive discoveries indicate that HOTAIR plays a critical role in regulating the 

cancer epigenome and therefore may be an important target for cancer diagnosis and 

therapy monitoring. 

 

One of the major challenges associated with the detection of cancer biomarkers in 

biological fluids is that they are often found in low concentrations. The concentration of 

cancer biomarkers in biological fluids is usually several nanograms per millilitre. 

Henceforth, highly sensitive and specific technologies are required for their precise 
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detection. The past few years have witnessed a steep rise in the development of detection 

technologies for lncRNA HOTAIR. Without any doubt, the emergence of sensitive, high- 

throughput genomic technologies such as microarrays, next-generation sequencing 

(NGS), northern blotting, microarrays and quantitative reverse transcription PCR (RT-

qPCR) have provided opportunities for the detection of novel transcripts that are derived 

from none-protein coding genes. However, these technologies suffer from several 

limitations. Microarray based methods are limited to specific probes, specialised 

equipment and hybridisation procedures which increase the cost and minimise the 

reproducibility    between   platforms.17 RT-qPCR    requires expensive instrumentation, 

smaller number of expressed genes, thus, not suitable for high-throughput lncRNA 

HOTAIR screening.18 Although NGS is capable of simultaneous analysis of known and 

unknown sequences, it is a costly and time consuming method. The use of radioisotopes 

as labels in northern blotting presents numerous health and safety concerns for researchers 

and the environment.19  

 

To circumvent most of the limitations highlighted above, electrochemical biosensors have 

shown to be a cost-effective and simple alternative for biomolecular sensing. Over the 

past several decades, it has been demonstrated that electrochemical detection approaches 

hold a great promise for the rapid, simple and inexpensive detection of a range of nucleic 

acid-based biomarkers including non-coding RNAs.20,21 Enzyme labels have often been 

used to amplify signals in these approaches due to their high, steady and reproducible 

catalytic activity. Enzymatic catalytic reactions are often coupled with supplemental 

amplification processes (e.g., redox cycling) or using enzyme labels.22,23 This enzymatic 

amplification generally describes a recurring process that produces or consumes 

signalling species (molecules or electrons) in the presence of reversible redox species, 

leading to enhanced signal amplification.24,25 A possible alternative approach to achieve 

signal amplification is the application of an auto-inductive system using a distinct 

dendritic chain reaction (DCR). In this system, a single analyte molecule initiates a DCR 

that generates a strong detectable signal.26,27 In the quest of designing a signal 

amplification method, we utilised the oxidation reaction of hydroquinone (HQ) to 

benzoquinone (BQ). Hydroquinone acts as an electron mediator between the electrode 

surface and redox centre of HRP. 

 

Herein, we report an amplification-free platform for the amperometric detection of 

HOTAIR long non-coding lncRNAs using H2O2/HRP/HQ. Sequences of HOTAIR 
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extracted from designated cells and plasma samples, and ovarian cancer patients were 

magnetically purified and isolated. Using well known avidin-biotin affinity, streptavidin 

coupled horseradish peroxidase (HRP) was attached to biotinylated capture probes, 

followed by a sandwich hybridisation method where the target HOTAIR was hybridised 

with the second capture-probe immobilised onto a screen-printed gold electrode. This 

event was monitored amperometrically using the H2O2/HRP/HQ system. Standard RT-

qPCR method was used to validate the method for the analysis of HOTAIR expression 

levels in patient samples. We envisage that the proof-of-concept assay demonstrated here 

could be a highly low-cost platform in routine clinical settings for screening of cancer-

related lncRNAs. 

 

3.3 EXPERIMENTAL  

3.3.1 Preparation of RNA from cell line and ovarian cancer samples 

RPMI-1640 growth medium (Life Technologies, Australia) supplemented with 10% fetal 

bovine serum (Life Technologies, Australia) and 1% penicillin/streptomycin (Life 

Technologies) were used to culture ovarian cancer cell lines (SKOV3 and OVCAR3) and 

non-cancerous cell line (Met-5A). This was performed in a humidified incubator with 5% 

CO2 flow at 37 o C. All cells were harvested by standard trypsinisation protocol after they 

reached 70-80% confluence. Briefly, cells were washed with 3 mL HBSS (Gibco) to 

remove enzyme inhibitors followed by 1-2 mL of TryPLe (Gibco) and incubation for 3 

min at 37 °C. To neutralise the trypsin activity, 3-6 mL of cell culture media was added 

followed by centrifugation for 5 min at 2,500 rpm. A cell pellet was collected for RNA 

extraction and stored at 20 °C until further processing. Plasma samples were collected 

according to the declaration of Helsinki and approved by the Ethics Committee of the 

University of Queensland (approval number 2016000300) and the Ochsner Medical 

Center (New Orleans, USA). Plasma was isolated from whole  blood  sample  by  

centrifuging  at  2,000 x g  for  10   min and stored  at 80 °C  until  analysis.  Ovarian 

cancer samples   were collected accordingly, assigned and classified based on their 

histotype (e.g. stage I and stage III), and stored at 80 °C in the Biobank units. In this study, 

only patients with epithelial ovarian cancer high-grade serous subtype (n = 3) and benign 

samples (n = 3) were utilised. miRNeasy Mini Kit (Qiagen, Australia) was used to extract 

RNA and the concentration was quantified using a SPECTROstar Nano Microplate 

Reader (BMG Labtech) operated by MARS data analysis software. 
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3.3.2 Magnetic purification and hybridisation 

For hybridisation, 10 µL of RNA sample was mixed with 10 µL of 5X saline-sodium 

citrate buffer (SSC) (pH 7.0) and 15 µL of 10 mM biotinylated capture probes (See Table 

S3.1). The mixture solution was heated at 55 oC for 2 min and placed on a thermomixer 

for 1 h at room temperature (25 °C) to allow hybridisation of capture probe with target 

lncRNA. Next, 20 µL of streptavidin-labeled (MyOne Streptavidin C1, Invitrogen) 

magnetic beads were washed 3-times with 2X binding and washing (B&W) buffer (10 

mM Tris-HCl, pH 7.5; 1.0 mM EDTA; 2.0 M NaCl) and resuspended in 20 µL of 2X 

B&W buffer. The prepared dynabeads were then dispersed into the solution containing 

biotinylated capture probe-lncRNA complex and incubated for 30 min at 25 oC to allow 

the formation of dynabead/biotinylated capture probe-lncRNA complex. The dynabead 

bound lncRNA complex was separated using a magnet, washed three times with 2X B&W 

buffer, and resuspended in 9.0 µL of RNase-free water. The magnetically captured 

isolates were heated for 2 min at 95 °C, and the heat-released lncRNAs were immediately 

collected from the supernatant using an external magnet. Then, 5.0 µL of the released 

lncRNA was diluted with 15 µL of 5X SSC buffer (pH 7.0) for electrochemical readout. 

 

3.3.3 Electrochemical detection of target HOTAIR 

Electrochemical measurements were performed using a CH1040C potentiostat (CH 

Instruments, USA) on screen-printed gold electrodes (SP-Au) (Metrohm DropSens), 

which contained a three-electrode system (gold working, Ag/AgCl reference and gold 

counter electrodes). The effective area of SPE-Au was determined by the measurement 

of the peak current obtained as a function of scan rate under cyclic voltammetric 

conditions for the one-electron reduction of [Fe(CN)6]
3-/4- [2.5 mM in phosphate buffered 

saline (PBS) (0.5 M KCl)] and by using the Randles-Sevcik equation as outlined in the 

Supplementary Information. Differential pulse voltammetric (DPV) experiments were 

recorded in 10 mM PBS solution containing 2 mM [K3Fe(CN)6] electrolyte solution at a 

potential range of 0.2 V to 0.5 V, with a pulse amplitude of 50 mV, and a pulse width of 

50 ms to characterise the stepwise sensor fabrication process. For electrochemical 

detection of HOTAIR, 10 mL of 10 µM thiolated capture probe (probe 1) was mixed with 

20 µL of 10 mM Tris(2 carboxyethyl)phosphine (TCEP) and incubated for 1 h at 25 oC in 

the dark to reduce the disulphide bond of the capture probe. This was followed by the 

addition of 70 µL of 1X PBS (pH 7.4) to the mixture and subsequent immobilisation onto 

bare SPE-Au surface (5 mL) and incubation for 2 h. The modified electrode was washed 
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3 times gently with 1X PBS to remove unbound probes. Following  incubation  and self-

assembled   monolayer formation, 2 mM of 6-mercaptohexanol solution was added to the 

modified electrode for 3 h in the dark at room temperature and washed  3 times with 1X 

PBS. Then, 5 µL of previously released HOTAIR target was adsorbed on the thiolated 

modified surface and incubated for 30 min on a thermomixer (300 rpm) at 25 oC to allow 

hybridisation with the surface bound capture probe. This was followed by a washing step 

3 times with PBS. Further incubation of biotinylated detection probe (5 µL of Cap 1, 

referred to as probe 2) was performed for 30 min at 25 °C to allow duplex hybridisation 

on a thermomixer (300 rpm) and thereafter washing with 1X PBS. By taking advantage 

of   the   biotin-streptavidin   affinity   interactions, 5 µL of 10 ng/mL streptavidin 

conjugated HRP was immobilised on the modified electrode surface for 30 min at 25 oC. 

The modified electrode was washed profusely with 1X PBS pH 7.4. For electrochemical 

readout, 40 µL of 1 mM HQ was added onto the sensor surface and run 

chronoamperometry at -0.2 V vs Ag/AgCl.  Then, 10 µL of 100 mM H2O2 was added 

once the background current stabilised and the current generated was recorded until the 

steady-state current was reached. The amperometric responses recorded throughout the 

manuscript are proportional to the difference between the steady-state and the background 

currents and are the average of at least three repetitive experiments. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Assay principle 

In this study, HOTAIR lncRNA was selected as a model biomarker for ovarian carcinoma 

detection. Specific segments of HOTAIR lncRNA were designed and used as markers for 

detection as shown in Table S3.1. Fig. 3.1 shows the schematic representation of steps 

involved in the isolation and detection of HOTAIR. Firstly, total RNA was extracted from 

cell lines and plasma samples obtained from patients with ovarian cancer. 

Complementary functionalised capture probes were dispersed into the sample solution to 

selectively bind to the HOTAIR strands. In the presence of streptavidin coated magnetic 

beads, captured HOTAIR targets were then magnetically purified with several magnetic 

washing steps and released from capture probes through heating. Finally, the released 

HOTAIR sequences were then detected via a sandwich hybridisation method coupled 

with an enzyme catalysed amplification step. The HOTAIR sequences were initially 

hybridised onto a thiolated capture probes modified SPE-Au electrode which were further 

hybridised with HRP-functionalised detection probes (see Fig. S3.1 in Supplementary 
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Information for stepwise successful attachments of these biomolecular layers). The 

amount of hybridised HOTAIR targets was then detected by measuring the cathodic 

current generated by the enzymatic reduction of H2O2 mediated by HQ. This current is 

proportional to the concentration of HOTAIR targets present in the sample. To check the 

assay functionality, we compared the assay performance for detecting 10 pM of synthetic 

lncRNA sample. As can be seen in Fig. 3.2, the total current density obtained with the 

presence (right bar) and absence (left bar) of 10 pM target were found to be 13.4 and 0.70 

µAcm-2 respectively. The increased amperometric current response in the presence of 

target HOTAIR at the sensing surface could be related to the fact that a significant amount 

of redox active HRP could be attached within the duplex layers on the electrode surface. 

A slight response in the absence of the target could be related to the fact that a low amount 

of redox active HRP or HQ nonspecifically adsorbed on the sensor surface. The electrodes 

showed good reproducibility with less than 5.0% relative standard deviation (% RSD) 

between the inter-assay signals for three independent measurements (i.e., n = 3). 

 

 

 

 

Figure 3.1 Schematic representation of the method developed for the amperometric 

detection of HOTAIR using the H2O2/HRP/HQ system at the HRP-bound SPE-Au 

sensing electrode. Extracted HOTAIR sequences are hybridised with biotinylated 

capture probe (Cap 1) and magnetically separated using streptavidin coated magnetic 

beads. The HOTAIR sequences   are heat-released and magnetically separated from 

the beads. The separated HOTAIR are then hybridised with thiolated capture probe 

(Cap 2)-modified SPE-Au. A HRP-conjugated biotinylated detection probe is used to 

complete the sandwich hybridisation and form a HRP-conjugated duplex layers on the 

SPE-Au electrode, and subsequently used chronoamperometry for quantification based 

on the H2O2/HRP/HQ system. Quantitative analysis is achieved as a higher/lower 

amount of input HOTAIR targets lead to increased/decreased immobilisation on 

electrode surface which in turn results in higher/lower electrochemical signal. 
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Figure 3.2  (a) Amperometric responses for the detection of synthetic lncRNA in the 

presence (red) and absence (control) of 10 pM HOTAIR sequences.  (b)  Corresponding 

current densities for the 10 pM target (right bar) and control (left bar) samples. Error 

bars represent the standard deviation of three repetitive experiments.  

 

3.4.2 Analytical performance of biosensor using the HQ/HRP/H2O2 system 

The sensitivity and reproducibility of the assay was evaluated using the designated 

concentrations of synthetic HOTAIR (Fig. 3.3). An increase of the amperometric current 

density was observed with the increase of HOTAIR concentration in the range of 1.0 fM 

to 1.0 nM (Fig. 3.3a). The linear regression equation was estimated to be y = 2.48 logC + 

3.87 (y is the current density and x concentration of HOTAIR), and a correlation 

coefficient of R2 = 0.9934 (Fig. 3.3b inset). The limit of detection (LOD), which is clearly 

distinguished from that of the control (NoT in Fig. 3.3b), was estimated as 1.0 fM (S/N 

3) with a relative standard deviation (% RSD) of <5% for n = 3. The LOD clearly 

indicates the high sensitivity of the amperometric assay for HOTAIR long non-coding 

RNA detection. We believe that the duplex hybridisation and signal amplification based 

on the HRP-catalytic reaction facilitated by the HQ/HRP/H2O2 system contributed to 

achieve this low LOD. A considerable amount of electrochemical non-coding RNA 

sensing strategies developed in recent years achieved femtomolar detection sensitivity 

which is comparable to our proposed assay.28-30 (See Table S3.2) For example, the LOD 

is comparable to the recently reported label free electrochemical biosensor based on green 

L-cysteine electrodeposition and Au-Rh hollow nanospheres as tags by Liu et al.31 It is 

also several hundred folds better as compared to recently reported LODs in the hairpin 

probe based circular exponential amplification with fluorescence (EXPAR)32 and the 

quenched staudinger-triggered probe-based rolling circle amplification (Q-STAR)33 
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assays. Clearly, the reported LOD is higher in magnitude than those obtained in duplex-

specific nuclease-actuated cyclic enzymatic repairing-mediated signal amplification28 and 

gold-loaded nanoporous superparamagnetic iron oxide nanocubes based assays.34 Our 

previously reported isothermal amplification based method for electrochemical 

quantification of HOTAIR also offers almost similar LOD.35 A recent report from our 

group achieved a similar level of  LOD.36 In this method, colourimetric estimation and 

subsequent electrochemical quantification of ovarian-cancer-specific HOTAIR lncRNA 

was detected using an HRP-catalysed colourimetric reaction in the presence of the 

TMB/H2O2 system.  The key advantages of our current method is that it provides a novel 

amplification-free detection of HOTAIR species using a single technique, and hence it 

avoids possible degradation of HOTAIR target as a result of amplification or target 

modification/s commonly used in the conventional assays or in the aforementioned 

assays. The acceptable range of reproducibility (% RSD <5% for n 3) is comparable or 

better than most of the existing electrochemical non-coding RNA sensors.37 As lncRNAs 

and other related RNAs are often used as disease diagnostic bio- markers, the wide 

dynamic range of 1 fM to 1 nM for synthetic HOTAIR detection shows that the method 

could potentially be adopted to analyse HOTAIR in complex biological samples. 

 

 

 

Figure 3.3 (a) Amperometric responses corresponding to the designated starting 

concentration of HOTAIR sequences ranging from 1.0 fM to 1.0 nM in buffer solution. 

(b) Corresponding current densities for the designated concentrations of HOTAIR. Inset, 

calibration plot showing concentration-current density relationship. Error bars represent 

the standard deviation of three repetitive experiments 
 

3.4.3 Specificity of the assay 

The ability of a biosensor to distinguish closely related RNAs is important in diagnostic 
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applications. The anti-interference properties of the developed assay were evaluated using 

solutions containing different RNA targets. Two small microRNA (miRNA) (miR- 486 

and miR-891) were selected to evaluate the specificity of the biosensor, each at a 

concentration of 1 pM. As can be seen in Fig. 3.4 (bars denoted as miR-486 and miR-

891) resulted in 8.2% and 17.5% in  current  density  signal  (0.894  and  1.712  µA  cm-

2  respectively when  compared  with  NoT  control  (0%,  0.70  µA  cm-2).  A significantly 

high response with respect to the NoT control was observed for the target HOTAIR 

(100%, 9.414 µA cm-2). The similar response attained by non-complimentary targets with 

respect to the NoT control demonstrates that our assay exhibits a good specificity for 

HOTAIR detection. The reproducibility of amperometric measurements for HOTAIR 

was derived to be a RSD of 4.31% (n = 3), while miR-891 was determined to be 3.93% 

(n = 3), miR-486 was found to have a RSD of 3.82% (n = 3) and no target template was 

derived to have a RSD of 3.15% (n = 3). These results indicate that our developed method 

can clearly distinguish related non-coding RNAs. 

 

 

Figure 3.4 (a) Amperometric responses for 1.0 pM of miR-486, miR-891 and HOTAIR 

sequences.  (b) Bars represent the corresponding current densities for the 1.0 pM of miR-

486, miR- 891 and HOTAIR sequences. Error bars represent the standard deviation of 

three repetitive experiments. 
 

3.4.4 Application of the assay in plasma sample 

Motivated by the high sensitivity and specificity, the applicability of the developed assay 

in biological fluids was examined by performing the analysis in unpretreated and 

undiluted healthy human plasma spiked with increasing concentrations of HOTAIR 

synthetic sequences. As shown in Fig. 3.5, an amplified current density response was 

observed for a series of spiked samples with increasing concentrations of target HOTAIR. 

This shows that the developed assay can potentially be used to analyse complex serum 
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samples. The catalytic redox cyclic current density measured by amperometry in the 

presence of H2O2/HRP/HQ allowed a dynamic range from 10 fM to 1 nM and an 

estimated minimum detectable concentration of 10 fM for the target determination. The 

reproducibility of the concentrations was examined on three independent electrodes and 

resulted in a RSD of <5% between the electrodes at each concentration. The LOD of the 

assay is comparable to existing electrochemical methods for non-coding miRNA 

detection. For example, our assay obtained a 3-fold better sensitivity than a recent 

approach reported by Fang et al.38 To obtain a highly specific detection, Fang et al. utilised 

the selective binding of Zinc finger proteins (JAZ) to the DNA-RNA hybrid formed 

between a DNA capture probe and a target miR-21. It is also worth noting that when the 

sensitivity of spiked plasma sample was compared to that of the spiked buffer samples, a 

ten-fold decrease in sensitivity was obtained. This may be due to the complex nature of 

the plasma sample which contains millions of other nonspecific biomolecules that may 

potentially interfere as compared to the buffer system. More so, nonspecific hybridisation 

in the capture and isolation step, and nonspecific adsorption during the detection process 

could have contributed towards the loss of sensitivity. 

 

 

Figure 3.5 (a) Amperometric responses corresponding to the designated starting 

concentration of HOTAIR sequences ranging from 10 fM to 1.0 nM in spiked plasma 

samples. (b) Corresponding current densities for the designated concentrations of 

HOTAIR. Inset, calibration plot showing concentration-current density relationship. 

Error bars represent the standard deviation of three repetitive experiments. 

 

3.4.5 Analysis of lncRNA in ovarian cancer cell line samples 

Following the establishment of the assay sensitivity and specificity, our developed 
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approach was further evaluated for its specificity using biological cell line models. Total 

RNA extracts from SKOV3 and OVCAR3 ovarian cell lines and MeT-5A non-cancerous 

cell line were used to isolate and detect HOTAIR lncRNA species (Fig. 3.6). Based on 

our assay results, HOTAIR lncRNA was expressed at varying levels in the different cell 

lines (Fig. 3.6b). Expression of HOTAIR was considerably higher in both the ovarian 

cancer cell lines compared to the non-cancerous MeT-5A cells. Our assay results were in 

good agreement with the previous reports, which observed similar profile for HOTAIR 

expression levels in ovarian cell lines.39 The % RSD of <4.12% for n = 3 was found in 

inter-assay signals which indicates the good reproducibility of the assay. HOTAIR 

expression levels in cell lines were validated by the RT- qPCR which showed a trend 

similar to our assay in all three cell lines (Fig. S3.2). This indicates that the 

electrochemical signals generated by our approach could discriminate the presence/ 

absence of HOTAIR in ovarian cancer cell line. As high HOTAIR expression is associated 

with increased metastatic potential of cancer cells and tumour progression,40,41 our 

developed approach may assist in detecting HOTAIR expression levels in cells collected 

from patients with various cancers. 

 

 

 

Figure 3.6 Analysis of ovarian cancer and normal cell lines. (a) Amperometric responses 

for HOTAIR sequences in cell lines (SKOV3, OVCAR and MeT-5A). For comparison, no 

template control (NoT) data is used. (b) Corresponding current densities for cell lines 

and NoT. Error bars represent the standard deviation of three repetitive experiments. 
 

3.4.6 Clinical sample analysis 

The expression of cancer-related lncRNA HOTAIR in serum can be used as a biomarker 

of cancer progression.10,42,43 The applicability of our assay in real clinical samples was 

tested using human serum samples of six newly diagnosed patients. The selected samples 

constituted three ovarian cancer high-grade serous subtype and three benign samples. 
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Ovarian cancer is one of the leading causes of cancer death in women. It has been reported 

that the overexpression of HOTAIR in epithelial ovarian cancer patients is linked to an 

aggressive tumour phenotype and poor prognosis.44 As shown in Fig. 3.7, the current 

density profile of high grade epithelial ovarian cancer samples (P1, P2, P3) showed 10 

times higher response with respect to the NoT control suggesting an up-regulation of 

HOTAIR expression in ovarian cancer human serum. It is also noticeable that the current 

density obtained for benign samples (P4, P5, and P6) were two times lower than high 

grade serous subtype samples (P1, P2, and P3). The data obtained from these patient 

samples exhibited a good inter-assay reproducibility (%RSD of <5% for n 3) for the 

analysis of expression profiles of HOTAIR in different stages of ovarian cancers. Thus, 

the developed assay can directly measure HOTAIR expression levels in human serum 

without prior amplification or pretreatment and provide great potential in clinic diagnosis. 

 

 

Figure 3.7 Analysis of human serum patient samples. (A) Bar diagram representing 

current densities for six serum samples collected from six ovarian cancer patients (P1, 

P2, P3 high-grade serous subtypes and P4, P5, P6 benign). (b) Corresponding 

amperometric responses for HOTAIR sequences in these six samples. For comparison, 

no template control (NoT) data is used. Error bars represent the standard deviation of 

three repetitive experiments. 
 

 

 

 

3.5 Advantages and limitations of the assay 

Our developed assay offers several distinct merits towards the ultrasensitive detection of 

HOTAIR. Our assay results were consistent with existing reports which describes the 

presence of HOTAIR in ovarian cancer patients. The acceptable range of our assay 

reproducibility (RSD of 4.8%, n = 3) is comparable to existing lncRNA electrochemical 
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biosensors. Our assay also uses single-use, disposable, and inexpensive screen-printed 

electrodes (<$3.0 AUD per electrode) which aid to overcome nonspecific response which 

is often caused by several surface reactions and excessive capacitive charge when using 

conventional disk electrodes. The elimination of time-consuming cleaning procedures 

and utilisation of electrochemical cells associated with disk electrodes, reduce the assay 

time and enable decentralised HOTAIR analysis in point of care settings. Another useful 

aspect of our assay, the magnetic separation technology using dynabeads, provides rapid 

and gentle isolation and purification of HOTAIR targets and reduces the matrix effects of 

the biological sample, which further enhances the assay performance by minimising the 

matrix effects of the biological sample. The utilisation of duplex hybridisation enables 

high specificity of the assay towards the target which subsequently improves the 

sensitivity. More so, the redox amperometric detection based on HRP and HQ/H2O2 

system enables signal enhancement in the readout. The previously reported applications 

for RNA extracted from tumour tissues and cells from ovarian cancer patients using 

conventional methods required amplification of the genetic material. However, it is worth 

noting that our developed biosensor can be applied to detect HOTAIR directly in complex 

biological samples without prior PCR amplification, extraction and purification. The 

overall analytical performance (1.0 fM LOD, <5.0% RSD, 6-order dynamic range, 

clinical applicability) of the reported electrochemical method indicate its high potential 

for miniaturised, multiplexed and decentralised analysis of RNA biomarkers with high 

translational capacity. Despite the excellent performance of the assay, there are several 

limitations associated with the assay that still remain. One of the major limitations is the 

multistep fabrication process which is tedious and time consuming, and thus, complicates 

the biosensing assay. When immobilised on the sensor platform, lncRNAs tend to fold 

into various secondary or tertiary structures. This structural instability can reduce the 

analytical performance of the sensor. The sensing platform architecture still remains a 

key concern in determining the surface coverage of the target and the magnitude of non-

specific interactions. However, many efforts have recently been devoted to the use of 

aromatic thiols to facilitate monolayer formation, which consequently enhance the assay 

sensitivity. 

 

Although   great efforts   have   been   made   in electrochemical sandwich hybridisation 

sensors, further work is still required to translate them into portable point-of-care devices. 

One of the key areas of development includes probe design, which is essential for the 

overall selectivity and sensitivity of the assay. Effective and accurate probes’ design 
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ensures high selectivity of the assay. Another key element of development is innovative 

sample pre-treatment strategies, which could be coupled with the biosensors into 

automated platforms. This involves the integration of isolation, purification, 

immobilisation and detection steps in a single device, and will be   essential   in routine 

clinical   applications.  More so coupling of these devices with amplification techniques 

in automated platforms, would pave way for accurate detection systems. 

 

3.6 CONCLUSIONS 

This work presents a sensitive and specific method for quantitative detection of HOTAIR 

expression levels in human cancer cells and serum samples without prior tedious pre-

treatment or amplification steps. The self-assembled thiolated probes allow hybridisation 

of target HOTAIR and enhanced amperometric quantification via HRP catalysed 

HQ/H2O2 system. The developed assay shows detection limit as low as 1.0 fM HOTAIR 

with excellent reproducibility (% RSD <5% for n = 3). The method shows great analytical 

performance and is comparable to conventional techniques and electrochemical 

biosensors previously reported. The developed method can be of great importance for the 

detection of HOTAIR or other RNA biomarkers in cancer patients. 
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SUPPLEMENTARY INFORMATION 

3S1. Reagents and Materials 

All the reagents and chemicals used in this study were of analytical grade and purchased 

from Sigma Aldrich (Sydney, NSW, Australia). UltraPureTM DNase/RNase-free 

distilled water (Invitrogen, Australia) was used throughout the experiments. Synthetic 

lncRNA and capture probes were purchased from Integrated DNA Technologies 

(Coralville, IA, USA) and sequences are shown in Table S3.1. Hydroquinone and 

hydrogen peroxide were obtained from Sigma Aldrich (Sydney, NSW, Australia). SPE-

Au (DRP-C220 AT) was purchased from Dropsens (Spain). 

 

 

 

 

 

 

Table S3.1 Oligonucleotide sequences used in experiments 

Oligos 5’-Sequences-3’ 
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HOTAIR Forward primer sequence 

HOTAIR Reverse primer sequence 

GAPDH Forward primer sequence 

GAPDH Reverse primer sequence 

Probe 2 

Probe 1 

 

 

HOTAIR 

AAG CAC CTC TAT CTC AGC CG 

AGA ACC CTC TGA CAT TTG CCT 

CCG GGA AAC TGT GGC GTG ATG G 

AGG TGG AGG AGT GGG TGT CGC TGT T 
 

ATC AAT TAA TTA GCG CCT CCC AGT CCC /3bio 
 

5ThiolMC6-D / ACG CCG CCA TAT TTT ACA GTC 

CAA AGG A 

rGrGrG rArCrU rGrGrG rArGrG rCrGrC rUrArA 

rUrUrA rUrArA rArArU rArUrG rGrCrG rGrCrG rU 

 

 

3S2. Determination of the surface area of the electrodes 

Prior to DNA adsorption, the effective working area of each electrode was measured as a 

function of scan rate under cyclic voltammetric conditions for the one-electron reduction 

of [Fe(CN)6]3- using the Randles-Sevcik equation; 

 

ip = (269 × 105)  n3/2 AD1/2 C ν1/2 (1) 

 

where ip is the peak current (A), n is the number of electrons transferred (Fe3+ → Fe2+, n 

= 1),  A is the effective area of the electrode (cm2), D is the diffusion coefficient of 

[Fe(CN)6]
3- (taken to be 7.60 × 10-5cm2 s-1), C is the concentration (mol cm-3), ν is the 

scan rate (Vs-1). 

 

3S3. RT-qPCR validation 

Synthetic primer sequences for amplifying HOTAIR (for RT-RPA) and GAPDH 

(housekeeping gene) were designed (Table 1). RT-RPA was performed using the 

TwistAmp Basic RPA kit (Twist-DX, UK) according to the manufacturer’s instructions 

with slight modifications. cDNA conversion was prepared in a 20 µL reaction using 

miScript Reverse Transcription kit (Qiagen, Germany) according to the manufacturer’s 

instructions and the converted product was stored at – 20 ºC until further use. To verify 

the expression of HOTAIR, RT-qPCR was performed in a total reaction volume of 20 µL 

containing 10 µL of 2XSensiMix SYBR No-ROX master mix (Bioline, UK), 0.8 µL each 

of 10 µM primer, 2.0 µL of cDNA and 6.4 µL of nuclease-free water. Thermal cycling 
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Fluorescence based method for ultrasensitive detection of HOTAIR 

lncRNA using duplex-specific nuclease-actuated cyclic enzymatic 

repairing-mediated signal amplification 

 
Novel biosensor based on PtPd nanodendrite/nano-flower-like@GO 

signal amplification for the detection of long non-coding RNA 

 
Electrochemical detection of microRNA using graphene-oxide- 

loaded superparamagnetic iron oxide nanoparticles 

 
Label free long non-coding RNA electrochemical biosensor based on 

green l-cysteine electrodeposition and Au–Rh hollow nanospheres as 

tags 

 
Sensitive detection of MicroRNAs using hairpin probe-based circular 

exponential amplification assay 

 

 

Isothermal double amplification technique for miRNA detection 

using quenched staudinger-triggered (Q-STAR) probes. 

 
Electrocatalytic detection of microRNA using gold-loaded 

nanoporous ferric oxide nanotubes 

 

Electrochemical detection of miRNA-21 using a zinc finger protein 

specific to DNA–RNA hybrids 

0.081 fM S1
 

 

 

 

 
0.247 fMS2

 

 

 
 

1.0 fM S3
 

 

 
 

0.8863 fM S4
 

 

 

 

 
3.80 × 10-13  M S5

 

 

 

 

 
200 pM S6

 

 

 
 

100 aM S7
 

 

 
 

30 fM S8
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Chapter 4 

PCR-Free Detection of Long Non-Coding HOTAIR RNA in 

Ovarian Cancer Cell Lines and Plasma Samples 
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Introduction 

 
Following the successful development of a highly specific and sensitive biosensor for 

HOTAIR in Chapter 3, Chapter 4 further extends to the development of a new platform 

technology for the visual (colourimetric) estimation and subsequent electrochemical 

quantification of ovarian-cancer-specific HOTAIR lncRNA. This technology platform 

relies on a two-step strategy. In the first step, HOTAIR targets were magnetically isolated 

and purified followed by electrochemical or optical (naked-eye) detection of the purified 

targets in the second step. The combined visual evaluation (naked eye) and subsequent 

electrochemical readout provides a promising tool for screening of cancer in resource-

poor environments. 

 

Chapter 4 is based on a published article in Cancers. 
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Chapter 4: PCR-free detection of long non-coding HOTAIR RNA in 

ovarian cancer cell lines and plasma samples 

 

4.1 ABSTRACT 

Long non-coding RNA HOX transcript antisense intergenic RNA (HOTAIR) is one of 

the promising biomarkers that has widely been used in determining the stages of many 

cancers, including ovarian cancer. In cancer diagnostics, the two key analytical challenges 

for detecting long non-coding RNA biomarkers are i) the low concentration levels (nM 

to fM range) in which they are found and ii) the analytical method where broad dynamic 

range is required (four to six orders of magnitude) due to the large variation in expression 

levels for different HOTAIR RNAs. To meet these challenges, we report on a biosensing 

platform for the visual (colourimetric) estimation and subsequent electrochemical 

quantification of ovarian-cancer-specific HOTAIR using a screen-printed gold electrode 

(SPE-Au). Our assay utilises a two-step strategy that involves (i) magnetic isolation and 

purification of target HOTAIR sequences and (ii) subsequent detection of isolated 

sequences using a sandwich hybridisation coupled with horseradish peroxidase (HRP)-

catalysed reaction of 3,3’,5,5’-tetramethylbenzidine (TMB) in the presence of hydrogen 

peroxide. The assay achieved a detection limit of 1.0 fM HOTAIR in spiked buffer 

samples with excellent reproducibility (% RSD ≤ 5%, for n = 3). It was successfully 

applied to detect HOTAIR in cancer cell lines and a panel of plasma samples derived 

from patients with ovarian cancer. The method provides the analytical sensitivity and 

specificity needed for clinical analysis. The analytical performance of the method was 

validated with standard RT-qPCR. We believe that the proof of concept assay reported 

here may find potential use in routine clinical settings for the screening of cancer-related 

lncRNAs. 
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4.2 INTRODUCTION 

Genome-wide cancer mutation analyses have revealed an extensive landscape of 

functional mutations within the non-coding genome, with great emphasis on the 

expression of long non-coding RNAs (lncRNAs). Long ncRNAs consisting of ∼200 nt 

or longer transcripts represent a subset of regulatory ncRNAs which are involved in the 

regulation of post-transcriptional gene expression, epigenomic modulation, and 

chromatin remodelling, and which have increasingly been identified as key regulators of 

physiology and pathology.1,2 Numerous studies have demonstrated the importance of 

lncRNAs in the identification and management of different types of cancers.3-5 HOX 

transcript antisense intergenic RNA (HOTAIR) is one of the few well-documented 

lncRNA that is localised on chromosome 12 within the homeobox C (HOXC) gene 

cluster.6 This is a 2.2kb-long transcript that is co-expressed with the HOXC gene cluster 

and influences gene expression via modulation of chromatin dynamics and epigenetic 

modifications.6 Several reports have indicated the aberrant HOTAIR expression in many 

cancers. Aberrant HOTAIR expression may dysregulate several genes associated with 

cancer development, and therefore promote the initiation, growth, and invasiveness of 

tumours.7 Recent studies have shown that HOTAIR is highly expressed in prostate 

cancer,8 urothelial carcinoma,9 colorectal cancers,10 gastrointestinal stromal tumours,11 

hepatocellular carcinoma,12 pancreatic tumours,13 ovarian cancer tissues,14 and primary 

breast tumours.7 The magnitude of HOTAIR expression in primary breast tumours is 

regarded as an important predictor of patient outcomes such as metastases and death.7,15 

Enforced HOTAIR expression in epithelial cancer cells induces genome-wide retargeting 

of the polycomb repressive complex 2 (PRC2) and attains a similar pattern to embryonic 

fibroblasts. This retargeting of the PRC2 complex can result in the alteration of histone 

H3K27 trimethylation, gene expression, and proliferation of cancer invasiveness and 

metastases in a manner dependent on PRC2. As a result, HOTAIR has emerged as a 

promising diagnostic and prognostic biomarker for multiple cancer types. 

 

Ovarian cancer is the seventh most common cancer in women and the eighth leading 

cause of cancer-related deaths in women worldwide.16 Due to mild symptoms, ovarian 

cancer is often diagnosed in the late stage when the tumour has already spread to other 

parts of the body. As such, early diagnosis and management of ovarian cancer are of the 

utmost importance. Owing to recent advancements in the development of highly specific 
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gene-amplification and sequencing technologies, more potent and credible cancer 

biomarkers have been uncovered. Predictive biomarkers such as HOTAIR play a crucial 

role in guiding treatment decisions and effective individualised therapies. Recently, 

Yiwei et al.17 demonstrated that the interaction of HOTAIR and MAPK1 (mitogen-

activated protein kinase 1) regulates the proliferation, migration, and invasion of ovarian 

cancer SKOV3 cells through miR-1, miR-214-3p, and miiR-330-5p, and can serve as a 

therapeutic target of ovarian cancer. Qui et al. also highlighted the overexpression of 

HOTAIR in serous ovarian cancer, which correlates with an aggressive tumour phenotype 

and a poor prognosis.18 In another study, HOTAIR was demonstrated to enhance the 

expression of CCND1 and CCD2 by negatively modulating the expression of miR-206 

and stimulating the proliferation, cell cycle progression, migration, and invasion of 

ovarian cancer cells.19  

 

The presence of a low amount of cancer-related lncRNAs in body fluids of early-stage 

cancer patients presents a significant challenge towards their monitoring. RNA 

sequencing has been the main method for analysing lncRNAs in cancer research.20 Next-

generation sequencing (NGS) enables unbiased genome-wide screening and bulk RNA 

analysis through massive cDNA sequencing.21 However, this method is tedious and 

remains costly to be implemented as routine molecular testing. Microarrays are a high 

throughput method but also use considerable amounts of sample and only report relative 

amounts of different lncRNAs.   These classical methods are relatively robust at the cost 

of being laboratory-based methods. Amplification-based techniques such as quantitative 

polymerase chain reaction offer good sensitivity and specificity for RNA detection, but 

they have drawbacks such as errors due to amplification bias/artifacts. The fluorescence 

readout also requires costly instruments and fluorescent labels and is susceptible to 

background fluorescence interference. 

 

Therefore, an amplification-free detection methodology could represent an appealing 

alternative to alleviate these issues. Among many alternative approaches, electrochemical 

assays have been shown to offer excellent sensitivity and specificity for nucleic acid 

biomarker detection without any prior amplification process.22-25 Additionally, these 

assays provide intrinsic simplicity, portability, and a high potential for miniaturised, 

multiplexed, and decentralised analysis of microRNA and other nucleic acid biomarkers 

with an elevated translational capacity.22,23 Despite these developments, very few 

examples of lncRNA biosensors have been reported to date.26,27 A biosensor with dual 
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readout ability that couples naked-eye visualisation (colourimetric signal) with 

electrochemical readout is highly compatible for biomolecular sensing, particularly in 

poor resource environments, where naked-eye evaluation could be used as the first 

screening pass of the analyte. Over the past years, a few integrated colourimetric and 

electrochemical assay platforms have been demonstrated for RNA detection.28,29 Our 

group has recently developed a simple naked-eye colourimetric and electrochemical assay 

based on isothermal amplification readout for HOTAIR detection.30 Although this 

method has great potential for the development of inexpensive and user-friendly point of 

care biosensors for resource-poor environments, it relies on isothermal amplification of 

targets. 

 

In this paper, we report on an amplification-free approach for the naked-eye evaluation 

and subsequent electrochemical quantification of lncRNA. First, the target lncRNA 

sequences were magnetically isolated, purified, and released. The released targets were 

captured by thioloated probe modified screen-printed gold electrodes. The surface-bound 

lncRNA sequences were then quantified using the horseradish peroxidase (HRP)-

modified detection probe. In the detection step, HRP catalyses the enzymatic oxidation 

of the 3,3’,5,5’-tetramethylbenzidine (TMB)/H2O2 system and generates a coloured 

complex to signal the presence of the target lncRNA. As this coloured complex is 

electrochemically active and stable at acidic pH, the amperometric current generated by 

the complex also quantifies the level of the target lncRNA. This method was first tested 

on the synthetic lncRNA target spiked in buffer samples and finally demonstrated on 

cancer cell lines and a panel of plasma samples derived from patients with ovarian cancer. 

 

4.4 EXPERIMENTAL 

4.3.1 Reagents and Chemicals 

All the reagents and chemicals used in this study were of analytical grade and purchased   

from Sigma Aldrich (Sydney, NSW, Australia). UltraPureTM DNase/RNase-free 

distilled water (Invitrogen, Australia) was used throughout the experiments. Synthetic 

lncRNA and capture probes 
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Table 4.1 Oligonucleotide sequences used in experiments. 

 

Oligos 5,-Sequences-3, 

 

HOTAIR Cap 1 ATC AAT TAA  TTA  GCG CCT CCC AGT CCC /3bio 

HOTAIR Cap 2 5ThiolMC6-D/ACG CCG CCA TAT TTT ACA GTC CAA AGG 

A 

HOTAIR Synth          GGG ACU GGG AGG CGC UAA UUA UAA AAU AUG GCG      

GCG U 

miR-891 Synth   UGC AAC GAA CCU GAG CCA CUG A 

miR-486 Synth             UCC UGU ACU GAG CUG CCC CGA G 

 

4.3.2 Preparation of RNA from Cell Line and Ovarian Cancer Samples 

RPMI-1640 growth medium (Life Technologies, Victoria, Australia) supplemented with 

10% fetal bovine serum (Life Technologies, Australia) and 1% penicillin/streptomycin 

(Life Technologies) was used to culture ovarian cancer cell lines (SKOV3 and OVCAR3) 

and a non-cancerous cell line (MeT-5A). These cells were cultured in a humidified 

incubator with 5% CO2 flow at 37 °C. All cells were harvested by standard trypsinisation 

protocol after they reached 70–80% confluence. Briefly, cells were washed with 3–5 mL 

HBSS (Gibco, Victoria, Australia) to remove enzyme inhibitors followed by 1–2 mL of 

TryPLe (Gibco) and incubation for 3 min at 37 °C. To neutralise the trypsin activity, of 

cell culture media 1 × 4 volumes TryPLe was added, followed by centrifugation for 5 min 

at 2500 rpm. A cell pellet was washed with PBS and centrifuged for 5 min at 2500 rpm. 

Then, the cell pellet was collected for RNA extraction and stored at –20 °C until further 

processing. Plasma samples were collected according to the declaration of Helsinki and 

approved by the Ethics Committee of the University of Queensland (approval number 

2016000300) and the Ochsner Medical Center (New Orleans, Louisiana, USA). Plasma 

was isolated from the whole blood sample by centrifuging at 2,000 × g for 10 min and 

was stored at −80 °C until analysis. Ovarian cancer samples were collected accordingly, 

assigned, and classified based on their histotype (e.g., stage I and stage III), and stored at 

−80 °C in the Biobank units. In this study, only patients with epithelial ovarian cancer 

high-grade serous subtype (n = 3) and benign samples (n = 3) were utilised. miRNeasy 

Mini Kit (Qiagen, Victoria, Australia) was used to extract RNA, and the concentration 
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→ 

was quantified using a SPECTROstar Nano Microplate Reader (BMG Labtech) operated 

by MARS data analysis software. 

 

4.3.3 Magnetic Isolation and Purification of HOTAIR lncRNA Target 

The target-specific biotinylated capture probe 1 (CP1) was mixed with 10 µL of synthetic 

HOTAIR lncRNA, 10 µL of 5 × SSC buffer (pH 7.0), and 15 µL of 10 µM biotinylated 

CP1 (Probe 1 Table 4.1). The mixture solution was heated at 55 °C for 2 min and placed 

on a thermomixer (300 rpm) for 1 h at room temperature (25 °C) to allow hybridisation 

of CP1 with target HOTAIR lncRNA. Next,  20 µL of streptavidin-coated Dynabeads® 

(MyOne Streptavidin C1, Invitrogen, Victoria, Australia) was washed 3 times with 2 × 

binding and washing (B&W) buffer (10 mM Tris-HCl, pH 7.5; 1.0 mM EDTA; 2.0 M 

NaCl) and resuspended in 20 µL of 2X B&W buffer. The beads were dispersed into the 

solution containing CP1/target lncRNA complex and were incubated for 30 min at 25 °C 

to allow the formation of beads/CP1/target lncRNA complex. The beads/CP1/target 

lncRNA complex was separated using a magnet, washed three times with 2 × B&W 

buffer, and resuspended in 9.0 µL of RNase-free water. The magnetically captured 

isolates were heated for two minutes at 95 °C, and we immediately collected the heat-

released target HOTAIR lncRNA from the supernatant using an external magnet. A total 

of 5.0 µL of the released HOTAIR lncRNA was diluted with 15 µL of 5 × SSC buffer 

(pH 7.0) and used for naked-eye visualisation and electrochemical quantification. 

 

4.3.4 Fabrication of Sensor for UV-Vis and Electrochemical Analysis 

Electrochemical measurements were performed using a CH1040C potentiostat (CH 

Instruments, Austin, Texas, USA) on screen-printed gold electrodes (SP-Au), which 

contained a three-electrode system (gold working, Ag/AgCl reference and gold counter 

electrode). Prior to probe adsorption, the effective working area of each electrode was 

measured as a function of scan rate under cyclic voltammetric conditions for the one-

electron reduction of [Fe(CN)6]
3− using the Randles–Sevcik equation, 

 

ip = (269 × 105)  n3/2 AD1/2 Cν1/2 (1) 

 

where ip  is the peak current (A), n is the number of electrons transferred (Fe3+    Fe2+, n = 

1), A is     the effective area of the electrode (cm2), D is the diffusion coefficient of 
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[Fe(CN)6]3-  (taken to be 7.60 × 10−5 cm2s−1), C is the concentration (mol cm−3), ν is the 

scan rate (Vs−1).  

 

 Differential pulse voltammetric (DPV) experiments were recorded in 10 mM PBS 

solution containing a 2 mM [K3Fe(CN)6] electrolyte solution at a potential range of −0.2 

V to 0.5 V, with a pulse amplitude of 50 mV, and a pulse width of 50 ms to characterise 

the stepwise sensor fabrication process. 

 

Then, 10 µL of 10 µM thiolated capture probe (CP2, Table  4.1) was mixed with 20 µL 

of 10 mM  tris(2 carboxyethyl)phosphine (TCEP) and incubated for 1 h in the dark to 

reduce the disulphide bond of the capture probe.  This was followed by the addition of 70 

µL of 1 × PBS (pH 7.4) to the mixture and subsequent immobilisation onto bare SPE-Au 

surface (5 µL) then incubation for 2 h to form the self-assembled monolayer of CP2 on 

SPE-Au surface. Following incubation, 2 mM of 6-mercaptohexanol solution was added 

to the electrode and incubated for 3 h in the dark at room temperature. Then, 5 µL of 

previously released HOTAIR lncRNA target was hybridised with the surface-bound CP2 

for 30 min on a thermomixer (300 rpm).  Further hybridisation with 5 µL of biotinylated 

detection probe (DP) for 30 min was performed to allow duplex formation. By taking 

advantage of the biotin-streptavidin affinity interactions, 5 µL of 10 ng/µL streptavidin-

conjugated HRP was immobilised on the modified electrode surface for 30 min. Each of 

the fabrication steps was performed at 25 °C and followed by a washing step with 1 × 

PBS pH 7.4.  Then, 50 uL of TMB solution was added and incubated for 5 min      in the 

dark.   The colour change was also quantified by UV–vis  at 652 nm.   With  the further 

addition of 1.0 µL stop solution (acid), the blue coloured product was converted to a more 

stable electroactive yellow (diimine) complex, which facilitated amperometric 

measurements at 150 mV for 120 s. 

 

4.4 RESULTS AND DISCUSSION 

Fig. 4.1 illustrates the basic principle of HOTAIR detection. Magnetically isolated and 

purified HOTAIR lncRNA was detected using 3,3,,5,5,-tetramethylbenzidine (TMB)-

based colourimetric and electrochemical readouts. Briefly, biotinylated complementary 

functionalised capture probes attached to streptavidin-coated magnetic beads were 

dispersed into the sample solution to selectively bind to the HOTAIR strands via the 

biotin–avidin interactions. Captured HOTAIR targets were then magnetically purified 



Chapter 4  

 

 

133  

with several magnetic washing steps and released from capture probes through heating. 

Finally, the released HOTAIR sequences were captured onto self-assembled thiolated 

capture probes on a modified gold surface of a screen-printed electrode which allowed 

duplex hybridisation with HRP-functionalised detection capture probes. Following the 

addition of TMB solution, the HRP initiated the oxidation of TMB that produces a blue-

coloured charge-transfer complex. This enabled the naked-eye observation of HOTAIR 

presence. The intensity of the coloured complex is proportional to the amount of captured 

HRP present in the conjugates, which in turn is proportional to the amount of HOTAIR 

in the RNA sample. The colour intensity was also quantified by UV–vis at 652 nm. With 

the further addition of a stop solution (acid), the blue coloured product was converted to 

a more stable electroactive yellow (diimine) complex, which enabled an alternative 

amperometric quantification of HOTAIR. 

 

 

 

 

 

Figure 4.1 Schematic representation of the amplification free colourimetric detection of 

lncRNA. Magnetically captured target lncRNAs (top, right) were heat released and 

adsorbed on a thiolated-DNA modified screen-printed gold electrode (bottom).  The 

relative presence of lncRNA is analysed by HRP-catalysed colourimetric reaction in the 

presence of 3,3,,5,5,-tetramethylbenzidine (TMB)/H2O2 system. 

 

To evaluate the assay functionality, we investigated our assay in the presence and absence 

of 1.0 pM HOTAIR.  The naked-eye observation of the colour change showed a subtle 
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colour change in the absence of HOTAIR and a profound blue colour change in the 

presence of HOTAIR target. The subsequent UV/visible quantification showed a twelve-

fold higher absorbance for HOTAIR compared to the negative control (1.26 HOTAIR vs. 

0.098 NoT, no template control) (Fig. 4.2a). Further electrochemical quantification also 

exhibited a similar profile with a forty-fold higher current density response compared to 

the negative control (2.04 vs. 0.056 µA cm−2), which clearly demonstrates the 

functionality of our assay. Following the evaluation of the assay functionality, an 

assessment of the assay selectivity and efficiency of capture probes to isolate HOTAIR 

lncRNA was performed using non-complementary synthetic sequences of miR-486 and 

miR-891. Fig. 4.2a inset shows a slight colour change for miR-891 and miR-486 which 

was almost similar to that observed for NoT. A very distinct blue colour was visualised 

for target HOTAIR. The corresponding absorbance data show a similar trend with an 

approximately 9- and 7-fold higher absorbance of the target HOTAIR compared to non-

target (1.26 HOTAIR vs. 0.143 miR-486 and 0.179 miR-891). The subsequent 

electrochemical quantification (Fig. 4.2b) showed a very small increase in current density 

response for miR-486 and miR-891 compared to the control data (0.74 and 1.09 vs. 0.056 

µA cm−2) indicating that our assay is insignificantly affected by non-specific binding of 

non-target sequences present in the sample. Notably, 1 pM of target HOTAIR exhibited 

an approximately 40-times higher current density response than that of non-

complementary targets (0.39, 0.58 vs. 2.8 µA cm−2). The reproducibility of the 

amperometric measurements for HOTAIR was determined to be a percent relative 

standard deviation (% RSD) of 4.32% (n = 3), while miR-486 was derived to be 3.78% 

(n = 3), miR-891 was found to be 3.93% (n = 3), and no template control was determined 

to be 3.39% (n = 3). These results demonstrate the high specificity of our assay in isolating 

and subsequent electrochemical detection of HOTAIR. 
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Figure 4.2 (a) Bar diagram corresponding to absorbance obtained for responses for 

1.0 pM of miR-486, miR-891 and HOTAIR sequences. (b) Bars represent the 

corresponding current densities for the 1.0 pM of miR-486, miR-891 and HOTAIR 

sequences. Error bars represent the relative standard deviation of three repeated 

experiments. 

 

4.4.1 Detection of HOTAIR lncRNA in Spiked Buffer Samples 

To assess the dynamic range for  detection  of  HOTAIR  lncRNA,  serial  dilutions  of  

HOTAIR  sample were measured ranging from 1 fM to 1 nM. A gradual increase in the 

colour intensity as the concentration increase was visually observed (Fig. 4.3a). The 

intensity of the colour obtained for 1 fM was clearly distinguished from that of the NoT. 

The subsequent UV/vis quantification of the colour changes produced a similar increasing 

profile of absorbance values as the colour intensity corresponding to the target 

concentration increases (Fig. 4.3b). Following the addition of an acid, the electrochemical 

measurement using amperometry resulted in increased signals quantitatively with RNA 

concentration (Figure 4.4a). The calibration plot in Figure 4.4b (inset) showed good 

linearity from 1 fM to 1 nM of HOTAIR lncRNA with a correlation coefficient, R2, of 

0.9813. From the current density responses, detection of the target RNA above 

background was confirmed down to 1 fM which was easily distinguishable from the 

control (0.49 µA cm−2 NoT vs. 1.22 µA cm−2 1 pM HOTAIR). A relative standard 

deviation for three independent measurements was calculated to be < 5.0%, indicating the 

excellent reproducibility of the assay towards the quantification of HOTAIR lncRNA. 

Our femtomolar detection limit was comparable to previously reported electrochemical 

assays for lncRNA.28,29 Our previously reported isothermal amplification-based method 

for electrochemical quantification of HOTAIR also offers similar LOD.30 In this method, 

isothermal reverse transcription-recombinase polymerase amplification (RT-RPA) was 
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performed both to (i) amplify HOTAIR sequences derived from ovarian cancer cells  and 

(ii) incorporate biotinylated dUTPs in the amplified products. An HRP-catalysed 

colourimetric reaction in the presence of the 3TMB)/H2O2 system was then used to 

quantify HOTAIR amplicons. The key benefit of our current assay is  that it provides a 

novel amplification-free detection of HOTAIR species.  As it is an amplification-free 

approach,  it avoids possible degradation of HOTAIR target as a result of amplification or 

target modifications commonly associated with conventional amplification based 

molecular diagnostic assays. 

 

 

Figure 4.3 Sensitivity of the assay. (a) Picture of the naked-eye detection of HOTAIR 

derived from a series of synthetic lncRNA sequences (1 fM - 1 nM) (left panel); (b) 

the corresponding bar diagram for absorbance at 652 nm (right panel). The inset 

shows the analogous calibration plot with error bars representing the standard 

deviation of three independent experiments. 
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Figure 4.4 Corresponding i–t curve (left panel) (a) and bar diagram (right panel) (b) for 

the amperometric current density obtained from a series of HOTAIR targets (1fM - 1 nM). 

The inset depicts the calibration plot with error bars representing the standard deviation 

of three independent experiments. 

 

4.4.2 Detection of HOTAIR lncRNA in Spiked Plasma Samples 

Our developed assay was further examined for its specificity and sensitivity in biological 

fluids. The analysis was performed in pretreated and undiluted healthy human plasma 

spiked with varying concentrations of synthetic HOTAIR sequences. Fig. 4.5a depicts the 

naked-eye observation of the color intensities corresponding to the spiked concentrations. 

An increase in colour intensity as the varying target concentration increase was visually 

observed. UV measurements were further conducted to quantify the obtained colored 

complex (Fig. 4.5b) at an absorbance of 650 nm and consistently produced absorbance 

that was incremental as the concentration increased with a relative standard deviation 

(%RSD) ≤5%, n = 3). The limit of detection was determined to be 10 fM when the blue 

colored complex was still visibly distinguished to that of the no template control with a 

correlation coefficient (R2) of 0.9887 (y = 0.153 logC + 2.33, where C is the 

concentration) (inset). The subsequent electrochemical measurement obtained for the 

serially diluted target exhibited an increase in the current density response for the varying 

spiked samples with an increase in concentrations of the target, as shown in Fig. 4.6a. 

This illustrates the potential applicability of the assay to analyse complex serum samples. 

Fig. 4.6b demonstrates the amperometric responses corresponding to the designated 

starting concentration of HOTAIR sequences ranging from 10 fM to 1.0 nM in spiked 

plasma samples. The amperometric current density measurement estimated an LOD of 10 

fM with a linear dynamic range between 10 fM to 1 nM. The reproducibility of the serial 

spiked concentrations was evaluated using three independent electrodes and produced an 

RSD of <5% between the electrodes for each concentration. It is worth highlighting that 

we observed a tenfold decrease in sensitivity of the spiked plasma sample compared to 

that of the buffer. This change may be attributed to the complexity of the plasma sample, 

which contains millions of other biomolecules that may have the potential to interfere 

nonspecifically with our target. In addition, non-specific binding during the magnetic 

separation and purification step, as well as non-specific adsorption in the detection 

process, could have potentially contributed to the decrease in the sensitivity. The 

detection limit of the assay is comparable to other existing electrochemical methods for 

lncRNAs detection.31,32  
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Figure 4.5 (a) Picture of the naked-eye detection corresponding to the designated starting 

concentration of HOTAIR sequences ranging from 10 fM to 1.0 nM in spiked plasma 

samples.  (b) Corresponding bar diagram of the absorbance at 652 nm for the designated 

concentrations of HOTAIR. Inset, linear calibration plot showing concentration–current 

density relationship. Error bars represent the standard deviation of three repeated 

experiments. 

 

 

 Figure 4.6 (a) Bar diagram corresponding current densities for the designated 

concentrations of spiked plasma. Inset, linear calibration plot showing concentration–

current density relationship. (b) Amperometric responses corresponding to the 

designated starting concentration of HOTAIR sequences ranging from 10 fM to 1.0 nM 

in spiked plasma samples. Error bars represent the standard deviation of three repeated 

experiments. 
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4.4.3 Samples Detection of lncRNA in Ovarian Cancer Cell Line Samples 

To determine whether our developed method can be used in real biological samples, we 

examined our assay in the total RNA sample extracted from human ovarian cell lines 

(SKOV3 and OVCAR3) and one non-cancerous cell line (MeT-5A) as a control. As 

shown in Figure 4.7a, the picture of the naked-eye visualisation of the colour changes 

corresponding to the cell lines. A faint blue color corresponding to the non-cancerous cell 

line (MeT-5A) was observed, and the positive ovarian cancer cell lines (SKOV3 and 

OVCAR3) showed a more pronounced blue colour. A 6-times higher absorbance values 

were obtained for the positive ovarian cancer cell lines compared to that of the non-

cancerous cell line. The corresponding bar diagram for SKOV3 and OVCAR3 and typical 

amperometric curves (Figure 4.7b) demonstrated that the current density response 

obtained with the ovarian cancer cell lines SKOV3 and OVCAR3 was significantly higher 

than that of the normal cell line (0.269 and 0.253 vs. 0.097 µA cm−2). This suggests that 

HOTAIR lncRNA is overexpressed in SKOV3 and OVCAR3 compared to the normal 

cell line. Compared to previously reported data, our results were in good agreement 

showing a similar profile for HOTAIR expression levels.33 A similar performnace profile 

for cell line samples was also achieved in our previous report based on RT-RPA .30 Our 

assay showed good reproducibility (%RSD of <3.94% for n = 3) for the interassay signals. 

We then validated our assay performance in cancer cells using RT-QPCR. A similar 

profile to our assay was observed, which strongly supports our findings. This 

demonstrates that the electrochemical signals generated with our assay could potentially 

determine the presence or absence of HOTAIR in cell lines. This demonstrates that our 

developed method may aid in the detection of expression levels of HOTAIR in cells 

obtained from cancerous patients. 
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Figure 4.7 Analysis of ovarian cancer and normal cell lines. (a) Absorbance (UV–vis) 

obtained for SKOV3, OVCAR3 (ovarian cancer) and MeT-5A (non-cancerous) cell lines, 

no-template (NoT) controls (inset: picture of the naked-eye detection). (b) Amperometric 

responses for HOTAIR sequences in cell lines. Error bars represent the standard 

deviation of three repeated experiments. 

 

4.4.4 Detection of lncRNA in Ovarian Cancer Patient Samples 

The expression and clinical values of HOTAIR lncRNA in ovarian cancer patients were 

further examined using human serum samples of six newly diagnosed patients. The 

selected samples comprised three ovarian cancer high-grade serous subtypes (P1, P2 and 

P3) and three benign samples (P4, P5 and P6), Fig. 4.8. Our assay detected all the cancer 

samples to be HOTAIR positive, and the absorbance value of ovarian cancer high-grade 

serous subtype was approximately 20-times higher (absorbance at 652 nm = 

2.557/2.289/2.114 vs. 0.117). The amperometric signals generated by the assay could also 

distinguish different HOTAIR levels in clinical samples, as indicated in Fig. 4.8b. The 

high-grade epithelial ovarian positive samples showed at least a 2-times higher current 

density response as compared to benign samples, which suggests an upregulation of 

HOTAIR in ovarian cancer patients. The clinical data show good reproducibility of our 

assay (%RSD ≤ 5%, for n = 3) for analysing expression profiles of HOTAIR in different 

stages of ovarian cancers. Thus, the developed assay can directly measure HOTAIR 

expression levels in human serum without prior amplification or pretreatment and provide 

great potential in clinical diagnosis. 

 

The naked-eye discrimination analysis demonstrated here holds great promise for the 

development of low-cost and user-friendly point-of-care biosensors for resource-poor 

environments. The dual biosensing technique employed here incorporates visual 

identification, which can be used as a first-pass screening for ovarian cancer followed by 

UV–visible or electrochemical detection, which could be used to quantify the amount and 

gravity of the disease. Our amplification-free assay relies on the use of disposable and 

cost-effective screen printed electrodes (<$4.0 AUD per electrode) which also helps to 

minimise the non-specific response that often arises from numerous surface reactions 

associated with conventional disk electrodes. Furthermore, the avoidance of time-

consuming cleaning procedures reduces the assay time and allows miniaturised and 

decentralised analysis of HOTAIR, especially in resource-limited environments. Another 

beneficial aspect of our assay is that the magnetic separation technique provides rapid and 
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efficient isolation and purification of HOTAIR target and increases the assay 

performances by reducing the matrix effects of biological samples. The use of dual 

hybridization enables high specificity, which subsequently improves the sensitivity. Thus, 

the overall analytical performance of our developed assay (1 fM LOD with excellent 

reproducibility (%RSD ≤ 5 % for n = 3) demonstrates its high potential for miniaturised 

and decentralised analysis of RNA biomarkers with increased translational capacity. 

 

 

Figure 4.8 Analysis of human serum patient samples. (a) Bar diagram representing the 

absorbance for six serum samples collected from six ovarian cancer patients (P1, P2, P3 

= high-grade serous subtypes and P4, P5, P6 = benign). (Inset: picture of the naked-eye 

screening); (b) Corresponding amperometric responses for RNA extracted from these six 

samples. For comparison, no template control (NoT) data are used. Error bars represent 

the standard deviation of three repeated experiments. 

 

Although our assay exhibits excellent performance, it has several limitations. One of the 

major drawbacks limiting the sensitivity of our assay is the non-specific adsorption of the 

signaling probe, and enzyme conjugates integrated for detection. This results in a 

significant background response. Furthermore, the fabrication process requires several 

steps, which are time-consuming and thus complicate the assay. In addition, the folding 

tendency of lncRNAs into various secondary or tertiary structures when immobilised on 

the electrode surface reduces their structural stability. This issue subsequently decreases 

the analytical performance of the assay. Another key aspect is the sensing platform 

architecture which determines the target surface coverage and intensity of non-specific 

interactions. However, many efforts have recently been directed towards the use of 

aromatic thiols to facilitate monolayer formation. This significantly improves the 

sensitivity of the assay.  
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Despite the significant progress made in sandwich hybridisation sensors, key design 

aspects determining the performance of these sensors still need to be addressed before 

they can be translated into portable point-of-care devices. Major aspects of development 

include probe design, which is essential for the overall selectivity and sensitivity of the 

assay. Another key element of development is the development of innovative strategies 

that could integrate the isolation, purification, immobilisation, and detection steps in a 

single device, which could be vital in routine clinical applications. More so, the coupling 

of these devices with amplification techniques in automated platforms would pave the 

way for accurate detection systems. 

 

4.5 CONCLUSIONS  

In conclusion, we developed a PCR-free diagnosis assay based on simple colourimetric 

observation and electrochemical detection for sensitive and specific detection of 

HOTAIR in ovarian cancer. Our method achieved a high analytical performance (i.e., 

sensitivity (LOD = 1 fM, reproducibility, %RSD ≤ 5.0), dynamic range (1 pM–1 nM)) in 

analyzing HOTAIR expression levels derived from human cancer cells and serum 

samples obtained from ovarian cancer patients. The developed assay offers several 

benefits such as efficient target separation and purification, minimum matrix effects and 

reduced assay time, as well as user-friendly and cost-effective device construction for 

point-of-care applications. Our assay has potential applications in cancer screening and 

prognosis, and assists in targeted therapies and personalised treatments. 
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Introduction 

 

In order to achieve high purity capture and high magnetic collection of circulating 

biomarkers in complex biological samples, we designed and synthesised a new class of 

superparamagnetic polyhydroxybutyrate (PHB) nanobeads and used them as “dispersible 

capture agents” in developing a platform method for analysing cancer biomarkers.Chapter 

5 describes a method for the bioengineering of bacterial cells for assembly of 

superparamagnetic PHB nanobeads.These nanobeads will be modified with specific bio-

recognition antibodies, dispersed in analyte fluids where they work as “dispersible 

capture agents” to bind specific targets. The enormous active sites of PHB nanobeads 

allow the direct attachment of a larger number of biorecognition antibodies which can 

significantly enhance the capture efficiency. Their magnetic activity allows magnetic 

nanoparticle-based mixing, separation and purification which can improve assay 

performance by reducing the matrix effects of the biological samples, as non-target 

species can be removed via magnetic isolation and purification steps. The “dispersible 

capture agents” activity of PHB nanobeads was used to develop a platform method for 

the analysis of circulating biomarkers. Two common circulating biomarkers namely 

global DNA methylation and exosomes were chosen for this study. After purification and 

magnetic collection, the isolated targets were directly adsorbed onto a screen-printed 

gold electrode (SPE-Au) and electrochemically quantified using a catalytic redox cycling 

system of hydrogen peroxide/horseradish peroxidase/hydroquinone (H2O2/HRP/HQ).  

 

Chapter 5 is based on an accepted article to ACS Applied Materials & Interfaces 
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Chapter 5: Self-assembled superparamagnetic 

polyhydroxybutyrate nanobeads for isolation and 

electrochemical detection of cancer biomarkers 
 

 

5.1 ABSTRACT 

Early sensitive diagnosis of cancer is critically enhancing success of treatment. We 

previously bioengineered multifunctional core−shell structures composed of a poly-3-

hydroxybutyrate (PHB) core densely coated with protein functions for uses in 

bioseparation and immunodiagnostic applications. Here, we report bioengineering of 

Escherichia coli to self-assemble PHB inclusions that codisplay a ferritin-derived iron-

binding peptide and the protein A-derived antibody-binding Z domain. The iron-binding 

peptide mediated surface coating with a ferrofluid imparting superparamagnetic 

properties, while the Z domain remained accessible for binding of cancer biomarker-

specific antibodies. We demonstrated that these nanobeads can specifically bind 

biomarkers in complex mixtures, enabling efficient magnetic separation toward enhanced 

electrochemical detection of cancer biomarkers such as methylated DNA and exosomes 

from cancer cells. Our study revealed that superparamagnetic core−shell structures can 

be derived from biological self-assembly systems for uses in sensitive and specific 

electrochemical detection of cancer biomarkers, laying the foundation for engineering 

advanced nanomaterials for diverse diagnostic approaches. 
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5.2 INTRODUCTION 

Material sciences have gained remarkable attention due to the continuous progress in 

controlled synthesis and processing of innovative materials within the nanometer scale. 

These nanomaterials have been applied in biosensing assays due to their unique properties 

exhibited at the nanoscale, which can substantially improve analytical specificity and 

sensitivity.1,2 Biopolymers have increasingly attracted interest as advanced materials that 

can be engineered to exhibit unique advantageous properties for diagnostic application.3,4 

For biosensing, nanomaterials, such as carbon-/silica-based inorganic nanomaterials or 

paramagnetic iron oxide nanoparticles, have typically been utilised in biomolecule 

isolation to enable rapid, cost-effective, and high-throughput workflows.5 Despite 

widespread usage, the manufacture of these nanomaterials has limitations as they are 

often not amendable toward larger-scale industrial production. Additionally, the toxicity 

and environmental impact of these inorganic nanomaterials are considerable.6 

 

Bioengineered polyhydroxybutyric acid (PHB) beads (~100-300 nm) are naturally 

synthesised and assembled inside cells of a wide range of bacteria and serve as reserve 

material. Industrial microbial production hosts such as Escherichia coli7, 8 (E.coli) or 

Bacillus megaterium9 were engineered to produce surface-functionalised PHB beads 

enabling low-cost manufacturing processes and the development of molecular tools to 

precision-engineer high-performance materials for uses such as in bioassays.10-13 

Bioengineered PHB nanobeads are core−shell structures where the core is made of 

semicrystalline hydrophobic PHB exhibiting unique thermal and mechanical properties 

while the surface is composed of covalently anchored proteins that can be engineered to 

densely present binding domains in a homogeneous orientation facilitating access to 

target molecules suitable for biosensing applications (Fig. 5.1).3,13,14 The self-assembly 

of PHB-anchored proteins translationally fused to protein functions during PHB synthesis 

enables the dense and oriented display of various protein functions on the surface for 

enhanced target capture and recognition. 14−16 The increased functional surface area of 

PHB nanobeads also allows for integration of inorganic binding peptides that mediate 

binding such as gold, silica,10 cadmium,17 and, as described in this study, iron oxide to 

convey additional physical properties such as superparamagnetism. Here, we 

bioengineered E. coli toassemble PHB nanobeads that were able to specifically bind any 

antibody via its Fc domain and that could be processed into superparamagnetic 

nanobeads. Such nanobeads could be easily dispersed in solution and then retrieved using 
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an external magnet.18 In particular, we describe the use of such superparamagnetic PHB 

nanobeads as a promising tool for magnetic isolation and detection of target biomolecules 

present in complex biomatrices. We exemplified the functionality of superparamagnetic 

PHB nanobeads by demonstrating isolation and electrochemical detection of traditionally 

challenging biomarkers such as methylated DNA and exosomes. 

DNA methylation is a covalent modification that occurs at the fifth carbon position of the 

pyrimidine ring of cytosines within cytosine-guanine (CpG) dinucleotides19,20 and is one 

of the key epigenetic signatures that are essential for regulating cellular pathways.21−23 In 

cancer, aberrant DNA methylation at CpG-rich regions is usually associated with long-

term repression of gene expression. Thus, precise quantification of global DNA 

methylation levels in cells could serve as a useful cancer biomarker. To date, the gold 

standard detection method for DNA methylation is based on bisulfite treatment of 

methylated bases before analysis.24,25 However, bisulfite treatment requires long assay 

duration, experienced lab personnel, and tedious workflows, therefore limiting its 

practical applicability in clinical settings. Hence, the development of alternative methods 

for rapid, simple, and cost-effective isolation and detection of global DNA methylation 

levels would be greatly useful. 

Exosomes are nanometer-sized vesicles (30−150 nm) generated in the endosomal 

compartment and are released by virtually every cell type in the body.26 Exosomes have 

been shown to be key mediators of cell-to-cell communication, delivering a distinct cargo 

of lipids, proteins, and nucleic acids that reflect their cell of origin.27 Owing to their 

composition, easy accessibility, and ability to represent their parental cells, exosomes 

recently attracted increasing interest as promising biomarkers for liquid biopsies.28 

Exosomes exist in all body fluids including blood, urine, and saliva and are generated by 

most of the normal and pathological cells.29 Thus, there is need for development of 

accurate isolation and detection techniques of disease-specific exosomes. 

To date, several isolation and enrichment technologies have been developed for exosomes 

such as immunoaffinity capture-based methods, ultracentrifugation, and polymer 

precipitation. Immunoaffinity-based methods provide highly specific strategies to isolate 

exosomes via the affinity interactions between exosomal proteins and their specific 

antibodies or receptors and their cognate ligands. However, the efficiency of these 

methods is greatly dependent on the selection of an appropriate membrane marker and 
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respective antibodies or ligand interaction. Although ultracentrifugation methods are 

inexpensive and rapid, the filter poles of the membranes often trap vesicles, which 

subsequently reduces the exosome yield. Polymer precipitation methods offer relatively 

simple isolation with no specialised instrumentation required. However, the specificity 

can be affected by the coseparation of impurities and polymer molecules. Thus, 

developing a sensitive single-step method that can rapidly isolate and subsequently detect 

exosomes would be transformative in the clinical research of exosomal biomarkers. 

In this study, we report the bioengineering of E. coli to assemble antibody-bound PHB 

nanobeads that can be processed to become superparamagnetic for electrochemical 

quantification of global DNA methylation and cancer-derived exosomes. 

Superparamagnetic PHB nanobeads exhibited specific binding to antibodies and 

superparamagnetic properties, enabling magnetic separation of methylated DNA and 

exosomes for specific recognition via coupled peroxidase-mediated electrochemical 

reactions. The size and surface properties of the bioengineered PHB nanobeads were 

characterised to assess their suitability for capture, isolation, and purification of 

methylated DNA targets and exosomes from ovarian cancer cells. Post-purification, the 

methylated DNA targets and exosomes were directly adsorbed onto a bare screen-printed 

gold electrode (SPE-Au) surface. The methylated DNA targets and exosomes were then 

analytically quantified using a catalytic redox cycling system of hydrogen 

peroxide/horseradish peroxidase/hydroquinone (H2O2/HRP/HQ). 

5.3 EXPERIMENTAL 

Reagents and chemicals 

All chemicals and reagents were of analytical grade and obtained from Sigma-Aldrich 

(Sydney, NSW, Australia). UltraPure DNase/RNase-free distilled water was purchased 

from Invitrogen (Carlsbad, CA, USA). An SPE-Au with a three-electrode system was 

purchased from Dropsens (Llanera, Asturias, Spain). In the three-electrode system, 

working (diameter = 4 mm), counter, and reference electrodes were gold, platinum, and 

silver-modified electrodes, respectively. Hydroquinone and hydrogen peroxide solution 

were purchased from Thermo Fisher Scientific Australia Pty Ltd. (Scoresby, VIC, 

Australia). A 5-methylcytosine (5mC) antibody and a horseradish peroxidase (HRP) 

conjugation kit were purchased from Abcam (Melbourne, VIC, Australia). 

 

Preparation and Characterisation of PHB Nanobeads  



Chapter 5 

  

  

152  

 (a) Bacterial strains, plasmids, primers and cultivation conditions. Bacterial Strains, 

Plasmids, Primers, and Cultivation Conditions. Bacterial strains, plasmids, and primers 

used in this study are listed in Table S5.1. E. coli XL1-Blue was grown at 37 °C in Luria

−Bertani (LB) containing 100 μg/mL ampicillin (Amp) and was used for plasmid 

propagation. PHB nanobeads were produced in a recombinant E. coli BL21 (DE3) strain 

harboring the respective plasmids in LB media supplemented with 1% (w/v) glucose, 100 

μg/mL Amp, and 50 μg/mL chloramphenicol (Cm). 

 

(b) Plasmid construction mediating PHB production displaying ZZ and iron (Fe) 

binding domains. Three plasmids were used for PHB production: (1) pET14b_PHB, (2) 

pET14b_Z6-PHB, and (3) pET14b_Fe3-Z6-PHB. General cloning procedures and 

isolation of DNA were performed as described elsewhere.30 The gene-encoding Z4 and 

Fe3 (three repeats of the iron-binding peptide derived from ferritin) were synthesized by 

Genscript Corporation (USA) employing codon optimisation for E. coli and were cloned 

into pET14b_PHB-Z2 and pET14b_Z6-PHB vectors, respectively, generating the final 

plasmids pET14b_Z6-PHB and pET14b_Fe3-Z6-PHB. The plasmid sequences were 

confirmed by DNA sequencing using T7 promoter and T7 terminator primers (Table 

S5.1). 

 

(c) PHB nanobead production, isolation and purification. E. coli BL21 (DE3) 

harboring the pMCS69 plasmid was transformed with pET14b_PHB (plain PHB 

nanobeads as a negative control), pET14b_Z6-PHB (PHB nanobeads displaying ZZ 

domains as a positive control), and pET14b_Fe3-Z6-PHB (PHB nanobeads displaying 

ZZ domains and Fe-binding peptides). The pMCS69 plasmid comprises the genes 

encoding PhaA and PhaB enzymes of Ralstonia eutropha that enables the production of 

the precursor R-3-hydroxybutyrate-coenzyme A mediating PHB production.32 The 

recombinant E. coli BL21 (DE3) strains were grown at 37 °C until optical density at 600 

nm (OD600) reached 0.5−0.8 and subsequently induced by addition of 1 mM isopropyl-

β-D-thiogalactopyranoside (IPTG) (Goldbio, USA). The culture was incubated further 

for 48 h at 25 °C. The cells were harvested, and PHB nanobeads were isolated and purified 

as previously described.33 PHB nanobeads were stored in 10 mM Tris-HCl (pH 7.5) with 

20% ethanol. 

 

(d) PHB nanobead characterisation. Nile red staining and fluorescence microscopy 



Chapter 5 

  

  

153  

(FM) were used to detect and analyse the cells producing PHB nanobeads as previously 

described.34 The morphology of the PHB nanobeads was observed by transmission 196 

electron microscopy (TEM) and scanning electron microscopy (SEM). The preparation 

of samples for TEM followed procedures previously described.15 Prior to SEM analyses 

and imaging, the PHB nanobeads were subjected to immobilisation and drying and 

sputter-coated with an ultrathin layer of platinum in an argon atmosphere to make them 

electronically conductive. The average particle size and zeta potential of the purified PHB 

nanobeads were determined by dynamic light scattering (DLS) at room temperature, 

using a Zetasizer Nano ZS (Malvern Panalytical, Malvern, U.K.). The nanobeads were 

diluted prior to size measurement to avoid multiple scattering effects. All measurements 

were performed in triplicate. To analyse the PHB content of the whole cells and purified 

PHB nanobeads, the lyophilised samples were processed and subjected to crotonic 

analysis as previously described.35 The superparamagnetism activity of the Fe3-Z6-PHB 

nanobeads was analysed by vibrating sample magnetometer (VSM) measurements at 

room temperature as previously described.36 

 

Fusion proteins displayed on the surface of PHB nanobeads were denatured using 

reducing conditions and sodium dodecyl sulfate at 95 °C, which mediated quantitative 

release from the PHB nanobeads enabling analysis by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) as previously described.33 

Densitometry was used to analyse protein concentration using bovine serum albumin 

(BSA) standards as previously described.37 To confirm the identity of the fusion proteins, 

Coomassie-stained protein bands of interest were excised and processed for liquid 

chromatography-tandem quad time-of-flight mass spectrometry (MS-Q-TOF) as 

previously described.15 

 

(e) Functionality of PHB nanobeads displaying ZZ domains. An IgG-binding capacity 

assay was used to assess the functionality of Z6-PHB and Fe3-Z6-PHB nanobeads as 

previously described.51 PHB nanobeads of 40-60 mg wet weight were used and washed 

twice with 1x PBS buffer (pH7.5) by pipetting. Samples were centrifuged at 6,000 × g 

for 4 min between each wash in order to remove the ethanol. All samples were re-

suspended in 500 μL 1x PBS buffer and 5 mg of human IgG (Sigma-Aldrich, USA) was 

added to each sample and incubated at 25 oC for 30 min with agitation to allow IgG 

binding to occur. After incubation, the tubes were centrifuged at 6,000 × g for 4 min and 
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the unbound fraction of IgG in supernatants were aliquoted and analysed. The sediment 

was washed 3 times with 1×PBS buffer by pipetting, subsequently followed by 

centrifugation at 6,000 × g for 4 min between each wash. Bound IgG from PHB 

nanobeads was eluted by re-suspending the sediment in 0.5 ml of 50 mM Glycine 

(pH 2.7) and incubated at room temperature for 5 min with agitation. Then, the samples 

were centrifuged at 16,200 × g for 4 min and the eluted IgG in supernatant was neutralised 

by adding 10 μL of 1 M K2HPO4 and analysed. Protein concentrations were analysed 

using the Bradford assay.  

 

(f) Functionality of superparamagnetic PHB nanobeads. PHB nanobeads of 40-60 mg 

wet weight were used and washed twice with 1x PBS buffer (pH7.5) by pipetting. 

Samples were centrifuged at 6,000 × g for 4 min between each wash in order to remove 

the ethanol. All samples were re-suspended in 500 μL 1x PBS buffer and 1/100 dilution 

of commercial ferrofluid (Margon, Republic of Korea) was added and incubated at 25 oC 

for 30 min with agitation.  After incubation, the tubes were centrifuged at 6,000 × g for 4 

min and the supernatant was discarded. The magnetised beads (pellet) were washed three 

times with 1x PBS buffer (pH7.5) by incubating 2 min in magnetic rack. After washing, 

all the samples were resuspended in 500 μL 1x PBS buffer and 5 mg of human IgG 

(Sigma-Aldrich, USA) was added to each sample and incubated at 25 oC for 30 min with 

agitation to allow IgG binding to occur. The tubes were incubated on a magnetic rack for 

2 min, and supernatants (unbound IgG fraction) were aliquoted and analysed. The 

sediments were washed 3 times with 1×PBS buffer by incubating in magnetic rack for 2 

min. Bound IgG was eluted by re-suspending the sediments in 0.5 ml of 50 mM Glycine 

(pH 2.7) and incubated at room temperature for 5 min with agitation. Then, the samples 

were centrifuged at 16,200 × g for 4 min and the eluted IgG in supernatant was neutralised 

by adding 10 μL of 1 M K2HPO4 and analysed. Protein concentrations were analysed 

using the Bradford assay.  

 

HRP conjugation with 5mC and CD9 antibodies. HRP enzyme was conjugated to the 

antibodies using the HRP conjugation kit (Abcam) according to the manufacturer’s 

instructions. Briefly, 1 µL of modifier reagent was mixed gently with the 10 µL of 

antibodies (1 mg/mL). Then, the modifier mixed antibodies were added directly to the 

lyophilised HRP Mix and resuspended two times by pipetting. The complexes were then 

kept overnight in the dark at room temperature to facilitate the conjugation of antibody 



Chapter 5 

  

  

155  

with HRP. After the incubation, 1.0 µL quencher reagent was mixed gently to the 

solution. The conjugated antibody solutions were stored at 4 °C until further use in the 

study.  

 

Biotinylation of CA-125 antibody. CA125 monoclonal antibody was biotinylated using 

the biotin (Type B) conjugation kit (Abcam) following the manufacturer’s guidelines. 

Briefly, 10 µL of a modifier reagent was mixed gently with 100 µL of antibody (0.1 

mg/mL). Then the antibody–modifier mixture was added directly into the lyophilised 

biotin material and resuspended several times by pipetting. The complex was then 

incubated for 15 min in the dark at room temperature to allow the conjugation of antibody 

with biotin. After incubation, 10 µL of the quencher reagent was added to the solution, 

mixed gently and then the conjugated antibody was ready for use. 

 

Preparation of DNA from ovarian cell lines. RPMI-1640 growth medium (Life 

Technologies, Australia) supplemented with 10% fetal bovine serum (Life Technologies, 

Australia) and 1% penicillin/streptomycin (Life Technologies) were used to culture 

ovarian cancer cell lines (SKOV3 and OVCAR3) and non-cancerous cell line (MeT-5A). 

This was performed in a humidified incubator with 5% CO2 flow at 37 °C. All cells were 

harvested by standard trypsinisation protocol after they reached 70-80% confluence. 

Briefly, cells were washed with 3 mL HBSS (Gibco) to remove enzyme inhibitors 

followed by 1-2 mL of TryPLe (Gibco) and incubation for 3 min at 37 °C. To neutralise 

the trypsin activity, 3-6 mL of cell culture media was added followed by centrifugation 

for 5 min at 2,500 rpm. A cell pellet was collected for RNA extraction and stored at -20 

°C until further processing. DNeasy Blood & Tissue Kit (Qiagen, Australia) was used to 

extract DNA and the concentration was quantified using a SPECTROstar Nano 

Microplate Reader (BMG Labtech) operated by MARS data analysis software. 

 

Cell culture and isolation of exosomes. Ovarian cancer cell line OVCAR and non-

cancerous cell line MeT-5a were cultured in 75 cm2 flasks (Life Technologies, Australia) 

at 37°C and 5% CO2 in RPMI-1640 growth medium (Life Technologies, Australia) 

supplemented with 10% fetal bovine serum (Life Technologies, Australia) and 1% 

penicillin/streptomycin (Life Technologies). The cell culture medium containing 

exosomes was collected after 72 h. Exosomes were isolated using total exosome isolation 

reagent (Life Technologies) as per the manufacturer's guidelines. Briefly, the supernatant 
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was transferred to a new tube and the isolation reagent was added to the tube in a 2:1 

ratio. The samples were incubated overnight at 4 °C and centrifuged at 10,000 ×g for 1 h 

to obtain exosome pellets. Exosome pellets were then re‐suspended in 50 µL phosphate‐

buffered saline (PBS; 10 mM, pH 7.4) and stored at −20 °C for further use. 

 

Determination of the surface area of the electrodes 

Prior to DNA adsorption, the effective working area of each electrode was measured as a 

function of scan rate under cyclic voltametric conditions for the one-electron reduction 

of [Fe(CN)6]
3-  using the Randles-Sevcik equation; 

 

𝑖𝑝 = (269 × 105) 𝑛3/2𝐴𝐷1/2𝐶𝜈1/2  ... ... ... … … (1) 

 

where, ip is the peak current (A), n is the number of electrons transferred (Fe3+ → Fe2+, n 

= 1), A is the effective area of the electrode (cm2), D is the diffusion coefficient of 

[Fe(CN)6]
3- (taken to be 7.60 × 10-5cm2s-1), C is the concentration (mol cm-3), ν is the scan 

rate (Vs-1). 

 

Magnetisation and IgG binding of PHB beads 

About 20-40 mg wet weight of PHB nanobeads for each sample was measured in a 

1.5 mL microfuge tube. All nanobeads were washed twice with 1×PBS buffer by 

pipetting to remove the storage ethanol. Samples were centrifuged at 6,000 x g for 4 min 

(heraeus Pico 17, Thermo Scientifc) after each wash. Freshly prepared commercial 

ferrofluid (Magron, Republic of Korea) was mixed with the plain beads at a ratio of 20:1 

(volume, μL: wet weight, mg) and then incubated at room temperature half an hour with 

agitation. After incubation, the tubes were centrifuged at 6,000 x g for 4 min and the 

supernatant was discarded. The pellet (superparamagnetic beads) was washed 3 times 

with 1×PBS buffer. 5mC-HRP or CD9-HRP conjugate was added to ferrofluid-

functionalised PHB beads and incubated for 30 min with agitation followed by gentle 

washing 3 times on the magnetic rack and aliquots of the supernatant (unbound antibody 

fraction) were taken for further analysis. 

 

DNA preparation, magnetic separation and adsorption on the electrode 

CpGenome human methylated and non-methylated DNA standard set Jurkat DNA (100% 

methylated) was purchased from Merck (Sydney, NSW, Australia). Whole genome 



Chapter 5 

  

  

157  

amplification (WGA) DNA was generated using the protocol of REPLI-g whole genome 

amplification kit (Qiagen).  

 

The 5mC-HRP magnetic bead complexes were then dispersed into denatured DNA 

sample and 5 mC antibodies specifically recognise and bind the DNA on the methylated 

CpG sites. The captured methylated DNA was magnetically isolated and purified by 

lowering the pH of glycine and centrifuging at 16,200 x g for 4 min. The isolated DNA 

complex was directly adsorbed on SPE-Au via DNA-gold affinity interaction55 and 

electrochemically quantified by chronoamperometry using a H2O2/HRP/HQ system. A 

CH1040C potentiostat (CH Instruments, TX, USA) was used to perform electrochemical 

measurements. Amperometric measurements in HQ solution were made at -0.2 V vs Ag 

pseudo-reference electrode. Once the background current stabilises, 10 µL of H2O2 

solution was added and the generated current was recorded until the steady-state current 

was reached. The amperometric measurements given through the whole experiments 

correspond to the difference between the steady-state and the background currents and 

are the average of at least three replicates. 

 

Exosome isolation using PHB nanobeads 

For exosomes analysis extracted from the cell lines, 10 µL of isolated exosomes of 

varying concentrations were mixed with 10 µL of CD9-functionalised magnetic beads. 

The mixture was placed on a thermomixer at 300 rpm for 1 h at room temperature to 

allow the antibody to capture exosome targets. After this step, the exosome attached 

magnetic beads were isolated with a magnet, washed three times with PBS buffer. The 

sediment was resuspended in 10 µL of glycine (pH 2.7) and incubated for 5 min with 

agitation (500 rpm). This was followed by centrifugation at 16,200 x g for 4 min to elute 

the target bound to CD9-HRP. Immediately 2 µL of K2HPO4 was added to neutralise the 

pH. 

 

Electrochemical detection of exosomes 

5 µL (100 ng/mL) of biotinylated CA125 antibody was first incubated on a streptavidin-

modified SPCE (SPCE-STR) surface for 30 min. After the incubation, the electrode 

surface was washed with PBS buffer 3 times to remove loosely attached or unattached 

CA125 antibody. To avoid nonspecific binding of exosomes or any other biomolecules, 

the electrode surface was then incubated with 1% bovine serum albumin (BSA) solution 
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(blocking agent) for 20 min. 5 µL of isolated CD9/HRP/exosome conjugates were then 

added to the SPCE-STR surface and incubated for 1 h on the mixer (300 rpm) at room 

temperature. The complete sandwich assay was monitored using the redox cycling of 

H2O2/HRP/HQ system. 

 

Statistical analysis 

IgG-binding capacity of PHB beads were analysed using one-way ANOVA with 

statistical significance (p<0.05) indicated by letter-based representation of pairwise 

comparison between groups using Tukey’s post-hoc test. Each data point of measurement 

represents ± the standard error of the mean. All measurements were conducted in 

triplicate. 

 

Data availability  

The IgG binding data that support the findings of this study are available from the 

corresponding authors upon reasonable request. 

 

5.4 RESULTS AND DISCUSSION 

5.4.1 Bioengineering and Production of Superparamagnetic PHB Nanobeads using 

E. coli. 

The engineering of superparamagnetic PHB nanobeads that specifically bind antibodies 

for target detection holds the promise of an attractive high-performance nanomaterial. 

This is due to assembly-driven, dense, and homogeneous functional orientation of binding 

sites (e.g., to bind specific antibodies) for maximum surface interaction ideally suited for 

sequestration and detection of the target of interest.14 Furthermore, these nanobeads are 

stable up to 85 °C and can be stored for several months to years.39 PHB naturally serves 

as carbon and energy storage for bacteria during nutrient imbalance. PHB synthase 

(PhaC) is the key enzyme for the formation of spherical insoluble PHB nanobeads within 

bacterial cells.40 E. coli does not naturally produce PHB but can be genetically engineered 

to enable PHB nanobead production.31 The production of PHB nanobeads is scalable 

as it can tap into industrial large-scale fermentation processes established for E. coli to 

enable high-yield production of core−shell nanobeads densely coated with 

proteins/peptides of interest.41 

 

 Previous studies have shown PHB nanobeads to be effective and efficient in 
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bioseparation applications. For instance, PHB nanobeads displaying the immunoglobulin 

G (IgG)-binding ZZ domain of protein A from Staphylococcus aureus (ZZ-PHB 

nanobeads) produced in recombinant E. coli had comparable IgG-binding capacity and 

purification abilities to the commercial protein A sepharose.14 In addition, PHB 

nanobeads displaying ZZ domains that were produced in engineered Lactococcus lactis 

or Bacillus megaterium also showed high IgG-binding capacity, suggesting that different 

hosts could be used for different applications of PHB nanobeads.9,42 

Fig. 5.1 shows an overview of the production, isolation, and processing of 

superparamagnetic PHB nanobeads. In the presence of an excess carbon source such as 

glucose, recombinant E. coli can overexpress the integrated hybrid genes 3xFe-ZZ-L-ZZ-

phaC-L-ZZ (superparamagnetic Fe3-Z6-PHB nanobead production), ZZ-L-ZZ-phaC-L-

ZZ (Z6-PHB nanobead positive control), and phaC (PHB nanobead negative control) 

within the cells. This overexpression  mediates assembly of PHB nanobeads densely 

coated with the respective fusion proteins or only PHB nanobeads, which can be isolated 

through mechanical cell disruption and purifiedusing high pH and detergent washes. In 

this study, ZZ domains and Fe-binding peptides were bioengineered for codisplay on the 

surface of the PHB nanobeads (Fe3-Z6-PHB) and processed with iron oxide to become 

superparamagnetic for separation and detection of methylated DNA targets and 

exosomes. Although the bioengineered Fe3-Z6-PHB nanobeads are not naturally 

superparamagnetic, magnetism can be achieved when Fe-binding peptides on the bead 

surfaces sequester iron oxide in a ferrofluid in a magnetic field (Figure.5.1).43 
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Figure 5.1 Schematic overview of the assembly of superparamagnetic PHB nanobeads. 

E. coli BL21 (DE3) was engineered to efficiently convert glucose into (R)-3-

hydroxybutyryl-CoA, the PHB precursor. The PHB synthase fusion protein was 

overproduced at the same time and catalysed polymerisation of (R)-3-hydroxybutyryl-

CoA to PHB while generating a surface coat that displays iron-binding peptides and IgG-

binding ZZ domains. These core−shell structures were manufactured and processed into 

superparamagnetic nanobeads using a ferrous fluid. Addition of various target-specific 

antibody−HRP conjugates enable specific sequestration of the targets from complex 

mixtures by magnetic separation followed by elution of the antibody-bound target and 

sensitive electrochemical detection. 

 

5.4.2 Characterisation of PHB nanobeads 

As shown in Fig. 5.2a, three types of PHB nanobeads were produced in this study: (1)  

PHB nanobeads (plain nanobeads as a negative control), (2) Z6-PHB nanobeads (PHB 

nanobeads with ZZ binding domains as a positive control for antibody binding), and (3) 

Fe3-Z6-PHB nanobeads (superparamagnetic nanobeads with ZZ binding domains and Fe-

binding peptides). To detect and analyse the PHB nanobead-producing cells, lipophilic 
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staining with a fluorescent dye Nile red and fluorescence microscopy (FM) were 

performed (Fig. 5.2b). Fluorescent foci in whole E. coli cells producing PHB, Z6-PHB, 

and Fe3-Z6-PHB were indicative of PHB production and a PHB synthase enzyme 

functionality. As expected, the negative E. coli control cells harbouring empty plasmids 

did not show fluorescence. The protein profiles of the whole-cell lysate and purified 

nanobeads were analysed by SDS-PAGE to show the production of full-length fusion 

proteins (Fig. 5.2c). Dominating protein bands were observed and corresponded to the 

theoretical molecular weights of PHB (64.2 kDa), Z6-PHB (118.3 kDa), and Fe3-Z6-PHB 

(119.6 kDa), thus indicating successful bioengineering of the various PHB nanobeads. 

Protein concentration was measured by densitometry using bovine serum albumin (BSA) 

standards. 

 

Productivity was assessed as the purified PHB nanobead mass yield over biomass of the 

bacterial production host in an unoptimized batch fermentation process. Yield 

percentages of 5 and 19% for Z6-PHB and Fe3-Z6-PHB, respectively, suggested that the 

resin could be cost-effectively produced in industrial processes (Fig. S5.1). Coating 

protein density was measured by determining the ratio of the Z fusion protein mass over 

PHB nanobead mass by SDS-PAGE combined with densitometry, and results suggest a 

dense coating with proteins, i.e., the Z domain and the iron-binding peptide (Fig. S5.1). 

Protein identity was confirmed by liquid chromatography-tandem quad time-of-flight 

mass spectrometry (MS-Q-TOF) for detection of tryptic peptides (Table S5.2). Also, the 

PHB composition and quantity were confirmed by acid hydrolysis and detection of 

crotonic acid. The PHB content of whole cells and the purified nanobeads is shown in 

Fig. 5.2d.35 
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Figure 5.2 Production and biochemical characterisation of various PHB nanobeads. (a) 

Schematic overview of hybrid genes encoding fusion proteins for the production of PHB, 

Z6-PHB, and Fe3-Z6-PHB nanobeads. MW, molecular weight. (b) Nile red staining and 

fluorescence microscopy of recombinant E. coli BL21 (DE3) cells (pMCS69) harbouring 

various plasmids. (c) Protein profile analysis of recombinant E. coli cells (pMCS69) and 

purified PHB nanobeads by SDS-PAGE with Coomassie blue staining. Proteins were 

encoded by hybrid genes depicted in (a). The protein bands of PHB (64.2 kDa), Z6-PHB 

(118.3 kDa), and Fe3-Z6-PHB (119.6 kDa) proteins are indicated by red arrows. MS-Q-

TOF was used to confirm the fusion protein identity (Table S5.2). (d) PHB content 

analysis of whole cells and purified PHB nanobeads shown as percentage of CDW or 

BDW (CDW, cellular dry weight; BDW, polyester nanobead dry weight). 

Electron microscopy analysis of PHB nanobeads with and without the addition of a 

ferrofluid was done for morphology analysis (Fig. 5.3a). Transmission electron 

microscopy (TEM) images confirmed the spherical shape of PHB nanobeads.41,44 As 

previously observed, PHB nanobeads are polydisperse as seen in TEM images and 

depicted by varying bead sizes within the same sample (Fig. S5.2).33,44 In addition, 

imaging of the Fe3-Z6-PHB nanobeads after processing with a ferrofluid confirms the 
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binding of iron oxide to the Fe-binding sites as shown by a thicker electron dense layer 

surrounding the nanobeads (red arrow) and proposed to contribute to their 

superparamagnetic properties. Furthermore, TEM and scanning electron microscopy 

(SEM) images showed the intact and generally spherical morphology of the purified 

nanobeads. Further physical characterisation of PHB nanobeads such as particle size and 

zeta potential measurements revealed that the particle sizes of PHB nanobeads ranged 

between 151 and 324 nm (Fig. 5.3b and Table S5.3) resembling the size distribution of 

previous reports,14,41 while the negative zeta potential indicated an anionic surface 

charge.15 The addition of a ferrofluid increased the particle size range to 405−504 nm. 

The negative zeta potentials of PHB nanobeads before the addition of a ferrofluid (i.e., 

the negative surface charge) were expected due to the theoretical isoelectric point (pI) of 

the proteins coating the nanobeads (theoretical pI values of PHB, Z6-PHB, and Fe3-Z6 

PHB are 6.08, 5.66, and 6.18, respectively). The addition of a ferrofluid made the zeta 

potential shift slightly to positive surface charge. A magnetic hysteresis curve of Fe3-Z6-

PHB nanobeads with a ferrofluid was obtained by using a vibrating sample magnetometer 

(VSM) at 37 °C (Fig. 5.3c). Remanence and coercivity were not observed in the hysteresis 

curve, thereby showing superparamagnetism properties.36 
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Figure 5.3 Physical characterisation of various PHB nanobeads with and without a 

ferrofluid. (a) TEM and SEM images. A representative granule is shown in TEM images. 

Whole TEM images are shown in Fig. S5.2. (b) Particle sizes and zeta potentials of the 

purified PHB nanobeads before and after addition of a ferrofluid. The particle size and 

zeta potential of each type of PHB nanobead were measured in triplicates using a 

Zetasizer Nano ZS. Each data point of measurement represents the mean ± the standard 
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error of the mean. Polydispersity indices are shown above the nanobeads. Values are in 

Table S5.3. F, ferrofluid. (c) Vibrating sample magnetometer (VSM) result showing the 

magnetization curve of the Fe3-Z6-PHB nanobeads with a ferrofluid at 37 °C. G, Gauss. 

An IgG-binding assay was performed to confirm the functionality of ZZ domains 

displayed on PHB nanobeads before and after the addition of a ferrofluid (Figure S5.3).31 

In Figure S5.3a, the negative control PHB nanobeads showed low background IgG 

binding, therefore confirming low unspecific human IgG binding. PHB nanobeads that 

were engineered to display ZZ domains (Z6-PHB and Fe3-Z6-PHB nanobeads) showed 

9-fold higher IgG binding, which confirmed the functionality of the ZZ domains attached 

to the PHB nanobeads. However, the IgG-binding ability was reduced by about 50% when 

nanobeads are magnetized by addition of a ferrofluid (Figure S5.3b). Presumably, the 

surface-bound iron occluded binding sites impacting on the IgG-binding capacity 

 

5.4.3 Use of PHB Nanobeads for Isolation and Detection of Methylated DNA 

Targets. 

Fig. 5.4A depicts the principle of using superparamagnetic Fe3-Z6-PHB nanobeads in an 

electrochemical DNA methylation assay. We compared a ferrofluid with iron oxide for 

processing Fe3-Z6-PHB nanobeads in superparamagnetic nanomaterials. However, we 

observed that surface functionalisation via a ferrofluid provided greater magnetism as 

compared to iron oxide. This is probably due to the colloidal nature and nanoscale size of 

the ferromagnetic nanoparticles in a ferrofluid. The surfactant component (Oleic acid) in 

the ferrofluid also inhibits aggregation or agglomeration of the nanobeads. Bioengineered 

Fe3-Z6-PHB nanobeads were made superparamagnetic with a ferrofluid and subsequently 

used to bind 5mC−HRP antibody conjugates for specific binding and detection of the 

methylated DNA target.  

 

In the following step, the 5mC−HRP superparamagnetic nanobead complexes were added 

and dispersed into samples containing methylated DNA targets. The 5mC antibodies 

specifically recognise and bind to methylated DNA. The methylated DNA targets were 

then magnetically isolated and purified by lowering the pH of the glycine buffer, which 

released the 5mC−HRP-bound methylated DNA into the soluble fraction, while empty 

nanobeads were separated via attraction to an external magnet. Lastly, the 5mC−HRP-

bound methylated DNA targets were adsorbed onto an SPE-Au electrode surface via the 

DNA−gold affinity interaction and electrochemically quantified by using a 
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H2O2/HRP/HQ catalytic redox cycling system. To evaluate the assay functionality, we 

investigated the assay performance in the presence and absence of methylated DNA 

sequences. Figure S5.4 showed a 19-fold current density response for methylated 

compared to the negative control (2.41 vs 47.0 μA cm−2). 

 

5.4.4 Analytical Detection Performance for DNA Methylation in Buffer  

Aberrant methylation patterns are characterised by a gradual increase in global 

methylation levels during cancer development and can be used to track cancer progression 

from initial to advanced stage carcinoma.45 Cancer patient samples are often 

heterogeneous with different proportions of methylation levels in different cells. Thus, it 

would be useful to quantify global methylation levels in heterogeneous backgrounds. 

 

 We tested the detection performance of our superparamagnetic Fe3-Z6-PHB nanobead-

based electrochemical assay for quantification of heterogeneous global methylation levels 

by mixing Jurkat (100% methylated) with WGA (0% methylated) in different methylation 

ratios (i.e., 0, 5, 10, 25, 50, 75, 90, and 100% methylated DNA). The current density 

responses obtained for various methylation levels showed a linear relationship between 

current density responses and the methylation percentages (Fig. 5.4b,c). The calibration 

plot (inset) exhibited excellent linearity from 0 to 100% DNA methylation with a 

correlation coefficient (R2) of 0.9784 (n =3). The lowest detectable methylation level was 

estimated to be as low as 5% from the extrapolated current density axes. While 

comparable LODs have also been reported previously based on graphene−DNA46 and 

gold−DNA47 affinity interaction-based electrochemical assays for DNA methylation, the 

use of superparamagnetic Fe3-Z6-PHB nanobeads has removed the reliance on 

commercial magnetic nanobeads.  

 

The use of Fe3-Z6-PHB nanobeads in this work has the advantage of being biologically 

assembled for dense and homogeneously oriented display of binding domains for 

enhanced surface interaction not only mediating favourable magnetic properties via 

interaction with a ferrofluid but also exhibiting a high binding capacity for an antibody 

conjugate for specific target detection (Fig. S5.2 and S5.4). Furthermore, the use of the 

5mC antibodies on the superparamagnetic PHB nanobeads allows rapid concentration of 

the methylated DNA targets on the electrode surface by using a magnet, which 

subsequently enables target adsorption/hybridisation on the electrode surface.  
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A relative standard deviation (%RSD) for three independent measurements was estimated 

to be <5.0%, indicating a good reproducibility of assay toward the detection and 

quantification of DNA methylation levels. The lower limit of detection and the 

reproducibility of the assay over a wide range of methylation levels with low input DNA 

amounts demonstrated the applicability of PHB nanobeads as dispersible capture agents 

for isolating and purifying DNA targets. 

 

 5.4.5 Analysis of DNA Methylation Levels in Plasma Sample  

To demonstrate the application of our superparamagnetic PHB nanobead-based 

electrochemical assay for detection of methylated DNA in a complex biological matrix, 

we compared the current density responses of various DNA methylation levels in 

complex human plasma (Fig. 5.4d,e). Figure 5.4d,e shows that the observed current 

density responses enabled a linear dynamic range from 5 to 100% DNA methylation with 

an R2 value of 0.9836. As compared to the buffer samples, the current density responses 

in plasma showed a decrease at the same % DNA methylation. This may be a result of 

the complexity of the plasma sample, which contains excessive background of nontarget 

biomolecules that have the potential to interfere via nonspecific binding during capture 

and isolation steps and also through nonspecific adsorption on the sensor platform during 

the detection process. A DNA methylation level as low as 5% could be detected for 10 

ng of input DNA and indicated that our assay is effective for the isolation and detection 

of low methylated DNA levels in untreated/undiluted human plasma. 

 

The detection sensitivity of 5% methylation obtained in plasma samples remains similar 

to the prior set of experiments performed in a buffer (Fig. 5. 4b,c). This highlighted the 

utility of our bioengineered superparamagnetic Fe3-Z6-PHB nanobeads in magnetic 

isolation of methylated DNA targets in human plasma. It is also worth noting that the 

obtained lowest detectable level of 5% methylation in plasma was superior to that of 

previously reported DNA methylation electrochemical assays using SPEs47−49 but does 

not require any use of bisulfite treatment or PCR amplification during the assay, which 

could alter original methylation levels in samples. 
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Figure 5.4 Superparamagnetic Fe3-Z6-PHB nanobeads for isolation and detection of 

methylated DNA targets. (a) Schematic representation of DNA methylation assay using 

superparamagnetic Fe3-Z6-PHB nanobeads. Methylated DNA targets (top, right) are 

captured and isolated magnetically and adsorbed directly onto a bare SPE-Au electrode 

surface (bottom). The amount of methylated DNA targets is analysed by 

chronoamperometry using a H2O2/HRP/HQ catalytic redox cycling system (bottom, left). 

(b,c) Electrochemical detection of methylated DNA in a buffer sequestered by engineered 

superparamagnetic PHB nanobeads. (b) Current density responses corresponding to 

different % methylated DNA in a buffer. (c) Corresponding current density responses for 

each designated % methylated DNA. Inset, calibration plot showing linear % DNA 

methylation−current density relationship. (d,e) Electrochemical detection of methylated 

DNA in human plasma sequestered by engineered superparamagnetic PHB nanobeads. 

(d) Current density responses corresponding to different % methylated DNA in human 

plasma as a function of time. (e) Corresponding current density responses for each 

designated % methylated DNA. Inset, calibration plot showing linear % DNA 

methylation−current density relationship. (f,g) Comparative analysis of methylated DNA 

extracted from ovarian cancer cell lines and a normal cell line. (f) Amperometric 

response for different cell lines and (g) corresponding bar diagram representing current 
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density comparison between different cell lines. Each data point represents the average 

of three repeat trails, and error bars represent the standard deviation of measurements 

(%RSD = <5%, for n = 3). 

 

5.4.6 Analysis of Global DNA Methylation Levels in Ovarian Cancer Cells 

To further investigate the applicability of our superparamagnetic Fe3-Z6-PHB nanobead-

based electrochemical assay for accurately detecting methylation levels in different 

cancer cells, extracted DNAs derived from ovarian cancer cell lines (SKOV3 and 

OVCAR3) and a noncancerous cell line (MeT-5A) were tested (Fig. 5.4f,g). A fully 

unmethylated (0% methylated) WGA DNA and a fully methylated (100% methylated) 

Jurkat DNA were used as internal standards. We observed varying current density  

responses for the different samples, thereby indicating different levels of DNA 

methylation. The current density responses for SKOV3 and OVCAR3 were significantly 

high (35.6 and 28.5 μA cm−2) as compared to WGA (2.27 μA cm−2) and suggested that 

global DNA methylation levels in SKOV3 and OVCAR3 are higher. These findings are 

in agreement with previously reported global methylation levels in ovarian cancer cell 

lines.50 This cell line data also shows good interassay reproducibility (%RSD of <4.63% 

for n = 3) for analysing DNA methylation levels in ovarian cancer cell lines. 

 

The developed superparamagnetic Fe3-Z6-PHB nanobead-based electrochemical assay 

offers several benefits such as the use of inexpensive disposable SPE-Au electrodes, 

which could allow low-cost analysis of DNA methylation. In addition, it allows rapid and 

efficient isolation and purification of methylated DNA targets without the need for 

traditional tedious and prolonged target purification workflows from cancer cells. Fe3-Z6-

PHB nanobeads could be modified for specific target recognition and may be reusable for 

lower assay cost. The avoidance of bisulfite treatment and direct adsorption of methylated 

DNA targets onto the electrode surface for electrochemical detection are unique for 

simplifying the assay protocol and do not require any electrode surface premodification 

steps 

 

5.4.7 Application of PHB Nanobeads for Isolation and Detection of Exosomes 

Fig. 5.5a shows an electrochemical exosome assay principle using superparamagnetic 

Fe3-Z6-PHB nanobeads. First, CD9−HRP superparamagnetic nanobead complexes were 

added and dispersed into samples containing exosome targets. The generic CD9 
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antibodies specifically recognise and bind to exosomes. The exosome targets bound to 

the superparamagnetic PHB nanobeads were then magnetically isolated and eluted from 

the nanobeads by lowering the pH to 2.7. Purified CD9−HRP-bound exosomes were 

obtained after nanobeads were removed via magnetic attraction. Lastly, the CD9−HRP-

bound exosome targets were adsorbed onto CA125 antibody-modified, screen-printed 

electrodes and electrochemically quantified by measuring the cathodic current generated 

by the enzymatic reduction of H2O2 mediated by HQ. This current is proportional to the 

amount of exosomes present. To check the functionality of the assay, we investigated the 

assay performance in the presence and absence of an exosome target. Figure 5.5c shows 

an 11-fold higher current density response for exosomes compared to the negative control 

(0.83 vs 0.07 μA cm−2). 

 

As exosomes are secreted by both normal and cancer cells, increasing studies have shown 

that cancer cells secrete a larger number of exosomes compared to normal cells, and this 

number is relative to the stage of cancer. Thus, at early stages of cancer, the number of 

exosomes from disease-specific cells could be very low, which potentially presents 

challenges for their isolation and detection. Hence, it is imperative to develop highly 

sensitive methods. The sensitivity of the assay was assessed by measuring the serial 

dilutions of exosomes derived from ovarian cancer cell line samples ranging from 103 to 

107 exosomes/mL. As shown in Fig. 5.5d, the amperometric current density response 

increased with the increasing target exosome concentration. As the amount of the surface-

attached cancer-specific exosomes is proportional to the amount of the attached cancer-

related antibodies, the higher the amount of exosomes, the higher the current signal 

generated at the glassy carbon electrode is. The linear regression equation was found to 

be y (μA cm−2) = 0.146x − 0.118, with a correlation coefficient (R2) of 0.969. The 

relative standard deviation of three independent measurements was estimated to be <5% 

indicating good reproducibility of the platform. The assay achieved an LOD of 103 

exosomes/mL, which is comparable to our previous study based on engineered inorganic 

superparamagnetic nanoparticles (gold-loaded nanoporous ferric oxide).51 It is worth 

noting that our assay achieved a higher sensitivity compared to recent reports using 

surface plasmon resonance and microfluidics-based exosome analysis techniques.52,53 
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To check the specificity of the assay, control experiments were conducted. In a positive 

control experiment, exosomes (i.e., 107 exosomes/mL) derived from ovarian cancer cell 

line (OVCAR3) extracts were initially captured by CD9 antibody-functionalised 

magnetic nanobeads, which were subpopulated by the biotinylated CA125 antibody. As 

depicted in Fig. 5.5F, a significant current density response was observed for the ovarian 

cancer-specific exosomes in OVCAR3 cell extracts. As a negative control, 107 

exosomes/mL derived from a noncancerous cell line (MeT-5A) were tested using the 

biotinylated CA125 antibody. Since the CA125 antibody is not specific to ovarian cancer 

exosomes, no amperometric current response for ovarian cancer-specific exosomes was 

expected. However, we observed a lower current density response compared to that of 

the positive control (0.31 vs 0.83 μA cm−2). This may be a result of the nonspecific 

adsorption of the functionalized CA125 antibody on the sensor surface. 
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Figure 5.5 Superparamagnetic Fe3-Z6-PHB nanobeads for isolation and detection of 

exosomes. (a) Schematic representation of the assay for direct isolation and subsequent 

detection of exosomes using superparamagnetic PHB nanobeads. In this method, the 

PHB nanobeads were initially functionalised with a generic antibody (CD9) and 

dispersed in sample solution to capture bulk exosomes. After magnetic capture and 

purification, exosome-bound PHB nanobeads are transferred to CA125 antibody-

modified, screen-printed electrodes. The peroxidase activity of HRP via the 

H2O2/HRP/HQ redox cycling system was then used to achieve an electrochemical 

quantification of CA125-specific exosomes present in the cell solution. (b) Amperometric 

responses for the detection of exosomes in the presence (red) and absence (no template 

control/NoT) of 107 particles/mL in a buffer. (c) Corresponding current densities for the 

target (right bar) and control (left bar) samples. (d) Current density for the designated 

concentration of exosomes extracted from the OVCAR3 cell line. The concentration 

varies between 103 and 107 particles/mL. (e) Corresponding bar diagram. (f,g) 

Comparative analysis of exosomes extracted from the ovarian cancer cell line and a 

normal cell line (Met-5A). (f) Amperometric response for different cell lines and (g) 

corresponding bar diagram representing current density comparison between different 

cell lines. Each data point represents the average of three repeat trails, and error bars 
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represent the standard deviation of measurements (%RSD = <5%, for n = 3). 

 

5.5 CONCLUSIONS 

We have bioengineered and assembled superparamagnetic PHB nanobeads for isolation 

and electrochemical detection of both methylated DNA and exosome cancer biomarkers. 

The PHB nanobeads were produced in engineered E. coli, a bacterium used for industrial 

production of protein-based products and biopolymers.3 Cost-effective manufacturing, 

stability (up to 95 °C, pH range of 2−12), and oriented high-density display of protein 

functions make PHB nanobeads attractive for uses as a biosensor in single-use 

applications.14,39 

  

Designed PHB nanobeads were manufactured and characterised to assess their 

composition, size distribution, zeta potential, antibody-binding capacity, and 

superparamagnetism. A process was devised to utilise the surface-embedded iron oxide-

binding peptides to bind colloidal iron oxide to obtain magnetic properties while retaining 

the antibody-binding capability. Superparamagnetic PHB nanobeads were biochemically 

and physically characterised. The performance as capture resins was assessed by 

characterising magnetic and specific binding properties in the electrochemical detection 

assay such as methylated DNA recognition mediated by the bound HRP−antibody 

conjugate. After magnetic isolation of methylated DNA targets, electrochemical target 

quantification was achieved by direct adsorption of the eluted methylated DNA on an 

SPE-Au surface and by amperometry using a catalytic redox cycling system of 

H2O2/HRP/HQ. Sensitive and specific detection of DNA methylation in genomic DNA 

is important for rapid epigenetic evaluations. We achieved a high analytical performance 

(LOD = 5% DNA methylation, %RSD ≤ 5.0) in human plasma matrices and cancer cell 

lines. The elimination of capture probes, hybridisation steps, radioactive labels, 

methylation-sensitive restriction enzymes, and sequencing analysis simplifies our assay. 

The utility of superparamagnetic PHB nanobeads was further demonstrated by CD9 

antibody-mediated specific capture of cancer cell-derived exosomes. These exosomes 

were eluted from the nanobeads, which were subsequently removed by magnetic 

separation. Purified exosomes were quantified by electrochemical detection providing 

means for cancer diagnostics. N.B., the superparamagnetic PHB nanobeads are 

conceivable to serve as bioseparation resin for large-scale batch-mode purification of 
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exosomes, which increasingly attract interest not only as diagnostics markers but also for 

uses as therapeutics. The current gold standard method for exosome isolation based on  

differential centrifugation requires centrifugation of up to 120,000x g.54 This method is 

tedious and time-consuming (>10). With sample volumes as low as 5 μL, our assay 

generated an electrochemical signal within 2 h. Compared to other methods previously 

reported, our assay exhibits advantages of ease of operation, low cost, specificity, and 

sensitivity. With a linear response spanning over four orders of magnitude, we achieved 

a sensitive electrochemical detection of exosomes with an LOD of 103 exosomes/mL. 

Considering the great importance of exosome-mediated signal transmission among cells, 

our assay may present an important step toward the construction of a simple biosensor 

that can detect exosomes in complex media. Given that the PHB nanobead surface can be 

readily tuned for efficient isolation and electrochemical detection of different targets, we 

envisage that the developed superparamagnetic PHB nanobead-based electrochemical 

assay offers a versatile diagnostic platform for specific and sensitive detection of a range 

of disease biomarkers, i.e., enabling diagnosis of various diseases. 
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SUPPLEMENTARY INFORMATION 

 

 

 

 

 

Figure S5.1 Protein concentration and PHB nanobeads yield. (a) Protein 

concentration measured by densitometry using BSA standards, ranging between 62.5 and 

500 ng, on 10% Bis-Tris gel to generate a standard curve. The image was taken by gel 

doc (BioRad Laboratories, Hercules, CA) and analysed with Image Lab software (BioRad 

Laboratories, Hercules, CA). Lane 1, PHB (64.2 kDa); lane 2, Z6-PHB (118.3 kDa); lane 

3, Fe3-Z6-PHB (119.6 kDa). (b) Table showing PHB nanobeads yield and composition. 
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Table S5.1 MS-Q-TOF analysis of PHB and PHB-fusion proteins. 
 

Protein Sequence Protein sequence coverage 

and the confirmed 

fragments  

PHB (MW: 64.2 kDa) 

1     MATGKGAAASTQEGKSQPFKVTPGPFDPATWLEWSRQWQGTEGNGHAAAS  

51   GIPGLDALAGVKIAPAQLGDIQQRYMKDFSALWQAMAEGKAEATGPLHDR  
101 RFAGDAWRTNLPYRFAAAFYLLNARALTELADAVEADAKTRQRIRFAISQ  

151 WVDAMSPANF LATNPEAQRLLIESGGESLRAGVRNMMEDLTRGKISQTDE  

201 SAFEVGRNVAVTEGAVVFENEYFQLLQYKPLTDKVHARPLLMVPPCINKY  
251 YILDLQPESSLVRHVVEQGHTVFLVSWRNPDASMAGSTWDDYIEHAAIRA  

301 IEVARDISGQDKINVLGFCVGGTIVSTALAVLAARGEHPAASVTLLTTLL  

351 DFADTGILDVFVDEGHVQLREATLGGGAGAPCALLRGLELANTFSFLRPN  
401 DLVWNYVVDNYLKGNTPVPFDLLFWNGDATNLPGPWYCWYLRHTYLQNEL  

451 KVPGKLTVCGVPVDLASIDVPTYIYGSREDHIVPWTAAYASTALLANKLR  

501 FVLGASGHIAGVINPPAKNKRSHWTNDALPESPQQWLAGAIEHHGSWWPD  
551 WTAWLAGQAGAKRAAPANYGNARYRAIEPAPGRYVKAKA 

 

80.3% 

A2-L346, L358-G387, 

L402-K413, H443-K520, 
S522-Q535, R563-Y584 

Z6-PHB (MW: 118.3 kDa) 

1       MTSTLQIHTGGINLKKKNIYSIRKLGVGIASVTLGTLLISGGVTPAANAA 

51     QHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLL 

101   AEAKKLNDAQAPKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDD 

151   PSQSANLLAEAKKLNDAQAPKVDANSSSVPRTGGGGGFEAQHDEAVDNKF 

201   NKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQ 

251   APKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE 
301   AKKLNDAQAPKVDANSSPRHMATGKGAAASTQEGKSQPFKVTPGPFDPAT 

351   WLEWSRQWQGTEGNGHAAASGIPGLDALAGVKIAPAQLGDIQQRYMKDFS  

401   ALWQAMAEGKAEATGPLHDRRFAGDAWRTNLPYRFAAAFYLLNARALTEL 
451   ADAVEADAKTRQRIRFAISQWVDAMSPANFLATNPEAQRLLIESGGESLR 

501   AGVRNMMEDLTRGKISQTDESAFEVGRNVAVTEGAVVFENEYFQLLQYKP 

551   LTDKVHARPLLMVPPCINKYYILDLQPESSLVRHVVEQGHTVFLVSWRNP 
601   DASMAGSTWDDYIEHAAIRAIEVARDISGQDKINVLGFCVGGTIVSTALA 

651   VLAARGEHPAASVTLLTTLLDFADTGILDVFVDEGHVQLREATLGGGAGA 

701   PCALLRGLELANTFSFLRPNDLVWNYVVDNYLKGNTPVPFDLLFWNGDAT 
751   NLPGPWYCWYLRHTYLQNELKVPGKLTVCGVPVDLASIDVPTYIYGSRED 

801   HIVPWTAAYASTALLANKLRFVLGASGHIAGVINPPAKNKRSHWTNDALP 

851   ESPQQWLAGAIEHHGSWWPDWTAWLAGQAGAKRAAPANYGNARYRAIEPA 
901   PGRYVKAKAHMVLAVAIDKRGGGGGLESQHDEAVDNKFNKEQQNAFYEIL 

951   HLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDNKFNKEQ 

1001 QNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKV 
1051 DANSSSVPGDPAANKARKEAELAAATAEQ 

 

82.8% 
M1-K24, V56-R461, I464-

R527, V555-F638, G641-

A660, R690-E709, N725-

K733, H763-K840, A876-

Q1079 

Fe3-Z6-PHB (MW: 119.6 kDa) 

1       MRRTVKHHVNRRTVKHHVNRRTVKHHVNTSTLQIHTGGINLKKKNIYSIR 

51     KLGVGIASVTLGTLLISGGVTPAANAAQHDEAVDNKFNKEQQNAFYEILH 

101   LPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDNKFNKEQQ 
151   NAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVD 

201   ANSSSVPRTGGGGGFEAQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRN 

251   AFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDNKFNKEQQNAFYEILHLP 
301   NLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNDAQAPKVDANSSPRHMAT 

351   GKGAAASTQEGKSQPFKVTPGPFDPATWLEWSRQWQGTEGNGHAAASGIP 

401   GLDALAGVKIAPAQLGDIQQRYMKDFSALWQAMAEGKAEATGPLHDRRFA 
451   GDAWRTNLPYRFAAAFYLLNARALTELADAVEADAKTRQRIRFAISQWVD 

501   AMSPANFLATNPEAQRLLIESGGESLRAGVRNMMEDLTRGKISQTDESAF 

551   EVGRNVAVTEGAVVFENEYFQLLQYKPLTDKVHARPLLMVPPCINKYYIL 
601   DLQPESSLVRHVVEQGHTVFLVSWRNPDASMAGSTWDDYIEHAAIRAIEV 

651   ARDISGQDKINVLGFCVGGTIVSTALAVLAARGEHPAASVTLLTTLLDFA 

701   DTGILDVFVDEGHVQLREATLGGGAGAPCALLRGLELANTFSFLRPNDLV 
751   WNYVVDNYLKGNTPVPFDLLFWNGDATNLPGPWYCWYLRHTYLQNELKVP  

801   GKLTVCGVPVDLASIDVPTYIYGSREDHIVPWTAAYASTALLANKLRFVL 

851   GASGHIAGVINPPAKNKRSHWTNDALPESPQQWLAGAIEHHGSWWPDWTA 
901   WLAGQAGAKRAAPANYGNARYRAIEPAPGRYVKAKAHMVLAVAIDKRGGG 

951   GGLESQHDEAVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQ 

1001 SANLLAEAKKLNDAQAPKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQ 
1051 SLKDDPSQSANLLAEAKKLNDAQAPKVDANSSSVPGDPAANKARKEAELA 

1101 AATAEQ 

82.9% 
T4-K51, V83-R488, I491-

R554, V582-F665, E711-

R733, V752-K760, H790-
K867, W898-R930, A934-

Q1106 

*Confirmed sequences are in red colour. MW (Molecular weight). 
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Figure S5.2 TEM images of various PHB nanobeads. 
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Table S5.2 Particle size and zeta-potential measurements. 
 

PHB beads Ave. Size 

(nm) 

Std. dev. 

(Size) 

Ave. 

PDI 

Ave. Zeta 

Potential (mV) 

Std. dev. (Zeta 

Potential) 

PHB beads 151 8.31 0.38 -15.77 0.64 

Z6-PHB beads 246 32.47 0.34 -20.03 0.25 

Fe3-Z6-PHB beads 324 24.92 0.29 -15.17 0.47 

PHB beads + Ferrofluid 405 7.81 0.67 -9.03 0.49 

Z6-PHB beads + Ferrofluid 469 43.64 0.49 -12.43 1.44 

Fe3-Z6-PHB beads + 

Ferrofluid 
504 47.86 0.38 2.53 0.90 

Ave. (Average); Std. dev. (Standard deviation); PDI (Polydispersity index) 

 

 

 

 

Figure S5.3 Human IgG-binding capacity of PHB nanobeads displaying ZZ and Fe 

domains (a) without and (b) with ferrofluid. Protein concentration was measured by 

Bradford assay using purified human IgG as the standard; 40-60 mg beads were used for 

the assay. The mean of IgG-binding capacity is shown ± the standard error of the mean. 

All measurements were conducted in triplicates. All PHB nanobeads were produced in 

recombinant E. coli BL21 (DE3) (pMCS69) harbouring the respective pET14b plasmids. 

Statistical analysis was done by one-way ANOVA with statistical significance (p<0.05) 

indicated by letter-based representation of pairwise comparisons between groups using 

Tukey’s post-hoc test. 
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Figure S5.4 Electrochemical detection of methylated DNA in buffer sequestered by 

engineered superparamagnetic PHB nanobeads. (a) Current density responses for the 

detection of DNA methylation in the presence (red) and absence (control) of 100% 

methylated DNA targets. (b) Corresponding current densities for the 100% methylated 

target (right bar) and blank control (left bar) samples. 

 

 

 

 

 

Figure S5.5 Amperometric response for PHB, Z6-PHB and Fe3-Z6-PHB beads to detect 

100% methylated DNA sequences 

 

Post-functionalisation, several experimental conditions were optimised to achieve 

optimum performance of the electrochemical assay. The selection of PHB nanobeads was 
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determined by measuring the maximum electrochemical responses for methylated DNA 

targets. Ferrofluid was added to three different types of beads and used to capture, isolate 

and purify methylated DNA targets. Fig. S5.4 shows the different current density 

responses to be 4.57 µA cm-2 for PHB, 31.1 µA cm-2 for Z6-PHB and 47.6 µA cm-2 for 

Fe3-Z6-PHB nanobeads (which is approximately 10 times higher than that of the plain 

beads). This shows that the IgG and iron binding domains can improve the assay 

sensitivity by increasing the target binding efficiency and magnetism. 

 

Methods 

Table S5.3 Description of bacterial strains, plasmids and primers used in this study. 
 

Strains, Plasmids and 

Primers 

Relevant characteristics* References 

1. Bacterial strains   

E. coli XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F’ proAB lacIq 
lacZ ΔM15 Tn10 (Tetr)] 

Stratagene 

E. coli BL21 (DE3) F– ompT hsdSB (rB- mB-) gal 
dcm (DE3) 

Novagen 

   

2. Plasmids   

pET14b Ampr; T7 promoter Novagen 

pMCS69 Cmr; pBBR1MCS derivative 
encoding PhaA and PhaB 

1 

pET14b_PhaC (pET14b_PHB) pET-14b derivative encoding 
phaC gene 

2 

pET14b_PhaC-Linker-ZZ 
(pET14b PHB-Z2) 

pET14b derivative encoding 
phaC-Linker-ZZ gene 

3 

pET14b_ZZ-Linker-ZZ-PhaC-
Linker-ZZ (pET14b Z6-PHB) 

pET14b derivative encoding ZZ-
Linker-ZZ-phaC-linker-ZZ gene 

This study 

pET14b_3xFe-ZZ-Linker-ZZ-
PhaC-Linker-ZZ (pET14b_Fe3-
Z6-PHB) 

pET14b derivative encoding 
3xFe-ZZ-Linker-ZZ-phaC-linker-
ZZ gene 

This study 

   

3. Primers   

T7 promoter TAATACGACTCACTATAGGG GenScript, USA 

T7 terminator GCTAGTTATTGCTCAGCGG GenScript, USA 

 *Tetr, tetracycline resistance. Ampr, ampicillin resistance. Cmr, chloramphenicol resistance. 
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Introduction 

Chapter 6 utilises the direct adsorption of methylated DNA on to the pre-immobilised Z6-

PHB nanobeads surfaces. The high surface area of Z6-PHB nanobeads (i.e. high amount 

of targets onto the sensing surface) and use of hydrogen peroxide/horseradish 

peroxidase/hydroquinone (H2O2/HRP/HQ) redox cycling system offer a sensitive method 

for the analysis of global DNA methylation. In this method, in the presence of methylated 

DNA, the enzymatically produced (in-situ) metabolites (i.e., benzoquinone (BQ)) may 

bind irreversibly to cellular DNA resulting in the formation of DNA adducts and induced 

oxidative DNA strand breaks. These events may significantly affect the continual redox 

cyclic system. The method is tested in samples collected from ovarian cancer patients. 

Chapter 6 is based on a submitted article to Cancers. 
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Chapter 6: Electrochemical Detection of Global DNA Methylation 

using biologically assembled polymer beads  

 

 

6.1 ABSTRACT 

DNA methylation is a cell-type-specific epigenetic marker that is essential for 

transcriptional regulation, silencing of repetitive DNA and genomic imprinting. It is also 

responsible for the pathogenesis of many diseases, including cancers. Herein, we present 

a simple approach for quantifying global DNA methylation in ovarian cancer plasma 

patient samples based on a new class of biopolymer nanobeads. Our approach utilises the 

immune capture of target DNA and electrochemical quantification of global DNA 

methylation level within the targets in a three-step strategy that involves (i) initial 

preparation of target single-stranded DNA (ss-DNA) from the plasma of the patients’ 

samples, (ii) direct adsorption of polymer nanobeads on the surface of a bare screen-

printed gold electrode (SPE-Au) followed by the immobilisation of 5-

methylcytosine(5mC)-horseradish peroxidase (HRP) antibody, and (iii) immune capture 

of target ss-DNA onto the electrode-bound PHB/5mC-HRP antibody conjugates and their 

subsequent qualification using the hydrogen peroxide/horseradish 

peroxidase/hydroquinone (H2O2/HRP/HQ) redox cycling system. In the presence of 

methylated DNA, the enzymatically produced (in-situ) metabolites, i.e., benzoquinone 

(BQ), binds irreversibly to cellular DNA resulting in the unstable formation of DNA 

adducts and induced oxidative DNA strand breakage. These events reduce the available 

BQ in the system to support the redox cycling process, and sequel DNA saturation on the 

platform, subsequently causing high Coulombic repulsion between BQ and negatively 

charged nucleotide strands. Thus, the increase in methylation levels on the electrode 

surface is inversely proportional to the current response. The method could successfully 

detect as low as 5% methylation level.  In addition, the assay showed good reproducibility 

(% RSD= <5%) and specificity by analysing various levels of methylation in cell lines 

and plasma DNA samples from patients with ovarian cancer. The method avoids bisulfite 

treatment and can detect global DNA methylation using clinically relevant quantities of 

sample DNA without PCR amplification. We envision that our bioengineered polymer 

nanobeads with high surface modification versatility could be a useful alternative 

platform for the electrochemical detection of varying molecular biomarkers.
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6.2 INTRODUCTION 

Epigenetic regulation of gene expression is expedited by mechanisms such as DNA 

methylation, histone modification and nucleosome positioning along the DNA.1 The 

interaction between epigenetic elements enables a balance between transcription and 

repression by altering the chromatin architecture.2 Thus, regulating DNA clusters ensures 

proper maintenance of precise chromosome replication, gene expression, and stable gene 

silencing.3 DNA methylation is one of the most commonly occurring epigenetic events in 

the mammalian genome that plays a critical role in normal cell physiology.4 It is a 

covalent chemical modification that results in the addition of a methyl group (-CH3) at 

the 5th position of the cytosine moiety observed within the cytosine-guanine (CPG) 

dinucleotides. DNA methylation is essential for several cellular regulatory pathways such 

as X-chromosome inactivation, genomic imprinting, long term gene silencing and 

regulation of chromatin structure.5 While appropriate DNA methylation is essential for 

normal biological processes, distinct and aberrant methylation patterns can result in a 

number of diseases including cancer.2,6  In particular, increasing studies have 

demonstrated that methylation of the promoter regions of several genes, including known 

tumor suppressor genes, results in the subsequent failure to express their functional 

proteins. Thus, aberrant DNA methylation patterns are a promising biomarker for early 

detection and assessment of future cancer risk owing to their early manifestation in 

carcinogenesis.7 

 

To date, various approaches for detecting global DNA methylation have been developed, 

including polymerase chain reaction (PCR),8 combined bisulphite restriction analysis,9 

enzyme-linked immunosorbent assay (ELISA),10 high-performance liquid 

chromatography (HPLC)–based assay,11 high-performance capillary electrophoresis12 

and electrochemical approaches.13,14  These conventional analysis approaches can provide 

superior information about the position and molar fraction of 5-mC for each cytosine (C) 

within the DNA sequence. Among these approaches, electrochemical methods offer 

sensitive, simple, rapid, and low-cost analysis of global DNA methylation and are highly 

amenable to miniaturisation and multiplexing. Existing electrochemical global 

methylation assays mostly rely on the enzymatic reaction and amplification, electroactive 

species and DNA nucleobases affinity interactions to detect the overall DNA methylation. 

However, these techniques require long analysis intervals, experienced personnel, labels 

and expensive instrumentation, and false-positive results, which often occur during the 
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bisulphite conversion step.15.  These limitations hinder their widespread applicability in 

clinical settings. As such, precise quantification of methylation levels in both regional and 

whole genome provides a better understanding of cancer prognosis, diagnosis and aids 

the development of therapies. 

 

 Epithelial ovarian cancer is one of the most prevalent gynaecological cancers in women 

and commonly found in postmenopausal women, after months of abdominal pain and 

distention. Advanced stage at diagnosis, poor prognosis and high incidence of resistance 

to therapy account for the most critical hurdles for ovarian cancer patients. Recently, our 

group has developed an amplification-free platform for the naked-eye observation and 

electrochemical quantification of long non-coding RNAs in ovarian cancer patients.16 

DNA methylation is another biomarker that plays a vital role in ovarian cancer, with 

several tumour suppressor genes shown to be hypermethylated.17 The utility of DNA 

methylation cancer-biomarkers may be exemplified in cancer treatment, as they are 

chemically stable and since cancer-associated changes in methylation predominantly 

precedes tumour growth. Currently, ovarian cancer screening is reliant on the prevailing 

usage of blood-based CA125 protein biomarker and transvaginal ultrasound, which can 

detect ovarian cancer in the preclinical phase in a substantial portion of cases. However, 

other factors can also result in elevated CA125 levels, such as menstruation, 

endometriosis, or ovarian cysts. As such, the lack of accurate disease risk classification 

during ovarian cancer screening has led to several health burdens associated with 

unnecessary biopsies and overtreatment of patients. 

 

The continuous progress in the synthesis and processing of innovative nanomaterials that 

can be applied in bioassays has ushered into an era of nano-sized lab-on-chip technologies 

to detect disease-specific biomolecules. In particular, engineered nanomaterials such as 

polyhydroxybutyrate (PHB) nanobeads have recently been used in biosensing assays due 

to their unique properties, which can significantly improve the analytical specificity and 

sensitivity. Synthesised from E. coli, bioengineered PHB nanobeads represents a diverse 

family of biopolymers with unique thermal properties and mechanical characteristics that 

are useful for biosensing.18,19 The biological assembly of PHB nanobeads enables the 

oriented immobilisation of various biomolecules on their surface for target-specific 

recognition and capture. It also makes them suitable for biomedical applications without 

inducing undesired immune responses. PHB itself is well tolerated by mammalian 
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systems20-22 and this led to its use in implants such as bone scaffolding and other medical 

settings due to their biocompatibility and elastomeric properties.21, 23   

 

Several studies have highlighted that DNA methylation sites can be specifically 

recognised using a family of proteins that contain conserved methyl-CpG binding 

domains.24, 25  Thus, methyl-CpG binding domains may be applied as specific analytical 

tools to detect methylated DNA sequences as well as MTase activity. The affinity 

interactions between anti-5mC and methylated ssDNA can be utilised to develop methods 

that can simultaneously detect methylation patterns at different genes or different gene-

specific methylation loci26 by hybridiation of the ssDNA captured onto 5mC antibody 

with appropriate complementary probes.  

 

Herein, we developed and studied a simple and rapid assay for the detection of global 

DNA methylation using PHB nanobeads in DNA samples obtained from patients with 

ovarian cancer and benign ones as a control group. To achieve a more extensive 

interacting active area on the sensing surface, PHB nanobeads were directly adsorbed on 

the sensing platform to simplify our assay design by avoiding multi-step sensor 

fabrication processes that are usually associated with DNA hybridisation-based assays. 

PHB beads had been engineered to display IgG binding ZZ domains27-31 in order to bind 

to specific 5mC antibody peroxidase conjugate and resulting antibody coated beads were 

then tested for highly specific and efficient capture of methylated DNA on the modified 

electrode surface. In the presence of HRP and HQ, the electrode generated enhanced 

amperometric responses via the H2O2/HRP/HQ redox cycling system. In the presence of 

methylated DNA, the enzymatically produced (in-situ) metabolites [i.e., benzoquinone 

(BQ)] binds irreversibly to cellular DNA resulting in the unstable formation of DNA 

adducts and induced oxidative DNA strand breakage.32-34 These events reduce the 

available BQ metabolite in the system. In addition, the induced oxidative strand breaks 

results in the DNA saturation on the electrode surface, and under these circumstances, the 

Coulombic repulsion between BQ and negatively charged nucleotide strands repels 

additional BQ molecules to approach the electrode surface and therefore generates a 

reduced level of Faradaic current. This decreasing trend of Faradaic current response is 

inversely related to the amount of adsorbed methylated DNA, thus allowing for 

quantitative DNA methylation detection.  
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6.3 EXPERIMENTAL 

6.3.1 Reagents and chemicals  

All chemicals and reagents were of analytical grade and obtained from Sigma Aldrich 

(Sydney, NSW, Australia). UltraPure water was purchased from Invitrogen (Carlsbad, 

CA, USA). SPE-Au with three-electrode system were purchased from Dropsens 

(Llanera, Asturias, Spain). In the three-electrode system, working (diameter = 4 mm) 

and counter electrodes were gold, and reference electrodes were silver-modified 

electrodes respectively. Hydroquinone and hydrogen peroxide solution were 

purchased from Thermo Fisher Scientific Australia Pty Ltd (Scoresby, VIC, 

Australia). 5-methylcytosine (5mC) antibody and horseradish peroxidase (HRP) 

conjugation kit were purchased from Abcam (Melbourne, VIC, Australia). 

 

6.3.2 DNA preparation  

CpGenome human methylated and non-methylated DNA standard set Jurkat DNA (100% 

methylated) was purchased from Merck (Sydney, NSW, Australia). Whole genome 

amplification (WGA) DNA was generated using the protocol of REPLI-g whole genome 

amplification kit (Qiagen). 

 

6.3.3 Preparation of DNA from Cell Line and Ovarian Cancer Samples 

Ovarian cancer cell line samples (SKOV3 and OVCAR3) together with normal cell line 

(MeT-5A) were cultured using RPMI-1640 growth medium (Life Technologies, 

Australia) supplemented with 10% foetal bovine serum (Life Technologies, Australia) 

and 1% penicillin/streptomycin (Life Technologies) This was carried out in a humidified 

incubator with 5% CO2 flow at 37 °C. All cells were collected after four days for DNA 

extraction. The declaration of Helsinki and approval by the ethics committee of the 

University of Queensland and the Ochsner Medical Center (New Orleans, USA) was used 

to collect the plasma samples. Centrifugation at 2,000 x g for 10 min was performed to 

isolate plasma from whole blood sample and subsequently stored at −80 °C until analysis. 

Appropriate procedures were used to collect the ovarian cancer samples and they were 

classified according to their histotype (e.g. stage I and stage III), and stored at −80 °C in 

the Biobank units. In this study, only patients with epithelial ovarian cancer high-grade 

serous subtype (n = 6) and benign samples (n = 2) were used. DNeasy Blood & Tissue 
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Kits (Qiagen, Australia) was employed to extract DNA and the concentration was 

measured using a SPECTROstar Nano Microplate Reader (BMG Labtech) operated by 

MARS data analysis software.  

 

6.3.4 Electrochemical detection of methylated DNA sequences 

Electrochemical measurements were carried out using a CH1040C potentiostat (CH 

Instruments, USA) on screen printed electrodes. Z6-PHB nanobeads were directly 

adsorbed on a bare SPE-Au surface followed by 5mC-HRP coupled antibody. Then, 

isolated genomic DNA, after denaturation at 95 °C, was immobilised onto the surface 

bound 5mC/HRP-PHB nanobead. The peroxidase activity of HRP via the H2O2/HRP/HQ 

redox cycling system was then used to achieve an electrochemical quantification of 

methylated DNA sequences present in the cell line and plasma solutions. The 

amperometric responses recorded throughout the manuscript correspond to the difference 

between the steady-state and the background currents and are an average of at least three 

replicates. 

 

6.3.5 Preparation and Characterization of PHB Nanobeads 

E. coli BL21 (DE3) harboring pMCS69 plasmid was transformed with pET14b_PHB 

(plain PHB nanobead negative control), pET14b_Z6-PHB (PHB nanobeads displaying 

ZZ domains as positive control), and pET14b_Fe3-Z6-PHB (PHB nanobeads displaying 

ZZ and Fe binding peptides). The pMCS69 plasmid comprises the genes encoding PhaA 

and PhaB enzymes of Ralstonia eutropha that enables the production of the precursor R-

3-hydroxybutyrate-coenzyme A mediating PHB production.35 The recombinant E. coli 

BL21 (DE3) strains were grown at 37 C until optical density at 600 nm (OD600) reached 

0.5-0.8 and subsequently induced by addition of 1 mM isopropyl-β-ᴅ-

thiogalactopyranoside (IPTG) (Goldbio, USA). The culture was incubated further for 48 

h at 25 °C. The cells were harvested and PHB nanobeads were isolated and purified as 

previously described.36 PHB nanobeads were stored in 10 mM Tris-HCl (pH 7.5) with 

20% ethanol. 

 

Nile-red staining and fluorescence microscopy (FM) were used to detect and analyse the 

cells producing PHB nanobeads as previously described.37 The morphology of the PHB 

nanobeads was observed using transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM). The preparation of samples for TEM followed procedures 
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previously described.38 Prior to SEM analyses and imaging, the PHB nanobeads were 

subjected to immobilisation, drying and sputter-coated with an ultrathin layer of platinum 

in an argon atmosphere to make them electronically conductive. The average particle size 

and zeta-potential of the purified PHB nanobeads were determined by dynamic light 

scattering (DLS) at room temperature, using Zetasizer Nano-ZS (Malvern Panalytical, 

Malvern, U.K.). The nanobeads were diluted prior to size measurement to avoid multiple 

scattering effects. All measurements were performed in triplicate. To analyse the PHB 

content of the whole-cells and purified PHB nanobeads, the lyophilised samples were 

processed and subjected to crotonic analysis as previously described.39 The 

superparamagnetism activity of the Fe3-Z6-PHB nanobeads was analysed by vibrating 

sample magnenometer (VSM) measurements at room temperature as previously 

described.40 

 

6.3.6 Electrode surface characterisation  

The surface morphology of all the electrodes were investigated using scanning electron 

microscope (SEM) and Atomic force microscope (AFM). A TESCAN MIRA3 FEG-SEM 

with an in-beam detector was used for SEM analysis. While the AFM images were 

obtained with a Bruker Icon PT in air. The surface composition of the samples was 

analysed by XPS. The XPS spectra were recorded using an AXIS Supra photoelectron 

spectrometer (Kratos Analytical, UK) with an aluminum anode to produce X-rays [Al Kα 

(hV = 1486.7 eV)]. All the electrodes were grounded with the carbon tape to prevent 

charging. Charge compensation was also used to record the wide and high-resolution data 

from each sample. 

 

Functionality of PHB Nanobeads Displaying ZZ Domains 

An IgG-binding capacity assay was used to assess the functionality of Z6-PHB nanobeads 

as previously described.41 PHB nanobeads of 40-60 mg wet weight were used and washed 

twice with 1x PBS buffer (pH7.5) by pipetting. Samples were centrifuged at 6,000 × g 

for 4 min between each wash in order to remove the ethanol. All samples were re-

suspended in 500 μL 1x PBS buffer and 5 mg of human IgG (Sigma-Aldrich, USA) was 

added to each sample and incubated at 25 °C for 30 min with agitation to allow IgG 

binding to occur. After incubation, the tubes were centrifuged at 6,000 × g for 4 min and 

the unbound fraction of IgG in supernatants were aliquoted and analysed. The sediment 

was washed three times with 1×PBS buffer by pipetting, subsequently followed by 
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centrifugation at 6,000 × g for 4 min between each wash. Bound IgG from PHB 

nanobeads was eluted by re-suspending the sediment in 0.5 ml of 50 mM Glycine 

(pH 2.7) and incubated at room temperature for 5 min with agitation. Then, the samples 

were centrifuged at 16,200×g for 4min and the eluted IgG in supernatant was neutralised 

by adding 10 μL of 1 M K2HPO4 and analysed. Protein concentrations were analysed 

using the Bradford assay. 

 

6.4 RESULTS AND DISCUSSION 

6.4.1 Assay principal 

Fig. 6.1 shows the electrochemical detection assay principle of DNA methylation. The 

first step in our assay preparation involves the direct adsorption of PHB nanobeads onto 

a bare SPE-Au surface. This was followed by immobilising a specific 5mC antibody for 

methylated DNA conjugated with HRP. Then, isolated genomic DNA was denatured to 

generate ssDNA, and immobilized onto the surface-bound 5mC/HRP-PHB nanobead. 

The peroxidase activity of HRP via the H2O2/HRP/HQ redox cycling system was then 

used to achieve an electrochemical quantification of methylated DNA sequences present 

in the cell line and plasma solutions. The functionality of the assay was determined by 

comparing the assay performance in detecting 100% of methylated DNA target sample. 

As observed in Fig. 2, the total current density achieved with methylated DNA (100%, 

right bar) and WGA (0%, left bar) were 3.22 and 32.7 µA cm-2) respectively. The 

increased current response for WGA could be due to the HRP saturation level on the 

electrode surface, which allows a huge amount of available HQ to participate in the redox 

cycling processes. In the presence of methylated DNA (100%), a significant decrease in 

current response is observed. This may be attributed to the quinone metabolite generated 

in the redox cycling process, which facilitated the irreversible formation of unstable DNA 

adducts resulting in the deficiency of available metabolite in the redox cycling system. 

This may, therefore, steer a decrease in the current response. In addition, the oxidative 

DNA strand breaks induced by the electrophilic attack on DNA by BQ saturate the 

electrode surface with DNA, thereby increasing the Coulombic repulsion between BQ 

and negatively charged DNA42,43 The Coulombic repulsion of BQ ions away from the 

surface could significantly lower current for 100% methylated sample compared to the 

unmethylated sample. This decrease in Faradaic current with respect to baseline (0% 

methylation) is also inversely proportional to the amount of adsorbed methylated DNA, 

thus allowing for quantitative methylated DNA detection. 
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Figure 6.1 Schematic representation of DNA methylation assay using PHB nanobeads 

for modifying the electrode surface. Preparation of target ssDNA from blood samples of 

ovarian cancer patients (top) followed by direct immobilisation onto the surfaced bound 

5mC/HRP-PHB complex. Direct adsorption of PHB onto SPE-Au and subsequent 

immobilisation of 5mC peroxidase conjugate (middle). The relative presence of 

methylated DNA is analysed by chronoamperometry in the presence of 

hydroquinone/H2O2 redox system (bottom). 
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Figure 6.2 (a) Amperometric current density responses with respect to the presence (red) 

and absence (control) of 100% methylated synthetic sequences. (b) Corresponding 

current density profiles for the 100% target (right bar) and control (left bar) samples. 

Error bars represent the standard deviation of three repeat trials. 

 

6.4.2 Characterisation of PHB nanobeads 

To confirm the direct adsorption of PHB nanobeads onto a bare SPE-Au surface, AFM 

of the electrode was recorded. The nominal height of PHB beads is depicted in Fig. 6.3a, 

confirming the direct adsorption. The adhesion profile was studied (Fig. 6.3b) to 

differentiate both PHB beats (dark brown) from the Au electrode surface (yellow). To 

investigate further the surface morphology of electrode at each step, SEM of the electrode 

was recorded. Figure 6.3c, shows the spherical morphology of the purified PHB 

nanobeads with Fig. 6.3d depicting the surface of the SPE-Au electrode. Figure 6.2e 

confirms the adsorption of PHB beads on the Au electrode surface. The 5mC/HRP 

conjugate, immobilised onto the surface-bound PHB nanobeads, can be seen in Fig. 3f. 
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Figure 6.3 (a) AFM of PHB nanobeads on the gold electrode depicting height. (b) 

Adhesion profile of the same region differentiating the gold substrate (yellow) from the 

PHB beads (brown). SEM image of (c) PHB nanobeads. (d) bare SPE-Au electrode. (e) 

PHB-modified SPE-Au electrode and PHB-5mC/HRP modified SPE-Au electrode (f).  
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Figure 6.4 High resolution C1s XPS spectrum of (a) bare SPE-Au electrode, (b) PHB-

modified SPE-Au electrode (c) PHB-5mC/HRP modified SPE-Au electrode (d) PHB-

5mC/HRP modified SPE-Au electrode with ssDNA.  

 

To further characterise the surface of the electrode after each modification step, XPS was 

recorded. Intiatl high resolution spectrom of cleaned bare SPE-Au electrode indicates 

presence of carbon on its surface (Fig. 6.4a), hence carbon element was chosen to monitor 

further modication of the electrode. The C1s signal of PHB-modified SPE-Au electrode 

(Fig. 6.4b) shows the presence of C-C signal (18.89%) and O-C=O (1.8%) indicating 

chemical signal of PHB beads on the electrode surface. The rest of the signal can be 

attributed due to substrate interaction. The inset of Fig. 6.4b shows the chemical structure 

of PHB bead with highlights on bonds detected in the high resolution C1s signal. The 

immobilization of the 5mC peroxidase conjugate on the PHB-modified SPE-Au electrode 

was further verified by recording C1s high resolution signal (Fig. 6.4c) from the electrode. 

The presence of C-C bond (13.71%) and C-N (2.77%) bond apart from signal from 

substrate confirms bonding of peroxidase conjugate (inset of Fig. 6.4c) on to the substrate. 

These modified electrodes were used in sensing ssDNA. After sensing the C1s high 

resolution signal (Fig. 6.4d) was again recorded in XPS to investigate the binding of 

ssDNA. The presence of π- π bond (3.30%) apart from C-C (24.24%) and C-N bond 
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(4.75%) again indicates towards successful binding of ssDNA and hence changing the 

C1s signal. The inset of Fig. 6.4d shows the ssDNA and highlights the bonds detected in 

C1s high resolution XPS signal.  

 

6.4.3 DNA methylation analysis in heterogeneous samples 

Global DNA methylation plays a major role in the pathogenesis of various types of genes 

by altering their expression.44-46 As such, precise detection of global DNA methylation 

level in complex biological specimens could aid in diagnosing and prognosis of human 

cancer.46 Recent reports have indicated that the presence of heterogeneous methylation in 

biological specimens often leads to difficulties in accurate detection and quantification of 

methylation with most samples consisting of both healthy and diseased cells.47 

Henceforth, it is imperative to quantify the heterogeneous methylation in a juxtaposed 

background. To assess the ability of the assay to distinguish heterogeneous DNA 

methylation, synthetic samples were designed by mixing 100% methylated Jurkat and 0% 

methylated WGA in different volume ratios to generate DNA samples containing 

different proportions (%) of methylation (i.e., 0%, 5% 10%, 50%, 75%, 90% and 100%). 

These samples were then directly adsorbed on the modified SPE-Au surface under 

optimised conditions and analysed via electrochemical readout methods (Fig. 5). The 

current density was decreasing with increasing methylation level. Fully methylated Jurkat 

samples exhibited the lowest current density, while the unmethylated WGA samples 

resulted in the highest current density. This can be explained by the fact that (i) lowering 

the amount of available HQ in the redox cycling process and (ii) increasing the Coulombic 

repulsion between the BQ and surface-attached DNA adducts increase with increasing 

the methylated levels in the target DNA sequences.  As outlined above in Section 3.1, this 

combined effect significantly reduces the Faradaic current with increasing levels of 

methylation (Fig. 5). The linear regression equation was found to be y = -3.92x + 34.4 

(C) with a correlation coefficient (R2) of 0.9917. A methylation change as low as 5% 

could be detected. This data can be accredited to PHB nanobeads’ superior 

physiochemical properties that provide a huge active surface area for antibody and target 

immobilization. The relative standard deviation of three independently fabricated sensors 

for detecting 10 ng uL-1 methylated target DNA was <5%, indicating an acceptable 

precision and fabrication reproducibility. Comparable results have also been reported 

previously based on colorimetry48,49  and gold-DNA13,50  affinity interactions-based 

approach. Additionally, our approach is highly comparable to various conventional 
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methods such as HPLC51 and mass spectrometry methods.52 However, these methods 

evaluate all cytosines across the genome to quantify methylation whereas our method 

only screen a subset of methylated CpG sites for quantification of global methylation. 

The lower limit of detection and reproducibility of the assay over a wide range of 

methylation level with low input DNA sample demonstrate the potential applicability of 

PHB nanobeads as electrode surface modifiers for enhanced sensitive electrochemical 

signal.  

 

 

Figure 6.5 (a) Amperometric curves corresponding to different % methylated synthetic 

oligonucleotides sequences in buffer solution (i.e., sample containing 0%, 5%, 10%, 25%, 

50%, 75%, 90% and 100%). (B) Their corresponding plot showing the magnitude current 

density profile. Each data point represents the average of three repetitive experiments, 

and error bars represent the standard deviation of measurements (%RSD = <5% for n = 

3). 

 

6.4.4 Detection of DNA methylation in cell line  

Metastasis, the process of cancer dissemination, is responsible for at least 90% of cancer 

deaths. Treating or preventing metastasis remains a long-standing aim in cancer research. 

However, tumors are a complex mixture of cancer cells which precludes the success of 

therapy. To understand what factors contribute to metastasis and treatment response, it is 

critical to characterise the tumor microenvironment (non-cancerous cells in the tumor 

tissue). Ovarian cancer offers a unique opportunity to study the tumour microenvironment 

because diagnosis often occurs at advanced stages when metastasis has already taken 

place. To test the applicability of our assay for detecting methylation levels in complex 

biological samples, DNA samples derived from two ovarian cancer cell lines (SKOV 3 



Chapter 6 

 

  

202  

and OVCAR 3) and one non-cancerous cell line (MeT-5A) were tested (Fig. 6). A fully 

unmethylated whole genome amplified (WGA) DNA and fully methylated Jurkat were 

used as internal standards. As anticipated, for all the cell lines and WGA samples, a 

substantial current density response was observed indicating the presence of different 

statuses of methylation. Similar to the synthetic DNA experiments, the relative current 

density response for SKOV3 and OVCAR3 was significantly lower ((21. 3 and 19.4 µA 

cm-2)) compared to WGA (32.7 µA cm-2), indicating that DNA sequences derived from 

SKOV3 and OVCAR3 could be hypermethylated at promoter gene. The 

chronoamperometric analysis shows that the current density changes derived from the 

cell lines are easily detectable on that of control. (Fig. 6b). This result is in agreement 

with our previously reported methylation levels in ovarian cancer cell lines.13 The 

methylation level of non-cancerous cell line MeT-5A (11.2 µA cm-2) is much lower than 

that of SKOV3 and OVCAR3, indicating hypomethylation at promoter gene. These 

results demonstrate that SKOV3 exhibit over 35% methylation and OVCAR3 more than 

41%. The cell line data shows good reproducibility of our assay (% RSD of <4.25% 

for n = 3) for the inter-assay signals for analyzing DNA methylation levels in the ovarian 

cancer cell line without prior amplification or pretreatment. The methylation statuses 

obtained for the cell lines indicate that the proposed assay may be an alternative for 

detecting global methylation in cell-derived samples. 

 

 

Figure 6.6 Analysis of ovarian cancer cell lines and normal cell line. (a) Amperometric 

response for positive ovarian cancer cell line (SKOV3 and OVCAR3), normal cell line 

(MeT-5A) and internal controls (WGA and Jurkat). (b) Corresponding current density 

profiles. Each data point represents the average of three repetitive trails, and error bars 

represent the standard deviation of measurements (%RSD = <5%, for n = 3). 
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6.4.5 Analysis of DNA methylation in clinical samples 

The applicability of our assay to analyse clinical samples was demonstrated by analysing 

six plasma DNA samples (P1-P6) derived from patients with primary ovarian cancer. Two 

ovarian benign tissue DNA samples (B1 and B2) were also used as a control. As depicted 

in Fig. 6.7 all samples exhibited various methylation levels. The current density response 

for NoT with respect to that of the benign samples clearly show the partial methylation 

for the two samples. More so, by juxtaposing the current density responses obtained in 

cell lines (Fig. 6.6), we can estimate that six DNA samples derived from ovarian cancer 

high-grade serous subtype cancer patients were highly methylated. 

 

 

Figure 6.7 Analysis of patient samples. (a) Current density responses obtained for two 

benign ovarian cancer patients (B1-B2) and six patients of high grade serous subtype 

ovarian cancer (P1-P5) (b) corresponding bar figure showing the magnitude of the 

current density response obtained for benign and high grade serous subtype ovarian 

patient samples. Each data point represents the average of three repeat experiments, and 

error bars represent the standard deviation of measurements (%RSD=<5% for n=3). 

 

6.5 CONCLUSIONS 

This study describes the development of a simple and new method for quantifying DNA 

methylation events using PHB nanobeads. The method illustrates the application of PHB 

nanobeads as electrode surface modifiers which in turn facilitate the adsorption of a 

specific antibody for methylated DNA. The detection was achieved by direct 

immobilization of various DNA samples onto a 5mC/HRP-PHB nanobead modified 

electrode. This method eliminates several modifications and functionalisation steps 

involved in conventional assays. In addition, it also avoids PCR amplification and the 

need for sequencing analysis. Most importantly, we have demonstrated the clinical 
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feasibility of our method to detect methylation levels in ovarian cell lines and clinical 

samples from ovarian cancer patients.  Unlike conventional methods, our assay’s high 

analytical efficiency, ease of use and low sample input may be useful for routine clinical 

diagnostics and a variety of other applications. 
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Chapter 7 : Conclusions and future perspectives 

 

The work described in this PhD Thesis shows a new paradigm for the use of liquid biopsy 

approaches in the detection and management of ovarian cancer. The appropriate 

knowledge in surface chemistry, electrochemistry and molecular biology combined with 

the recent advances in biosensor technologies, enabled the development of efficient 

analytical technologies for early diagnosis of ovarian cancer by liquid biopsy. The key 

points proposed here involved the design of a biosensing approach for ovarian cancer 

diagnosis, utilising self-assembled bioengineered nanomaterials which offered a rapid 

and simple detection of tumour derived materials circulating in biological fluids. More 

so, the in-depth physical and biochemical characterisation of PHB nanobeads as well as 

the evaluation of the sensor surface biofunctionalisation allowed an overall enhancement 

of the bioanalytical performances, resulting in direct and reliable discrimination of 

HOTAIR lncRNA, methylated DNA and exosomes, with good reproducibility in clinical 

patient samples. 

 

This thesis describes the design and development of a few platform technologies for 

simple, specific, rapid, and inexpensive analysis of HOTAIR lncRNA, DNA methylation 

and exosomes. At first, in chapter 3, we developed a HOTAIR lncRNA detection assay 

using electrochemical biosensing approach. In this method, sequences of HOTAIR 

extracted from cells and plasma samples derived from ovarian cancer patients were 

magnetically purified, isolated and evaluated by amperometry using the H2O2/HRP/HQ 

system. This method showed great analytical performance with the lowest detectable 

concentration of 1 fM and reproducibility of (% RSD <5% for n 3). The magnetic 

purification and isolation technology using dynabeads, provides rapid and gentle 

separation of HOTAIR targets and minimises the matrix effects of the biological sample, 

which further increases the assay performance. The specificity of the assay is improved 

by allowing the duplex hybridisation which subsequently enhances the sensitivity. 

 

The second detection platform developed in chapter 4 utilised the visual (colorimetric) 

estimation and subsequent electrochemical quantification of ovarian-cancer-specific 

HOTAIR.  This method also achieved a high analytical performance and reproducibility 

similar to the aforementioned method. The naked-eye discrimination analysis 
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demonstrated our approach offers substantial and highly practical opportunities for low-

cost and user-friendly point-of-care diagnosis for resource-poor environments, as it can 

be used as a first-pass screening for ovarian cancer to determine the amount and gravity 

of the disease. 

 

We have also developed an assay platform in chapter 5 based on bioengineered 

superparamagnetic PHB nanobeads for efficient isolation and electrochemical detection 

of DNA methylation and exosomes. The performance of superparamagnetic PHB 

nanobeads as capture resins was assessed by characterising their magnetic and specific 

binding properties in the electrochemical detection assay of methylated DNA-recognition 

mediated by the bound HRP antibody conjugate. Following the magnetic isolation of 

methylated DNA targets, electrochemical target quantification was achieved by direct 

adsorption of the eluted methylated DNA on a SPE-Au surface and amperometry using a 

catalytic redox cycling system of H2O2/HRP/HQ. We achieved a high analytical 

performance (LOD = 5% DNA methylation, %RSD ≤ 5.0) in human plasma matrix and 

cancer cell lines.  

 

The utility of superparamagnetic PHB nanobeads was further demonstrated using CD9 

antibody-mediated specific capture of cancer cell derived exosomes. These exosomes 

were eluted from the nanobeads which were subsequently isolated by magnetic 

separation. The assay achieved a LOD of 103 exosomes/mL with a relative standard 

deviation of three independent measurements of <5% indicating a good reproducible 

platform. The superparamagnetic PHB nanobeads are capable of serving as bioseparation 

resin for large-scale batch-mode purification of exosomes, which increasingly attract 

interest as diagnostics markers and therapeutic applications. Given that the PHB 

nanobead surface can be readily tuned for efficient isolation and electrochemical 

detection of different targets, we believe that the developed superparamagnetic PHB 

nanobead-based electrochemical assay offers a versatile diagnostic platform for specific 

and sensitive detection of various disease biomarkers. 

 

The research work in this thesis introduces a novel affinity system for immobilisation of 

bioreceptors, signal amplification strategies, and novel nanostructured biosensors. Our 

developed colorimetric and electrochemical platforms paved the way for a systematic 
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approach for HOTAIR lncRNA detection. The combined visual evaluation (naked eye) 

and subsequent electrochemical readout provides a promising tool for screening of cancer 

in resource-poor environments. However, lncRNAs are relatively unstable at room 

temperature and more prone to RNase degradation. As such, intensive care is required 

during storage, extraction and purification. During the assay design, considerations 

should also be taken towards false-positive responses as a result of cross-talk amongst 

targets and closely related non-target RNA. In our assay, this has been minimised by 

employing magnetic-bead based purification and innovative transduction platform. 

However, the opportunity to eliminate false-positive responses considering other state-

of-the-art approaches is still wide open. 

  

Apart from the colourimetric and electrochemical methods applied in this thesis, the use 

of surface enhanced Raman scattering (SERS) readout could be an alternative for lncRNA 

detection. SERS generates distinctive signals for target molecules on nanostructured 

surfaces. As a multifaceted complex disease with no particular biomarker that can deliver 

comprehensive information about the exact disease, future perspectives may also be 

focused towards performing the analytical methodologies developed here in innovative 

biosensor platforms for rapid and multiplexed detection of cancer biomarkers in real 

clinical samples for many cancer mutations. With the recent advancements in the 

fabrication technologies for microfluidic and microelectromechanical systems, a fully 

automated device that can operate with minimal human interaction will be fundamental 

in the future. In addition, extensive clinical evaluation (with large cohorts of patient 

samples, blind studies, cross-institutional and cross-technological validations) of 

developed detection platform is vital for ensuring high performance suitable for clinical 

use. The sandwich hybridisation approach showcased in this thesis, though it is efficient 

and straightforward to perform, it is currently the most tedious and time-consuming step 

in the entire assay. A more ideal preparation protocol would be a direct sampling 

methodology whereby the purified samples are directly adsorbed on the sensor platform 

and detected. Hence, further work is to be done to ensure rapid and simplified target 

extraction and detection.  

 

This PhD thesis has provided a number of diagnostic platforms for CBs biosensing. While 

the detection of HOTAIR lncRNA, DNA methylation and exosomes were used primarily 
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as the targeted biomarkers, the developed diagnostic platforms can further be extended to 

other known CBs for screening of several diseases.  This could influence the current 

diagnosis of diseases by providing crucial information for clinical decisions that impact 

outcomes in serious acute illness. This will also contribute significantly to the progress of 

nanomedicine in clinical diagnostics to open the door to global health access in the future. 

 

While the development of broad platform technologies that underpin many in vitro 

diagnostic tests are continually adopted in clinical settings, these diagnostic tools still 

need to offer greater accessibility and test throughput that provide clear, rapid and 

actionable results for prescribed targeted diagnotic applications. The construction of a 

unique surface/architecture for biomolecular interaction still remains critical. Thus, 

specific tailored physical properties on the surface that can highly support target-surface 

interaction through multitude of forces needs to be optimised. To this end, we will further 

explore and validate our methods in analysing a large cohort of clinical samples. 

Additional works is also required to further develop DNA methylation detecting platform 

using Z6-PHB nanobeads. To develop this method as a generic and more robust platform 

for the analysis of DNA methylation, the effect of the levels and genomic distribution of 

methylcytosines on the DNA adduct formation and oxidative strand breaking at the Z6-

PHB nanobeads interface should be examined. This will benefit us to understand the 

affinity interaction between Z6-PHB nanobead and DNA molecules with differential 

patterning of methylcytosines. 

 

This thesis aims to do some additional work summarised as follows; 

 Extensive clinical evaluation and validation with large cohorts of patient samples, 

blind studies, cross-institutional and cross-technological validations to ensure the 

clinical utility of the developed platform technologies. 

 To validate the oxidative DNA strand damage and DNA adduct formation, affiity 

inteaction between Z6-PHB nanobead and DNA molecules with differential 

patterning of methylcytosines will be studied.  

 Further modification and engineering of PHB nanobeads with binding domains 

for nucleic acids 

 Build a portable platform device that integrates electrochemical and UV-vis 

detection for the early detection of ovarian cancer and other related diseases. 
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