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ABSTRACT 

 

 
Current drive for personalized medicine approaches is demonstrating an increasing need 

for reliable biomarkers and robust detection methods with less invasive and low-cost 

technologies. Despite of the limitations, early detection of genetic and genomic 

alterations shows a great potential to contribute to cancer patient management at many 

different levels, including diagnosis, treatment choice and monitoring, and identification 

of drug resistance. However, current molecular methods still lack the analytical 

sensitivity to detect low abundance mutations in high wild type DNA background. 

Recently developed minor-allele enrichment assays are practical and cost-effective, and 

allow detection of very low abundance mutations in liquid biopsy samples, that could 

have relevance in clinical management. Thus this work aimed to develop mutation 

specific nuclease based enrichment for most common oncogenic driver PIK3CA hotspot 

mutations. Enrichment was validated using cutting-edge technology, such as digital 

PCR, as well as combined with a novel, in-house, SYBR Green real-time quantitative 

PCR detection method. This advancement enabled detection of PIK3CA mutations in a 

variety of clinical breast cancer samples (tissue biopsy and blood) with a low mutant 

allele frequency. Moreover, this work led to a novel prediction model to accurately 

calculate initial mutant allele frequency in clinical samples. Finally, addressing a lack of 

standardisation in liquid biopsy sample preparation, in this thesis a microfluidic 

component application for circulating cell-free DNA preparation from whole blood to 

enriched circulating tumour DNA was developed and tested. This versatile workflow 

has the potential to be applied for routine diagnostic testing at the point of care. 
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CHAPTER 1: Introduction 

 

Liquid biopsy, the sampling of body fluids, allows the examination of various 

circulating biomarkers in a less invasive manner than traditional biopsy methods. One 

of these markers is circulating tumour DNA (ctDNA), shed from tumours, which can 

provide useful information without invasive and expensive traditional tissue biopsy 

procedures. However, such liquid biopsies have not yet been fully deployed in oncology 

care for diagnostic or screening purposes due to the small amounts of ctDNA present in 

the circulation and the large amount of background wild type DNA, which hinders the 

detection with current technologies. Another bottleneck in the introduction of liquid 

biopsies in healthcare units is the lack of standardised procedures for pre-analytical 

sample preparation, which can lead to delays and difficulties comparing study results. 

Relying on centralised testing in a few national labs (capable of standardising sample 

extraction at high throughput – but with long turn-around times), is not compatible with 

the use of these biomarkers for disease progression, or other applications where the 

sample processing and diagnosis need to be done rapidly, in a matter of 24 to 48h.  

This thesis focused primarily on developing rapid and sensitive enrichment and 

detection techniques for circulating tumour DNA that can be implemented with existing 

diagnostic workflows. Subsequently, these advancements were applied to develop and 

optimise a novel sample preparation technique in a microfluidic format that has the 

potential to improve early detection and characterisation of cancer using a simple blood 

sample. Chapter 2 covers the state of the art in circulating biomarkers, in particular, 

cell-free DNA (cfDNA), its origin, structure and significance in clinical applications for 

early diagnosis, patient monitoring and identification of treatment. In addition, the most 

common technologies to enrich and detect circulating tumour DNA and their integration 

in automated microfluidic format are reviewed. Chapter 3 describes all the materials and 

methods used to carry out experiments for this work. The results of Chapter 4 provide 

characterization of samples processed on microfluidic components, a blood plasma 

separation chip and an acoustic bubble micromixer for cfDNA extraction. In this 

chapter, two clinical applications of cfDNA are discussed – non-invasive prenatal 

testing and cancer. Chapter 5 describes PIK3CA mutant allele enrichment development 

and optimisation. Here, this method was combined with a low-cost SYBR Green 

detection method, which is accessible in any laboratory with a qPCR instrument. In this 



 

2 

 

chapter, a novel initial mutant allele fraction prediction model was introduced as well as 

applied on clinical breast cancer patient samples. Chapter 6 provides a combination of 

PIK3CA enrichment method with a more sensitive detection by digital PCR, which 

enabled the use of liquid biopsy sample analysis as well as detection of very low mutant 

fraction detection in tissue samples (e.g. frozen core biopsies and formalin fixed 

paraffin embedded (FFPE) tissues). Chapter 7 describes collaborative work to integrate 

enrichment method into a microfluidic device. Optimisation experiments of material 

choice, reagent storage, mixing approach, and validation experiments are reported there. 

In final chapter 8, the work achieved in this PhD (Chapter 4-7) is discussed in context 

together with proposed future work.  
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CHAPTER 2: State of the art 

 

2.1. Circulating biomarkers 

In medicine, a biomarker is measurable biological indicator that can give information on 

the presence or absence of a disease, or disease progression, and are classified into 

specific types: diagnostic, prognostic, and predictive. In recent years, circulating 

biomarkers gained a lot of attention as a potential target in drug discovery, development 

and medicine. Scientists are investigating different sources of biomarkers including 

blood, saliva, urine, cerebrospinal fluid, faeces. [1-3]. The discovery of circulating 

nucleic acids [4] focused a lot of attention on non-invasive diagnostic methods and 

helped to develop a new strategy, which is now called ‘liquid biopsy’ [5-7]. Here, the 

list of circulating biomarkers applies to nucleic acids – DNA (cell-free DNA, cell-free 

tumour DNA) [3, 8], RNA [9] – and circulating tumour cells [10, 11], that shed from 

primary tumours into blood and lymph, contributing to metastasis formation in the 

body. Exosomes and other extracellular vesicles [12], protein and lipid markers, cell-

free fetal DNA are also of interest as non-invasive biomarkers [13]. 

Circulating biomarkers can be utilized for different types of analysis (based on DNA, 

RNA, protein, or cells) and can provide complementary information by identifying 

genetic or epigenetic alterations,  regulation, cell morphology and protein profiles from 

tumour lesions [2, 14]. However, cell heterogeneity (CTCs, exosomes) or low target 

fraction (e.g. ctDNA vs total cell free DNA) can limit access to those biomarkers [15]. 

Although there are various approaches taken for each biomarker extraction, separation 

by size or affinity [16], the use of different techniques tend to be biased and may 

introduce differences across clinical study findings. This indicates the need for 

standardized sample preparation techniques that would enrich the target of interest for 

downstream analysis. 

Oncology is one of the biggest drivers in molecular diagnostics and is expected to be the 

fastest-growing sector in the foreseeable future [17], thus it is not surprising that liquid 

biopsy application in personalised medicine grew synergistically with the field of 

oncology. The definition of ‘liquid biopsy’ was first introduced in limited terms as a 

blood test which allows a diagnosis based on the enrichment of circulating cfDNA, 

tumour cells and exosomes [18]. The term ‘liquid biopsy’ was later expanded to other 
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body fluids [19, 20]. After the first discovery of circulating tumour DNA in 1948 by 

Mandel and Metais [4], it took over 50 years for liquid biopsy application to gain 

attention in the scientific community (Fig. 2.1). In this work, the main focus will be on 

circulating cfDNA. 

 

Figure 2.1. Liquid biopsy as a rapidly expanding application in cancer research. Number 

of publications since 1966 on PubMed using topic-based search with keywords ‘Liquid biopsy’, 

‘Liquid biopsy’ AND ‘Cancer’. Data acquired on 27/04/2020. 

 

2.1.1. Circulating cell-free DNA 

Discovery of circulating cfDNA started the research of a new potential genetic testing 

approach (Fig. 2.2). CfDNA in the human circulatory system shed by human tissue cells 

into circulation is being developed into a diagnostic and prognostic tool for clinical use 

to discriminate patients with cancer from healthy individuals. DNA of tumour origin 

was defined as circulating-tumour DNA (ctDNA). It took almost 50 years after the 

initial discovery of ctDNA in plasma [4] to report RAS mutation detection with the 

potential cfDNA biomarker in matching plasma and tissue samples [21]. Soon after, 

fetal cfDNA (cffDNA) was observed in maternal blood [6], which led to the first 

commercial prenatal diagnostic test to detect aneuploidies in 2011. In the meantime, 

cancer clinical studies were carried out to detect point mutations and investigate 

resistance mutations in ctDNA [22-25]. Liquid biopsy approaches became attractive 

because, unlike traditional tissue biopsies, they are much less invasive and provide a 

true representation of the overall disease and represent the full tumour heterogeneity. 
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The rationale behind circulating DNA testing lies in the opportunity to capture a 

comprehensive tumour profile. In 2016, the first cfDNA test for EGFR plasma analysis 

of advanced lung cancer patients was approved by FDA [26].  

 

Figure 2.2. Development of liquid biopsy. Reproduced from Domínguez-Vigil et al. [27]. 

 

2.1.1.1. Origin, structure and mechanism of release into circulation 

Most of the studies related to cfDNA have focused on clinical applicability, rather than 

the biological mechanisms behind the release pattern of cfDNA into the blood stream 

[28, 29]. However, the source of cfDNA in healthy individuals and cancer or other 

pathologies is an intriguing question. CfDNA is believed to be derived from cancer cells 

and non-cancer tissues that generate small DNA fragments and release them to 

circulation mainly during apoptosis, as a defence mechanism. Longer DNA fragments 

present in plasma were associated with cancer development accompanied by a 

programmed form of necrosis called necroptosis [3, 30, 31]. However, it was noticed 

that radiation induced necrosis in cancer patients resulted in reduced cfDNA levels [32]. 

Moreover, studies of cfDNA released from cell lines did not show the correlation 

between the cfDNA levels and the amount of apoptotic and necrotic cells, therefore the 

occurrence of cfDNA in circulation also combines more complex processes, such as 

active release, phagocytosis and exocytosis, mitotic catastrophe [33, 34] (Fig. 2.3). It 

was also shown that circulating tumour cells are not the main source of cfDNA, i.e. 

there are fewer CTCs in the circulation than genomic DNA equivalents [28, 35]. Also a 

major part of total cfDNA consists of non-mutated DNA. It was reported that mutant 

fraction of ctDNA can be as low as 0.1% and lower depending on disease progression 

[28, 36].  
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In terms of structure, different fractions of cfDNA were observed. The cfDNA 

population mainly comprises double stranded nuclear DNA and mitochondrial DNA 

[37-39], however other fractions have also been described, e.g. extrachromosomal 

circular DNA and single stranded, viral and bacterial DNA [40-42]. Thus in circulation, 

cfDNA can appear in different forms and the fragmentation level is still in discussion 

[43]. Some studies showed that cfDNA is released within particles (exosomes, apoptotic 

bodies) or as macromolecular structures (nucleosomes, virtosomes, DNA traps) [31, 43, 

44]. CfDNA packaging in extracellular vesicles was confirmed in cancer patients who 

showed elevated levels of nucleosomes and exosomes in peripheral blood [45]. 

However, a recent study denied dsDNA association with exosomes or any extracellular 

vesicles and claimed that previous conclusions were based on their co-purification [46]. 

It was proposed that cfDNA and histones are secreted through an amphisome-dependent 

mechanism instead. 

 

Figure 2.3. CfDNA in circulation. CfDNA analysis from blood can show genetic and 

epigenetic alterations and viral DNA. Tumour derived cfDNA is shed into circulation in 

different ways – necroptosis (a regulated form of necrosis), apoptosis and active secretion. 

Taken from Schwarzenbach et al. [3]  

 

It is speculated that apoptosis and other enzymatic processes have impact on cfDNA 

fragmentation, however cfDNA packaging in nucleosomes plays a crucial role in 

fragment size pattern. Nucleosomes are dynamic structures that consist of double 
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stranded DNA wrapped around histone protein complexes, and depend on the tissue 

origin and specific gene expression. Inter-nucleosomal fragmentation occurs due to the 

caspase-activated DNase in dying cells and the DNase II during phagocytosis. 

Fragmentation pattern and cfDNA origin from specific tissue was demonstrated in 

studies involving prenatal testing, organ transplantation, various diseases including 

diabetes, multiple sclerosis, heart conditions and cancer [43, 47]. Fragment analysis 

showed that cfDNA size varies between 40-200 bp with a peak at the 166 bp and 

depends on tissue of origin [48, 49]. CfDNA shed from most of the somatic tissues has 

been measured to be approximately 195bp, whereas cfDNA of neuronal origin has been 

fragmented to 165bp. It was also proposed that cfDNA might appear as molecules of 

thousands of base pairs [31], however, ctDNA and mtDNA were shown to be enriched 

in shorter fragment size population [48-51]. Despite the diversity, predominantly 

fragment length corresponds to mono- or oligonucleosomes. The nucleosome 

positioning in healthy individuals was comparable to hematopoietic lineages, where 

most of cfDNA is derived from white blood cells and red blood cell progenitors [52, 

53]. Some were shown of vascular endothelial cell, neuron and hepatocyte origin [52]. 

Meanwhile, in cancer patients it also aligned with cancer type [54]. All these studies aid 

for a better understanding of underlying biological mechanisms and technique 

development  for a more sensitive cfDNA or ctDNA detection and quantification [30].  

One of the most interesting cfDNA release mechanisms into the circulation is active 

release. In comparison to cell death mechanisms, active release is done by viable cells. 

One of the reasons for this is removal of damaged DNA, which is harmful to cells. 

However, the discharge of DNA also occurs but the mechanism has stayed unclear until 

now. Some of the examples of active DNA release are nuclei removal from maturing 

erythroblast, mtDNA discharge or NETosis [55-57]. Neutrophil extracellular traps 

(NETs) are neutrophil (or other cell like basophil and macrophages) derived structures 

containing DNA and peptides, which help in host defence by trapping microorganisms. 

Under specific stimuli neutrophils release DNA together with histones and peptides that 

serve as a web-like extracellular compartment [58]. Thus, one of well-established 

functions of cfDNA is an immunological effect due to its inclusion in neutrophil NETs 

[59]. It has been also proposed that NETs could be important in primary tumour and 

result in metastatic progression [31, 60]; they also might be involved in tumour growth 

and influence microenvironment [61] (Fig. 2.4). NETs were shown to aid trapping of 

tumour cells at distant sites facilitating metastasis and creating convenient conditions 

for migration into surrounding tissues. NETs components, such as matrix 
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metalloproteinase-9 (MMP-9), cathepsin G (CG) and neutrophil elastase (NE), have 

been shown to be important mediators of proliferation and angiogenesis. Therefore, 

NETs have a contradicting role in tumour progression – they can promote tumour 

growth or aid killing tumour cells. Therefore the therapeutic decisions might be made to 

enhance or inhibit NET formation [62, 63].   

 

Figure 2.4. NETs (neutrophil extracellular traps) role in tumourigenesis. It is postulated 

that NETs provide interaction sites for neoplastic cells and help them to travel and adhere to 

different organs, enhance tumour growth and angiogenesis. Matrix metalloproteinase-9 (MMP-

9), cathepsin G (CG) and neutrophil elastase (NE) have been shown to be important mediators 

of these processes. Adapted from Cools-Lartigue et al. [58]. 

 

2.1.1.2. Clinical application 

Precision medicine, which enables optimized and efficient medical care and treatment, 

is based on genetic and molecular profiling of patients. Various biomarkers are studied 

and once validated they can be applied in the clinic to diagnose or monitor diseases such 

as cancer, metabolic and cardiovascular diseases, prenatal pathologies, sepsis. 

2.1.1.2.1. Circulating tumour DNA 
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In oncology, tumour derived nucleic acids are studied as novel circulating biomarkers, 

although most of the studies are proof-of concept and at present only deployed under 

very regulated lab environments rather than the point-of-care (POC) [13]. 

Molecular analysis, such as genotyping of tumour tissue, has already become a common 

practice in oncology clinical setting. Although tissue biopsy can be used to define a 

tumour type and subtype, it is not considered to be practical enough to get the whole 

picture of malignancy as cancer cells in tumours are not all genetically identical. Also, 

tissue biopsy is considered to be a time and labour-intensive testing. This is one of the 

reasons why non-invasive molecular diagnostic testing via blood tests or so-called 

liquid biopsies is appealing as samples are easier to obtain and give dynamic measures 

rather than a snapshot of particular tumour site [64] (Fig. 2.5). Moreover, liquid biopsies 

could be a great tool to assess the success of treatment and/or gain of the resistance to 

applied therapy. It would also provide crucial information when tissue biopsy is absent 

or inaccessible.  

 

Figure 2.5. Tissue biopsy versus liquid biopsy. 

Although liquid biopsies have a potential to transform or at least complement current 

diagnostic and follow-up strategies, at the moment there are some inevitable drawbacks. 

Some cancers, i.e. lung cancer, have been associated with a high load of circulating free 

DNA. However, patients suffering from diabetes, cardiovascular diseases, hepatic 

disorders or other benign conditions, exhibit high cfDNA level in blood too [65]. In this 

case, the detection of ctDNA is an attractive approach. On the other hand, it only 

constitutes to a small amount of total circulating free DNA and requires sensitive 

detection methods to be applied in clinical settings. 

2.1.1.2.2. Circulating fetal DNA 
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In recent years prenatal testing has been transformed by maternal blood tests. Instead of 

usual suboptimal screening of maternal age, biochemical and ultrasound markers, a 

direct non-invasive interrogation of fetal genetic material through liquid biopsy has 

been implemented in clinical practice around the world to establish fetus chromosomal 

status for aneuploidies and genetic disorders. Such test can be used as a screening to 

identify patients who might have higher risk pregnancy where test results still need to 

be confirmed by invasive diagnostic tools (e.g. chorionic villus sampling and 

amniocentesis) [66]. Whilst a proportion of women will still need an invasive test, cell-

free fetal DNA (cffDNA) analysis will reduce the numbers. Therefore, the discovery of 

cffDNA in maternal blood has opened opportunities for a non-invasive prenatal testing 

(NIPT) in clinical use [6, 67].  

Early quantitative PCR analysis demonstrated fetal DNA fraction in maternal 

circulation as high as 3-6%, however, more sensitive quantification methods such as 

ddPCR and massive parallel sequencing showed cffDNA accounted for 10% of total 

cfDNA in maternal plasma [67, 68]. Although both, cell-free maternal and fetal DNA 

molecules, are short (166 bp and 142 bp), cffDNA was shown to be shorter and most 

likely originates from placenta rather than hematopoietic lineage [69, 70].  

Since cffDNA discovery, it was applied for fetus sex determination using conventional 

PCR to detect Y chromosome. The reported sensitivity through many different studies 

was confirmed to be as high as 95.4% with 98.6% specificity [71, 72]. Other clinical 

applications of NIPT include forensic paternity determination, fetal rhesus D (RhD) 

status, aneuploidy and monogenic disease detection [73-75]. Therefore, these highly 

sensitive methods have enabled NIPT in the clinical practice because of its non-invasive 

nature and broad application spectrum. 

2.1.1.3. Pre-analytical considerations 

In clinical perspective, sensitive and specific circulating biomarkers are crucial for 

monitoring the disease and delivering a diagnosis. Although cfDNA sample preparation 

is a crucial step in the whole analytical workflow, there is still no established standard 

operating procedure of handling circulating nucleic acid samples. In many cases this 

results with conflicting data gathered throughout different studies: overlapping cfDNA 

concentrations in cancer patients and healthy control samples, different results on 

cfDNA length and fragmentation [76]. Biased preference of samples, pre-analytical 

considerations such as the matrix of choice, collection tubes, storage conditions, sample 

handling between blood draw and processing, and analytical methods have a huge 
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impact on the obtained data, which sometimes makes it difficult to compare results with 

other studies [1]. 

Although ctDNA has emerged as a potential cancer biomarker to provide information 

about tumour genetics, dynamics, progression, and resistance to therapies, the detection 

techniques are still limited due to DNA fragmentation, low yield and low fraction in 

total circulating DNA. The most common way to obtain cfDNA is extraction from 

blood plasma or serum. The importance of matrix of choice has been widely discussed 

[5, 64, 77]. It was demonstrated that cfDNA yield in serum is higher, however, it was 

mainly due to white blood cell lysis and genomic DNA release to the sample, which 

hinders the detection of ctDNA. Thus, it has been shown that, in oncology, plasma is a 

better source of ctDNA due to lower amount of wild type background DNA [76, 78].  

The quality of plasma is important for accurate circulating biomarker detection and is 

usually affected by lysis of white blood cells which results in less defined separation of 

plasma, buffy coat and haematocrit, and contamination with background gDNA. To 

maintain the integrity of cfDNA after blood collection a couple of options are currently 

being advised. The use of EDTA tubes requires sample cooling at 4ºC after blood draw, 

performing plasma separation within 4 hour window and storing at -20°C for short-term 

storage without affecting cfDNA quality or at -80°C for long term storage [76, 79]. 

There are also alternative proprietary cell-stabilizing tubes that maintain cfDNA profile 

in whole blood for several days. However, both solutions have their drawbacks. The 

first one is hard to achieve if sample collection and analysis is performed in different 

sites, while specific stabilizing tubes might have agents that would interfere with further 

analysis [5]. Here the need of bringing cfDNA sample preparation to the point-of-care 

arises.  

In terms of DNA extraction, until early 1990s DNA purification was a long and 

hazardous process, however since then many different techniques of solid or non-solid 

DNA extraction were developed to substitute toxic materials and reduce the process 

time. Despite improvements in manual DNA separation on the lab bench, including 

safer protocols, these techniques are still time-consuming and prone to errors by 

unexperienced staff. The most common commercial kits are column-based extractions 

with optimised DNA yields (e.g. QIAamp circulating Nucleic Acid kit). However, there 

is still no standardised protocol of cfDNA purification, and at the moment the choice of 

technique highly depends on the downstream application of the product and lab 

equipment [80]. Also, cfDNA analysis directly from plasma has been demonstrated by 
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qPCR amplification using Velocity polymerase (Bioline) for difficult templates. 

Although the process was simplified and more cost efficient, the detection of ctDNA 

molecules could be limited due to plasma contaminants [81].  

Another variable throughout different studies and techniques is plasma volume. Input of 

plasma is usually in the range of 1-10 mL [82] but lower sample volumes were 

attempted for cfDNA quantification work too [83]. It is important to add that low 

plasma volume may not be sufficient to capture ctDNA molecules in very early stages 

of cancer, where variant allele fraction can be <0.1%.  

In summary, diverse methodologies and samples used across different laboratories make 

it challenging to compare gathered data. Therefore, standardising cfDNA or even 

ctDNA sample preparation seems essential. Reducing manual sample handling and 

bringing sample preparation to the point-of-care is an attractive option.   

2.1.2. DNA sequence analysis in cancer 

Inter- individual variations are very common in human genome. Most of the changes in 

the sequence are thought to have little to no impact on the phenotype if they appear in 

the non-coding sequence or do not change amino acid sequence, i.e. silent mutations. In 

recent years, there has been a tremendous amount of work done trying to understand 

what impact DNA sequence alterations have on human diseases including cancer. 

Multiple driver mutations have been highlighted to have a role in tumour growth and 

metastasis [84] (Table 2.1). However mutations in non-coding regulatory elements have 

been showed to be associated to cancer and poor prognosis [85]. Hence, mutation 

detection and quantification techniques have been extensively explored. Those 

approaches are based on hybridisation, polymerase chain reaction, next generation 

sequencing or combination of a few and show different performance, hence different 

applications.  
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Table 2.1. Prevalent somatic cancer hotspot mutations in known cancer driver 

genes across several cancer types. 

Gene 
Mutation (amino acid 

change) 
Cancer type 

AKT1 E17K 
Breast, skin, meninges, soft tissue, urinary 

tract, lung 

ALK 
F1174L, R1275Q, F1245V, 

I1171N 
Ganglia, breast, lung 

BRAF 
V600E, D594G, K601E, 

G469A, G466V 
Thyroid, skin, intestine, lung, endometrium 

CTNNB1 
T41A, S45F, S37F, S33C, 

D32Y 

Liver, CNS, endometrium, ovary, stomach, 

liver 

DDR2 R709* Stomach, endometrium 

EGFR L858R, T790M, G719 Lung 

ERBB2  

(HER2) 
L755S, V842I, V777L 

Breast, intestine, stomach, breast, 

endometrium 

FGFR2 K659E, S252W, N549K Endometrium, breast, lung, ovary 

FGFR3 S249C, Y373C, R248C Urinary tract 

H3F3A K28M CNS 

HRAS G13R, G12V, Q61 
Thyroid, skin, soft tissue, urinary tract, 

prostate 

IDH1 R132  CNS, glioblastoma 

IDH2 R140Q, R172K Lymphoid, CNS 

JAK2 V617F Haematopoietic and lymphoid 

KIT D816V, L576P Lymphoid, soft tissue, skin 

KRAS G12, G13 Intestine, lung, pancreas, ovary, endometrium 

MEK1 P124S, K57N, E203K Skin, lung, liver, ganglia 

MET T1010I Lung, thyroid, kidney, adrenal gland 

NRAS Q61, G12, G13 Skin, thyroid, lung, intestine 

PDGFRA D842V Soft tissue 

PIK3R1 R348, N564D 
Endometrium, large intestine, skin, breast, 

prostate, CNS, lymphoid 

PIK3CA 
H1047R, E545K, E542K, 

H1047l, R88Q 

Breast, intestine, endometrium, ovary, CNS, 

pancreas 

PTEN R130, R233* Endometrium, CNS, prostate, breast 

STK11  F354L Lung, breast, CNS 

TP53 R175H, R248, R273 Large intestine, breast, stomach, CNS 
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2.1.2.1. Circulating tumour DNA analysis approaches  

From an analytical perspective, the total amount of cell free DNA has not been well 

correlated to tumour type or subtype and it would not allow to distinguish between 

malignant or benign tumours or even healthy controls [50]. Moreover, the detection of 

cell free DNA derived from tumours (ctDNA) has been another obstacle in oncology for 

a long time. However, as cfDNA has been shown to be a poor prognostic marker on its 

own, more studies have been developed on cell-free tumour DNA capturing and 

quantitation even though ctDNA constitutes to only a little fraction (<1.0%) of total 

cfDNA (except in advanced metastatic cases) which is difficult to accurately quantify 

with standard approaches that require high tumour load. To support this Thierry et al. 

claimed that the total cfDNA amount should be measured as it gives valuable 

information on tumour mass, which combined together with ctDNA fraction measure 

would provide information on tumour dynamic and progression [31].  

PCR and sequencing-based approaches are the most used techniques for the detection 

and quantification of cfDNA and ctDNA. The preference of analytical method highly 

depends on limit of detection and the abundance of target of interest. While qPCR 

methods can be applied to detect ctDNA in patients with advanced disease, the early 

detection relies on more sensitive approaches such as ddPCR and NGS [86]. However, 

analytical sensitivity is not the only requirement for the development of new clinical 

tools. The translation from the research lab to clinical utility plays an important role in 

making impact in human health [87]. New tools have to be informative of a clinical 

action to fulfil the demand of the market.  

Genome-wide studies on cfDNA, enabled by whole genome or exome sequencing, 

provide a genetic and genomic information of cancer without prior knowledge of 

existing mutations that are patient specific. This approach has advantage of eliminating 

the need of invasive tissue biopsy analysis [86], however, it is only applicable in 

samples of relatively high tumour fraction (5-10%), which is limited to patients with 

advanced cancer [88]. Targeted sequencing approaches, e.g. CAPP-Seq, although 

providing less genome coverage, offers a more sensitive detection of ctDNA at the limit 

of detection as low as 0.02% [89]. However, sequencing-based analysis of cfDNA is 

labour-intensive and associated with high costs and requires technical expertise. 
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Introducing digital genomic approaches [90] allowed more consistent results in cancer 

research of ctDNA and enabled rare mutation detection and investigation of several 

genes in one sample [64]. Although targeted PCR detection methods, ddPCR and 

BEAMing, have been introduced to achieve an LOD of 0.01% and lower [91],  in this 

case, targeted next-generation sequencing has an advantage over digital PCR and 

BEAMing of increased coverage depth, sensitivity on genes of interest and a possibility 

to detect de novo mutations, although it is more labour-intensive and requires a higher 

level of data analysis [92]. However, current technologies still have limits of detection 

and optimal applications to inform on clinically relevant mutations (Fig. 2.6). Therefore, 

solutions to increase the sensitivity of these detection methods by ctDNA enrichment in 

the sample are in high demand.  

 

Figure 2.6. DNA detection and analysis methods. ARMS (amplification refractory mutation 

system) BEAMing (beads, emulsions, amplification and magnetics), PAP (pyrophosphorolysis-

activated polymerization), TAM-Seq (tagged-amplicon deep sequencing), ctDNA (cell-free 

tumour DNA). Reproduced from Diaz and Bardelli [64]. 

 

2.1.2.2. Mutant DNA enrichment strategies 

Early detection of cancer, monitoring response to treatment and residual disease require 

sensitive detection approaches. To uncover genome alterations in cfDNA ultra-deep 

sequencing technologies were utilised. Although the cost of sequencing has dropped in 

the last years, whole genome sequencing at high depth is still too costly for routine use 

at the clinical setting. Therefore different analytical needs are met with different 

approaches. Wide genome coverage sequencing is useful for screening of cancers of 

high mutational complexity, e.g. oesophageal cancer [93], while in disease monitoring 
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or screening of cancers with a high percentage of recurrent mutations, e.g. melanoma 

[94], the preference is given to targeted detection approaches.  

To address the need of increased sensitivity and lower the cost of detection methods, 

enrichment strategies were developed. In terms of sequencing methods, cancer panels 

used to enrich genomic regions of interest were establish for specific cancer types or 

across diverse tumour types. Lam et al. reported a study that compared commercially 

available sensitive sequencing panels including multiple clinically relevant mutations 

[95]. It was concluded that smaller panel detects most common variants in cfDNA with 

a higher sensitivity and concordance, while larger panels provide a screening across 

diverse tumour types including less common cancer types. 

To date, other enrichment methods showed improved detection at loci of interest as 

well. Some of these are based on modified PCR assay. Thierry et al. developed a 

sensitive, specific and reproducible method to determine variant alleles by allele-

specific quantitative PCR, called Intplex [25]. This assay consisted of a pair of primers 

and a wild type allele blocker, which would prevent amplification of wild type 

molecules, therefore enriching for mutant molecules. This approach was first developed 

for metastatic colorectal cancer patient cfDNA sample analysis and KRAS and BRAF 

mutation detection, however, it is applicable for any hotspot mutation. At its best 

detecting mutations at 0.01% fraction and lower, this test provided a low-cost 

alternative, although it heavily depends on target sequence and primer design.  

Another PCR-based approach addressing enrichment issue and capability to identify 

low-abundance mutations with high sensitivity is called COLD-PCR (co-amplification 

at lower denaturation temperature PCR) [96, 97]. This novel method enriches mutant 

DNA by utilizing intermediate annealing stage of heteroduplex formation and lower 

than usual denaturation temperature. In the annealing stage the minority of mutant 

molecules are more likely to form mismatch heteroduplexes with wild type molecules 

that require lower melting temperature than ideally matched double stranded DNA. 

Therefore, wild type molecule amplification is minimised. COLD-PCR technique is 

highly adaptable and can be used on qPCR platform with TaqMan probes, or combined 

with other downstream detection methods such as Sanger sequencing, pyrosequencing, 

MALDI-TOF mass spectrometry, high resolution melting analysis [98].  

Digital PCR technology is already one of the most sensitive approaches for targeted 

mutant DNA detection. However, the lower the variant allele fraction is, the more input 
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DNA is required for a robust detection and quantification. To overcome this limitation 

for limited input DNA samples, a simple approach called denaturation-enhanced digital 

droplet PCR (dddPCR) was developed by Makrigiorgos group [99]. Here it was shown 

that DNA denaturation of double stranded DNA before droplet formation doubles the 

number of positive droplets and therefore enhances the probability of detecting rare 

mutations in small input clinical samples without major changes in digital PCR 

workflow. 

Another technique for wild type allele elimination by nuclease activity was proposed by 

the same team [100-104]. Nuclease-assisted Minor-allele Enrichment with Probe 

Overlap (NaME-PrO) was developed to remove wild-type molecules in order to enrich 

for altered DNA and improve the detection of any desired target - hotspot mutations, 

small insertions/deletions, methylation changes, microsatellite instability. This method 

uses a pair of wild-type specific oligonucleotides that guide a thermostable duplex-

specific nuclease to the target for cleavage. Such sample treatment was demonstrated to 

improve the sensitivity of subsequent sequencing, ddPCR, HRM, and qPCR methods.  

Mutant DNA enrichment techniques by hybridization were also described in literature. 

One study showed mutant KRAS allele enrichment by biotinylated pyrrole–imidazole 

(PI) polyamide hybridisation probes [105]. Such probes provide high affinity to minor 

groove of DNA, however, they preferentially bind T, A and C bases. Thus this method 

is limited to enriching mutations that are alterations from guanine base. Another study 

utilising hybridisation probes, Synchronous Coefficient Of Drag Alteration (SCODA) 

purification, demonstrated enrichment by applying a periodic forcing electric field to 

drive target molecules towards the centre of a 2D region location [106]. Finally, 

CRISPR/Cas9 biology was also employed to enrich for minor alleles with deactivated 

Cas9 (dCas9) protein [107]. In normal conditions, Cas9 can be used together with a 

single guide RNA (sgRNA) to direct the protein for cleavage of target of interest 

containing a PAM site. Modified dCas9, polyhistidine-tagged but lacking nuclease 

activity, served for a specific immunomagnetic separation of target molecules, and 

therefore was reported to enrich for mutant allele. 

The multiplexing capacity of such methods depend on primer and probe binding affinity 

to target molecules and are mostly used for the enrichment and detection of a smaller 

number of hot-spot mutations [86]. 
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2.1.3. Prognostic value of circulating DNA in cancer  

Every year more and more people are diagnosed with cancer. According to worldwide 

statistics published by Cancer Research UK, approximately 17 million people were 

diagnosed with cancer in 2018. Clinically established circulating protein related 

biomarkers can only help to manage a disease for a minor group of patients [28]. The 

need of new generation circulating biomarkers with genetic information has been 

recognised. Although cfDNA emerged as an exciting tool, the quantification of total 

cfDNA levels did not prove to be highly informative. In healthy subjects levels can vary 

between 0 and 100 ng/mL of blood, while in cancer patients it spans a range between 0 

and 1000 ng/mL, or higher [3, 31]. Therefore, increased levels of cfDNA and genomic 

alterations have been associated with advanced or metastatic cancer patients in 

comparison to healthy controls or early-stage cancers [108]. Although in general higher 

levels of cfDNA have been related to tumour progression and poorer outcome of the 

disease, circulating DNA amount in blood has not been correlated to specific tumour 

type, size or location [28, 109]. CfDNA shedding was suggested to reflect tumour 

metabolic processes in cancer progression rather than just tumour burden [110]. Also, in 

some cases (i.e. glioblastoma) circulating DNA levels in blood are low because of the 

physical properties such as blood-brain barrier (Fig. 2.7). It is also known that injury, 

infection or excessive exercise can increase circulating DNA level in blood, thus 

cfDNA quantification on its own cannot be utilized as a predictive cancer biomarker 

[37]. Therefore, multi-analyte tools and several marker types (ctDNA genetic and 

epigenetic alterations, tumour-related proteins etc.) are more promising approaches. 
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Figure 2.7. Quantification of ctDNA fragments in advanced malignancies. Variability was 

seen even among the same tumour types. Error bars represent the 95% bootstrapped confidence 

interval of the mean. Taken from Bettegowda et al. [28].  

 

2.1.3.1. CtDNA as a biomarker for early detection of cancer and MRD 

Liquid biopsy has shown a potential to be become a useful tool for cancer diagnosis, 

personalised treatment choice, monitoring of minimal residual disease (MRD) and 

relapse. Conventional biopsies are restricted spatially and temporally, as it serves as a 

snapshot of a particular tumour site. However, due to inter- and intra-tumour 

heterogeneity less invasive techniques are needed to study genomic evolution of 

particular cancer [111, 112]. Whole genome and exome sequencing of ctDNA has 

shown promising results for a broad range of cancer of later stages before and during 

treatment. The only downfall for these studies was a requirement for a high mutant 

allele frequency in plasma [88, 113]. 

CtDNA detection in blood of patients with advanced stage of cancer has been 

extensively reported, however there is limited evidence of ctDNA analysis applicability 

in early cancer diagnosis yet [28]. While early detection of the disease is crucial in 
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cancer treatment, one of the biggest issues of liquid biopsies is insufficient sensitivity of 

detection methods. Due to the overlap of quantitative data of cfDNA in cancer patients 

and healthy individuals, qualitative assessment of aberrations is a suitable approach to 

analyse circulating nucleic acids for clinical setting [114]. Some promising results were 

published by Bettegowda et al. (2014) showing that nearly 50% of patients of stage I in 

their study  of different types of cancer had detectable levels of ctDNA, which increased 

to 2/3 of cases of patients with stage III malignancy [115]. Also some studies suggested 

that cfDNA analysis can outperform imaging techniques, such as computer tomography, 

and also inform of clinical decisions in a shorter period of time [115]. It has been shown 

that personalised analysis of ctDNA could also be used to detect the MRD, no-response 

treatment and identify patients that are susceptible for relapse earlier than the 

conventional techniques used in the clinical setting [91, 116].  

Another challenge for early detection of cancer is heterogeneity of every case and no 

universal marker can define a type of cancer. The issue of selecting multiple marker 

panels or personalized panels for every cancer patient has been discussed in literature 

[117]. For diagnostic and treatment selection purposes the panel of mutations should be 

established for a successful screening test in clinical settings. The current leader of next 

generation sequencing, Illumina, has founded a start-up company GRAIL to improve 

early cancer detection by developing a pan-cancer blood test [118, 119]. This initiative 

is focused on analysing and comparing genomic and cellular alterations in cancerous 

lesions and finding new tools and technologies to support targeted therapies. 

2.1.3.2. CtDNA in disease monitoring and advanced cancer 

Although utilisation of ctDNA is still a challenge in early detection of cancer, 

quantitative analysis of ctDNA from plasma holds promise in advanced disease 

monitoring and targeted therapy [23, 28, 120-122]. Somatic mutations status has to be 

determined in each patient in order to monitor ctDNA levels. One of the strategies is 

having broad panels for targeted sequencing with recurrent mutations in specific 

cancers. Thus targeted sequencing provides a cost-effective alternative, which allows 

direct mutation identification from plasma [123]. However, where higher sensitivity is 

needed, other technologies, such as ddPCR and BEAMing [23, 90], can be used to 

assess the presence of the mutations and to quantify ctDNA  

Expanding knowledge of the genetic mechanisms of cancer provides an opportunity of 

patient stratification in the clinic. Although tissue biopsy will continue to provide 

important information, liquid biopsy comes as alternative for minimally invasive serial 
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sampling over a course of treatment where repeated tissue sampling is impractical or not 

available (Fig. 2.8). 

 

 

Figure 2.8. A summary of ctDNA origin and application in cancer. Taken from Heitzer et al.  

[124] 

 

2.2. The use of microfluidic technologies for liquid biopsy sample preparation 

Microfluidic technologies have become a popular tool for developing liquid biopsy 

technologies to separate and analyse circulating biomarkers, such as CTCs, cell-free 

circulating tumour DNA, and exosomes [125-127]. Microfluidics is a multidisciplinary 

field, which involves engineering, physics, chemistry, nanotechnology and 

biotechnology, and refers to processing and manipulating of fluids in the range of 

microliters to picolitres in networks of channels, measuring from tens to hundreds of 

micrometres. Low sample and reagent volumes, high specificity and sensitivity, 

automation and the ability to integrate into multiple workflows provide advantages over 

conventional bench-top methods. In particular, microfluidics is poised to play a crucial 

role in the field of liquid biopsies by providing miniaturised, integrated and automated 

solutions for early cancer diagnosis, as well as treatment and relapse monitoring. 

Notably, remarkable progress has been accomplished in CTC separation and analysis, 

leading to the launch of several commercial instruments [128, 129], as well as the 

extraction of nucleic acids on microfluidic platforms [130]. Several reviews and 
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research articles that have been published on microfluidic DNA separation methods and 

their applications [80, 131, 132]. Solutions specific to cfDNA sample preparation have 

emerged only recently, and will be the focus of this state-of-the-art review.  

2.2.1. Blood plasma separation.  

The first step in the cfDNA pre-analytical workflow is the separation of plasma from 

blood. One of the biggest challenges of integrating this step in a microfluidic workflow 

is achieving both – high yield and high quality of plasma. The trade-off to achieve high 

yield and high plasma quality is to dilute blood samples, often in the range of 1:1 to 

1:20 with saline buffer [133]. One example of efficient passive separation is plasma 

separation using bifurcations, where cells are directed through the main channel and 

plasma is extracted through the side channel. Such platform is driven by hydrodynamic 

forces and bifurcations enhance plasma yield and purity. Kersaudy-Kerhoas et al. 

obtained a maximum purity efficiency of 100% on blood with hematocrit level up to 

30% [134] (Fig. 2.9). Results suggested plasma extracted on this microfluidic chip 

could be used for the detection of cfDNA. Plasma samples separated on an improved 

chip of comparable design were used for cfDNA integrity characterisation in this work 

(Chapter 4). 

  

Figure 2.9. Blood plasma separation on microfluidic chip. (A) Schematic device design. (B) 

Flow cytometry dot plots representing the feed, cell, plasma 1 and plasma 2 collections. Colour 

correspondence: Dark blue: Flow Check beads, Black: leukocytes, Red: platelets, Light Blue: 

RBCs, Green: monocytes-platelets or platelets aggregates. Adapted from Kersaudy-Kerhoas et 

al. [134]. 
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2.2.2. CfDNA extraction from plasma.  

The second step in the pre-analytical workflow, is the extraction of cfDNA from 

plasma. Solid phase DNA extraction methods (silica membrane, functionalised beads or 

pillars etc.) have gained broad interest as a substrate to be applied in microfluidic 

assays. When contained in microfluidic channels, they provide a solution for automation 

avoiding centrifugation. Magnetic beads have also been widely used as a substrate for 

DNA extraction on microfluidic platforms [127, 131, 135]. Nucleic acid extraction 

based on magnetic bead separation technique can be used for samples of low analyte 

concentration. This approach is specifically designed to capture a particular target, to 

collect it and amplify for getting a detectable and meaningful quantity, and microfluidic 

systems, allowing the manipulation of molecules in small volume. Magnetophoretic 

dsDNA target capture and extraction approach results in much higher concentration of 

short dsDNA fragments [132], demonstrating that this could potentially be a good 

solution for samples with low analyte concentration in clinical setting.  

A variety of microfluidic strategies have been specifically developed for isolation and 

capture of cfDNA. Some strategies have utilised Au nanowires and electrical simulation 

[136], magnetic bead hybridization approaches [137], dielectrophoretic microarray 

devices [138]. However, these approaches were used on plasma samples in microliter 

range. Therefore, in our lab Dr Alvaro Jose Conde developed an acoustic bubble 

micromixer as a magnetic bead mixing approach that allows an efficient capture of 

cfDNA (Fig. 2.10). This method was used to characterise cfDNA extraction from blood 

plasma in this work (Chapter 4). 

Recently, a centrifugal microfluidic chip for a full cfDNA extraction from whole blood 

was characterised [139]. This technology integrated plasma separation with cfDNA 

extraction and purification. Although full cfDNA extraction process from 3 mL of 

whole blood took only 30 min, a drawback of such system was manual reagent filling to 

the system. Notably, these aforementioned technologies enabled integrated sample 

preparation and powerful mutant allele detection solutions, but often samples are pre-

treated manually (apart from [139]), thus they still require skilled technicians to carry 

out the procedure. 
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Figure 2.10. Acoustic bubble micromixer for cfDNA extraction. Photograph of a fabricated 

PMMA microfluidic chip (A) with PDMS slab (B), and a photograph of a fully assembled 

microfluidic chip loaded with green food dye (C). Scale bars are 5 mm. (D) Micromixer 

demonstrating the mixing effect of magnetic beads used for cfDNA extraction. Scale bars are 2 

mm. Collaborative work performed at the lab of Prof. Maiwenn Kersaydy-Kerhoas. 

Photographs modified from Conde et al. [140]. 

 

2.2.3. Conclusions on microfluidic platforms for cfDNA assays 

Developing new techniques has enabled the collection of more information on cfDNA 

samples, however it is still challenging to implement them for a routine sample analysis 

in clinical setting. While several integrated microfluidic approaches for cfDNA sample 

preparation have been demonstrated, most solutions are restricted to small sample 

volumes, which may not lead to the desired analytical sensitivities. Whole blood 

processing of high volume (several mililitres) of blood and multiple steps required for 

subsequent nucleic acid extraction remain a challenge. However, innovative solutions 

are emerging at a fast rate to overcome these technical limitations and successfully 

establish a sample preparation procedure that requires less manual work or operating 

complex devices.   

Although microfluidic systems are not routinely used in the clinical setting yet, they are 

likely to become an essential approach for automated liquid biopsy sample preparation. 

Advancing microfluidic technology is aimed to become a key tool for cancer diagnosis, 

monitoring and personalised treatment.  

2.3. Motivation of the research and project background 

Breast cancer is the most frequently diagnosed cancer in women. It is also the second 

most common cause of cancer-related deaths despite the extensive progress that has 
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been made during the last few decades regarding early detection and screening of 

patients and advanced treatment methods. Generally, therapeutic decisions are based on 

tumour histology and the status of established biomarkers: ER (estrogen receptor 1), PR 

(progesterone receptor) and HER2 (erb-b2 receptor tyrosine kinase2) in tumour tissue 

biopsies. However, given improving understanding of tumour biology and current 

opportunities for more personalized approaches, there is an increasing need to expand 

the range of usable biomarkers. To allow better prediction of the disease progression 

and the outcome of the selected treatment more advanced, less invasive, reliable and 

low-cost technologies are required.  

The phosphoinositide 3 kinase (PI3K) enzyme alterations have been recognised as one 

of the most frequent oncogenic drivers in many cancer types. PIK3CA, a proto-

oncogene that encodes the p110α catalytic component of PI3K, is one of the two most 

frequently mutated genes in human breast cancer [141-143]. The PI3K/AKT signalling 

pathway is one of the most frequently mutated pathways in human cancers, including 

breast cancers where at least 60% of tumours harbour mutations leading to pathway 

activation [142]. This signalling network promotes and regulates key cellular processes 

(anabolic metabolism, motility, proliferation, growth, and survival) and its alterations 

have a major impact on tumourigenesis, cancer progression and drug resistance [144-

146]. Point mutations in PIK3CA are observed in 20% to 40% of breast cancer cases, 

with more than 80% of these mutations being clustered in the sequences encoding the 

helical (c.1624G>A, p.E542K, and c.1633G>A, p.E545K) and kinase (c.3140A>G, 

p.H1047R, and c.3140A>T, p.H1047L) domains of the PI3K p110α protein [147] (Fig. 

2.11). These mutations ultimately increase its enzymatic activity leading to the 

upregulation of the pathway [148]. Other PIK3CA studies showed a high prevalence of 

gene mutations in a variety of cancer types such as liver, colon, ovarian, gastric, brain, 

lung and other carcinomas [143, 149-153]. 
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Figure 2.11. Cosmic PIK3CA gene analysis and structural view. (A) The histogram is a 

graphical view of mutations across PIK3CA gene with the most common hotspots (reproduced 

from https://cancer.sanger.ac.uk/cosmic/gene/analysis?ln=PIK3CA#gene-view) [154]. This 

default peptide view shows a histogram of single base substitutions with major peaks for 

E542K, E545K, H1047L/R. (B) Schematic representation of PIK3CA (p110α catalytic subunit 

of PI3K) functional domains with the most common somatic mutations indicated. Modified 

from Karakas et al. [155]. 

 

Due to the clinical relevance of activating mutations in PI3K, it has become an 

attractive target for drug development. Activating PIK3CA mutations have been 

suggested to act as an independent prognostic marker in breast cancer depending on 

hormone receptor and HER2 status. A strong correlation has been shown between 

PIK3CA mutations and low histopathological grade breast tumours that were hormone 

receptor positive and HER2 negative [156, 157]. Substantial investment and research 

has succeeded in producing a range of small molecule drugs targeting PI3K, which have 

undergone clinical trials in cancer patients. Such trials have recently resulted in the 

FDA approval of Alpelisib/BYL719, a PI3K p110α selective inhibitor for advanced 

breast cancers which are hormone receptor positive, HER2 negative and PIK3CA 

mutant [158, 159]. This and other clinical circumstances [160-162] identify PIK3CA 

status as an important biomarker with both predictive and prognostic value, and 
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motivate the development of reliable, facile, economic tests for these mutations to 

contribute to cancer patient management in the future at many different levels, including 

diagnosis, treatment choice and monitoring and identification of drug resistance.  

Diagnostic approaches (molecular biology or imaging) are used in cancer patient 

management for screening, risk stratification, early detection, therapy selection and 

response monitoring, and prevention of recurrence. Current imaging tools are limited 

with high false positive rate usually providing tumour detection in advanced stages of 

the disease [163, 164], while molecular analysis for cancer diagnosis requires an 

invasive tissue biopsy. As it was discussed previously, this method is restricted as it 

does not provide a full view of intra-tumour heterogeneity and tumour evolution, and is 

associated with potential complications [3, 117, 165]. It is known, tumours lead to the 

presence of free DNA from tumour cells in the circulation which provides a potential 

route for the early detection of disease and also molecular characterisation that is robust, 

non-invasive and inexpensive [2, 166]. So called liquid biopsy approach has allowed the 

robust detection of tumour specific genetic changes by a number of analysis platforms 

and raised great interest in the analysis of circulating tumour DNA (ctDNA). However, 

ctDNA is not always detectable even from patients with large high grade tumours and 

the sensitivity of detection of ctDNA is considered a barrier in almost every critical 

consideration of ctDNA biopsy as an applicable method.  

In previous projects within the group, microfluidic separation techniques to rapidly 

purify plasma from fresh blood (Fig. 2.12 Module 1) and to extract cfDNA (Fig. 2.12 

Module 2) have been developed. This PhD project firstly characterised these techniques 

for integration within an NGS and PCR workflows. Building on this work, this project 

described novel pre-analytical ctDNA enrichment strategies (Fig. 2.12 Module 3) in 

cancer patient samples. This sample preparation technique was developed to be used 

together with current diagnostic assays (qPCR, ddPCR, NGS) and more importantly 

was shown to have a potential to be integrated into standardized sample preparation 

procedure as shown in Fig 2.12. 
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Figure 2.12. Integrated microfluidic sample preparation platform for ctDNA purification 

and enrichment. In this work, samples processed on Module 1 and Module 2 microfluidic 

components were characterised. Also, mutant allele enrichment workflow compatible with 

downstream analysis was proposed for integration (Module 3). 

 

2.3.1. Aims and objectives 

This project aimed to develop circulating tumour DNA enrichment strategies and 

optimise the integration in microfluidic sample preparation workflow. This approach 

would allow for more sensitive detection of rare alleles in liquid biopsy samples of 

cancer patients, thereby eliminating unwanted genomic background DNA which usually 

hampers ctDNA detection and the subsequent analytical steps. This specific enrichment 

of mutant alleles would allow the detection of common tumours, characterisation and 

monitoring of tumour burden using targeted PCR approaches and NGS.   

In particular, these clinically relevant objectives were sought:  

- The first objective of this project was to characterise blood plasma separation 

and cfDNA extraction samples prepared on microfluidic devices (Chapter 4). 

- The second objective was to develop and optimise mutant allele enrichment for 

PIK3CA hotspots and utilise low-cost qPCR detection assays for prediction of 

initial variant allele fraction (Chapter 5). 

- The third objective was to develop and characterise multiplex ddPCR assays for 

most common PIK3CA mutations, and to use this detection method to quantify 

initial variant allele fraction in blood and tissue samples prior enrichment using 

a prediction model (Chapter 6).   

- The fourth objective was to optimise and validate a proposed microfluidic 

platform for ctDNA enrichment (Chapter 7). 
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CHAPTER 3: Materials and Methods 

3.1. Introduction 

This chapter aims to describe all the materials and methods that were used in this work 

in order to characterise different modules of the integrated microfluidic sample 

preparation procedure as well as the development, optimisation and validation of mutant 

allele enrichment techniques (Fig. 3.1).  

 

Figure 3.1. The map of the main materials and methods used in this work. This 

interdisciplinary project combined microfluidic technology and molecular biology 

techniques for the purpose of integrated liquid biopsy sample preparation.  
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3.2. Materials 

Information on the reagents (Table 3.1) and buffers (Table 3.2) used for this work is 

provided in this Section.   

Table 3.1. Reagents. 

Reagent Supplier 

2-Propanol (≥99.5%) Sigma Aldrich 

Agencourt AMPure XP SPRI beads Beckman Coulter 

D-Glucose VWR 

Dichloromethane (≥99.8%) Sigma Aldrich 

DNeasy Blood & Tissue Kit Qiagen 

Duplex Specific Nuclease (DSN) kit Evrogen 

Ethyl alcohol, pure (≥99.5%) Sigma Aldrich 

Fluorescein sodium salt (high purity) VWR 

Genomic DNA ScreenTape assay Agilent 

HS D5000 ScreenTape assay Agilent 

MiSeq Reagent Micro kit v2 Illumina 

NEBNext dsDNA Fragmentase kit New England Biolabs 

PerFecTa Multiplex qPCR ToughMix Quanta Biosciences 

Phusion Hot Start II High-Fidelity PCR 

Master Mix Thermo Scientific 

Power SYBR Green master mix Life technologies 

QIAamp Circulating Nucleic Acid Kit Qiagen 

Qubit HS DNA kit Invitrogen 

Somatic 1 MASTR Plus Dx assay Multiplicom (Agilent technologies) 

Sucrose Sigma Aldrich 
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Trehalose dehydrate Sigma Aldrich 

UltraPure Glycerol Invitrogen 

All cell culture media and supplements used in experiments and listed in Table 3.3 were 

purchased from Life Technologies. 

 

Table 3.2. Buffers and solutions.  

Buffer Composition  

10x DSN buffer 500 mM Tris-HCl, pH 8.0; 

50 mM MgCl2; 10 mM DTT 

DSN lyophilisation solution 2% trehalose 

50 M Tris-HCl, pH 8.0 

 

3.2.1. Cell lines 

Cancer cell lines cultured for the experimental work are listed together with their type 

and culture media in Table 3.3. Cells were cultured at 37 °C under a 5% CO2 

atmosphere. The appropriate media was changed routinely until cells reached confluent 

state. To passage cells, they were washed once with warm PBS and then incubated with 

dissociation reagent TrypLE (Life Technologies) at 37 °C for 1-2 min. or until they 

detached from the surface.  To inactivate the dissociation reagent, growth media was 

added, and cells were collected in a pellet by centrifugation at 800 rpm for 5 minutes.  

The cells were then resuspended at 1:5 in fresh media into flasks.  To seed cells in 6-

well plates, cells were counted using a haemocytometer.  Normal tissue culture treated 

plastic ware was used for all the cells.  

For cryopreservation of cells, cells were trypsinized, pelleted and re-suspended in 

freezing medium containing appropriate media, 50 % FBS, 10 % DMSO at 3×106 

cells/mL.  1mL aliquots were made in cryovials.  The vials were frozen slowly using a 

controlled rate cell freezer before they were stored in liquid nitrogen.  

CAL-51 and EFM-19 cell line DNAs were purchased from Leibniz Institute DSMZ-

German Collection of Microorganisms and Cell Cultures GmbH. Genomic DNA from 

these cell lines was used for PIK3CA E542K and H1047L mutation enrichment and 

detection method optimisation as described in Chapters 4 and 5. 
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Cell lines were selected based on mutations in the BRAF and PIK3CA genes: HT-29 and 

DBTRG-05MG cells are heterozygous for BRAF V600, while PIK3CA mutant T-47D 

cells are heterozygous for H1047R mutation, MCF-7 – heterozygous for E545K 

mutation, CAL-51 – heterozygous for E542K mutation, and EFM-19 cells carry a 

heterozygous H1047L mutation. Target gene copy number and variant allele fraction 

(VAF) apparent in each cell line was confirmed using the canSAR v4.0 tool and 

experimentally: HT-29 carries 4 copies (VAF ~50%), while DBTRG-05MG – 5 copies 

(VAF ~40%),  T-47D cell line carries 6 copies (VAF ~50%), MCF-7 – 3 copies (VAF 

~33%), CAL-51 – 2 copies (VAF ~50%), and EFM-19 – 4 copies (VAF ~50%). In all 

cases copy number and mutant allele frequency in each cell line were considered in 

calculations in order to prepare lower mutant allele fraction controls by dilution with 

commercially available wild type human genomic DNA (Bioline).  

3.2.1.1. Cell free culture media collection 

For cell-free DNA collection from cell growth media T-47D (2x105 cells per well) cells 

were plated into 6-well plates in 2 ml of growth media. Initially media was changed 

after 24h incubation period and collected after the next 6h. For the time course 

experiment media was collected 12h after seeding cells in 6-well plates. Cells were 

washed twice with warm phosphate buffered saline (PBS). Therefore, 2 mL of fresh 

media was added to the cells and collected again after 12h. The same procedure was 

repeated every 12h in total time course of 84h. Upon collection cell media was 

centrifuged at 800 rpm for 5 minutes and supernatant was collected without disturbing 

any cells on the bottom. Supernatant was stored -20°C until cell-free DNA extraction. 
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Table 3.3. Cell line information. 

*DNA isolated from cell line was purchased from The Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures 

(Germany). 

Cell line Type Mutation of interest Media 

HT- 29 
Human colon 

adenocarcinoma 
BRAF V600E 

McCoy's 5A, 10% FBS, 2 mM Glutamine, 1mM Sodium Pyruvate, Non-Essential 

Amino Acids 

DBTRG-05MG 
Human 

glioblastoma 
BRAF V600E 

RPMI 1640, 10% FBS, 2 mM Glutamine, 1mM Sodium Pyruvate, Non-Essential Amino 

Acids 

U87MG 
Human 

glioblastoma 
WT control 

MEM, 10 % FBS, 2 mM Glutamine, 1mM Sodium Pyruvate, Non-Essential Amino 

Acids 

HEK-293T 
Human Kidney 

Carcinoma 
WT control DMEM, 10 % FBS, 2 mM Glutamine, 1 mM Sodium Pyruvate 

T-47D 
Human breast 

carcinoma 
PIK3CA H1047R 

DMEM, 10% FBS, 2 mM Glutamine, 1mM Sodium Pyruvate, Non-Essential Amino 

Acids 

MCF-7 
Human breast 

adenocarcinoma 
PIK3CA E545K 

DMEM, 10% FBS, 2 mM Glutamine, 1mM Sodium Pyruvate, Non-Essential Amino 

Acids 

CAL-51* 
Human breast 

carcinoma 
PIK3CA E542K - 

EFM-19* 
Human breast 

carcinoma 
PIK3CA H1047L - 
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3.2.2. Clinical samples 

For blood plasma separation (BPS) blood samples were provided by healthy volunteers 

at the Scottish National Blood Transfusion Service and 4 glioma patients at the Western 

General Hospital in Edinburgh, UK (collected by the Oncology team). For cfDNA 

extraction on chip experiments, human blood was obtained from healthy volunteers and 

used after obtaining donor consents. Ethical clearance was obtained from the UK 

National Health Service, East of Scotland Research Ethics Service, reference 

19/ES/0056, and Heriot-Watt University EPS Ethics Committee, reference 

19/EA/MKK/1. 

From a set of 22 sample pairs previously collected by the Oncology team of the Western 

General Hospital in Edinburgh, UK, five matching fresh frozen core biopsies and 

plasma sample pairs from female patients with a newly diagnosed breast cancer (ER/PR 

– positive, HER2 negative) positive for one of the PIK3CA mutations (E542K, E545K, 

H1047R) were chosen (Table 3.4 A). The study was approved by the Scotland Research 

Ethics Committee (15/ES/0094) and was previously published [167]. Informed consent 

was obtained by the Oncology team from all individual participants included in the 

study. The PIK3CA status of the tissue biopsy samples was verified by Next-Generation 

Sequencing analysis using the Illumina Tru-Seq Amplicon Cancer Panel at the 

Edinburgh Genomics facility. There genomic DNA extracted from frozen core biopsies 

was processed according to the manufacturer’s instructions and sequenced on an 

Illumina MiSeq using a 250 base paired-end sequencing strategy (version 2 chemistry) 

to a depth of 1000x with >99.8% mapped reads in all samples. Blood samples were 

collected by the Oncology team in EDTA tubes and processed within 4 hours following 

venepuncture. Genomic DNA from tissue and circulating cell-free DNA samples 

positive for PIK3CA mutations (E542K, E545K, H1047R) were selected for this study 

of variant allele enrichment and detection. 

A second set of 25 samples, FFPE tumour tissue from breast cancer patients, was 

independently collected at the Institute of Cancer Research, London, UK (Table 3.4 B). 

Samples were collected from a consecutive series of patients with metastatic breast 

cancer treated at the Royal Marsden Hospital between 2010 and 2012. PIK3CA status 

was determined by ddPCR on a Bio-Rad QX-200 digital PCR at the Institute of Cancer 

Research (London, UK) as previously described [168]. Research was approved by the 

Royal Marsden Hospital Research Ethics Committee (REC Ref No: 10/H0805/50). All 

patients had consented to samples being used for research. All methods were carried out 
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according to relevant guidelines following stablished SOPs at the Molecular Oncology 

Lab at The Institute of Cancer Research. All experiments were performed in accordance 

with MIQE guidelines and regulations [169, 170]. 

Table 3.4. Clinical characteristics of the patients recruited for the study. (A) Study 1 – 

samples from Western General Hospital, Edinburgh. (B) Study 2 – samples from the Institure of 

Cancer Research, London. Abbreviations: NST (no specific type), pos (positive), neg 

(negative), ER (estrogen receptor), PR (progesterone receptor), HER2 (human epidermal growth 

factor receptor 2). 
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3.3. Manual methods 

3.3.1. Genomic DNA extraction from cells and tissue biopsy samples 

Genomic cell line DNA was extracted using DNeasy Blood & Tissue Kit (Qiagen) 

following manufacturer’s protocol in an elution volume of 200µl and stored at -80°C 

until further use. Genomic tissue DNA used for experiments was previously extracted 

by Dr Virginia Alvarez Garcia from 25g fresh frozen core biopsies with QIAamp DNA 

mini kit (Qiagen) according to the manufacturer’s instructions in an elution volume of 

100 µl. Extracted DNA was aliquoted and stored at -80°C until further use. DNA from 

FFPE tissue samples was previously isolated at the Institute of Cancer Research 

(London, UK) using the QIAamp DNA FFPE Tissue Kit (Qiagen) as per manufacturer’s 

instructions and stored at -80°C until further use. 

3.3.2. Cell-free DNA extraction from culture media and blood samples 

Cell free DNA from 2 mL of growth media was extracted using QIAamp Circulating 

Nucleic Acid Kit (Qiagen) adapting the manufacturer’s protocol to pass the whole 

sample through the same column in an elution volume of 25 µl. Blood plasma 

separation was done from 5-7 mL of blood by double centrifugation for 10 min each 

time at 1600 g and 12,100 g respectively prior to circulating cell-free DNA extraction. 

CfDNA was extracted from plasma using the QIAamp Circulating Nucleic Acid Kit 

(Qiagen) in an elution volume of 20 µl. Extracted DNA was aliquoted and stored at -

80°C until further use.   

3.3.3. DNA quantification 

Concentration of genomic DNA from cells, tissue biopsy and cell free DNA from cell 

culture media was measured with fluorometer Qubit V3 and HS DNA quantification 

assay kit (Invitrogen) according to manufacturer’s protocol. CfDNA from blood 

samples was quantified by qPCR against a standard curve of known DNA 

concentrations. Quantitative PCR was performed using 2× Power SYBR Green PCR 

Master Mix (Thermo Fisher Scientific) to amplifying LINE-1 (long interspersed nuclear 

elements) target of 90 bp. The total reaction volume was 12.5 μL with a final 

concentration of each primer of 200 μM (Fw 5′-TGCCGCAATAAACATACGTG-3′, 

Rv 5′-GACCCAGCCATCCCATTAC-3′) and 1 μL cfDNA elution. Thermal cycling 

conditions involved a 10 min cycle at 95 °C followed by 40 cycles with 15 s at 95 °C 

and 60 s at 60 °C. Samples were amplified in triplicates using StepOnePlus Real-Time 

PCR System (Applied Biosystems). A melting curve was performed as a control 

measure for non-specific amplification. The standard curve for absolute quantification 
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of cfDNA was created with commercially available human genomic DNA (Bioline) 

with a linear range over 5 orders of magnitude (R2 > 0.98).   

3.3.4. Calculation for mutant allele fractional dilution into wild type DNA 

To obtain low mutant allele fraction samples (20-0.025%) the copy number and variant 

allele fraction (VAF) apparent in each cell line was taken into consideration as 

described in Section 3.1.1. Cell line DNA, harbouring the mutation of interest, was 

diluted into wild type human genomic DNA (Bioline). It was assumed that diploid 

human genome is 6.6 pg and contains 2 copies of each gene (both wild-type) [171]. 

However, the cell lines used in the experiments were hyperploid (except CAL-51), 

which was considered in the calculation in order to prepare lower mutant allele fraction 

samples. To prepare a stock of 20ng/µl (~6060 copies/µl), the proportion of mutant 

(MutC) (a) and wild type (WtC) (b) copies was calculated for different VAF:  

 

(a)         MutC =  

(b)    WtC = 6060 – MutC 

 

The number of wild type copies in cell line DNA (WtCLDNA) was then determined (c): 

 

(c)    WtCLDNA =  – MutC 

 

Finally, the number of additional wild-type human genomic DNA (hgDNA) copies 

required for dilution was calculated: 

 

(d)    hgDNA = 6060 – MutC – WtCLDNA  

 

The number of copies of cell line DNA (e) and wild-type genomic DNA (f) was then 

converted into nanograms: 
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(e)  CLDNA (ng) =  

(f)    hgDNA (ng) =  

 

The amount of cell line DNA or wild-type human genomic DNA was then multiplied by 

the appropriate stock volume for preparation. 

3.3.5. DNA fragmentation and clean-up 

Genomic DNA was sheared to better mimic cell free DNA. Cell line genomic DNA and 

human genomic DNA (Bioline) samples were sheared to generate random fragments in 

the size range of 50-200 bp (25-35 min of incubation time depending on DNA input) 

using NEBNext dsDNA Fragmentase enzyme-based kit according to manufacturer’s 

protocol. A clean-up was necessary to purify fragmented DNA before further analysis. 

It was done using Agencourt AMPure XP SPRI beads (Beckman Coulter) according to 

manufacturer’s protocol.  

3.3.6. DNA fragment analysis  

To characterize DNA sample fragmentation of various origin (genomic DNA, cell free 

DNA from cell media or human blood) Agilent 2200 TapeStation nucleic acids system 

was used. High Sensitivity D5000 ScreenTape assay (Agilent) was used for cell free 

DNA or fragmented DNA analysis as per manufacturer’s instructions. Genomic DNA 

ScreenTape assay (Agilent) was used for genomic cell line DNA analysis according to 

manufacturer’s protocol. TapeStation Analysis software A.02.02 (SR1) was used to 

analyse the data. 

3.3.7. PCR pre-amplification  

FFPE sample DNA yield and mutant allele abundance were identified after initial 

ddPCR analysis. FFPE samples of low DNA yield (<10ng) and low mutant allele 

abundance (<15%), and cfDNA samples were pre-amplified. PCR reactions were 

performed on TC-512 thermal cycler (Techne) using the Phusion Hot Start II High-

Fidelity PCR Master Mix (Thermo Fisher Scientific). All primers were designed with 

the IDT OligoAnalyzer tool (exon 9 and exon 20) and were purchased from Eurofins 

Genomics (Table 3.5). Reactions had a total volume of 12.5 μL containing 6.25 μL 1x 

Phusion HS II HF Master mix, 500 nM of forward and reverse primer each, 1 – 3 ng 

DNA template and molecular grade water to the final volume. A two-step PCR 
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consisting of an initial denaturation step at 98°C for 30 s, followed by 15 cycles of 15 s 

denaturation at 98°C and 1 min annealing at 60°C was conducted. Samples were held at 

4°C before amplicon clean-up, which was performed using Beckman Coulter Agencourt 

AMPure XP SPRI magnetic beads following manufacturer’s instructions. PCR products 

were eluted in 20 μL nuclease-free water and stored at -20°C until use. 

Table 3.5. Primer information for PIK3CA target pre-amplification.  

Primer name Sequence 5’-3’ Tm °C Size (bp) 

Amp. Exon 9 Fw GGGAAAATGACAAAGAACAGC 60.3 122 

Amp. Exon 9 Rv CTCCATTTTAGCACTTACCTGTGAC 61.0 - 

Amp. Exon 20 Fw GAAAGACCCTAGCCTTAG 53.7 139 

Amp Exon 20 Rv CAGTTCAATGCATGCTGTTT 53.2 - 

 

3.3.8. NaME-PrO enrichment assay 

Nuclease-assisted minor-allele enrichment with probe-overlap specific to wild type 

DNA designed for the enrichment of a set of PIK3CA mutations (E542K, E545K, 

H1047L, H1047R). Overlapping probes were designed with IDT OligoAnalyzer tool 

according to the assay requirements and initial optimisation experiments were carried 

out with already reported overlapping probes for BRAF V600E mutation [104] (Table 

3.6). DNA from cell lines harbouring the desired mutation was mixed with wild type 

DNA to obtain a decreasing mutational abundance from in the range of 50 – 0.025%. 

Wild Type human genomic DNA (Bioline) was used as control. Each reaction contained 

1µl of 10x DSN buffer, top and bottom strand probes (20-50 nM final concentration), 5 

µl of cell line or tissue DNA (20 ng/µl) or amplified DNA, and DNAse-free water up to 

a volume of 10 µl. Samples were denatured on TC-512 (Techne) thermal cycler at 98°C 

for 2 min. The temperature was then reduced to 67°C and 0.2 units of Duplex Specific 

Nuclease (DSN) (Evrogen) were added into the mixture followed by 20 min incubation 

at 67°C and 2 min at 95°C for DSN inactivation. No-DSN controls were run in parallel 

in all reactions. No sample purification was performed after nuclease treatment with 

samples stored at -20°C until further use. 
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Table 3.6. Overlapping probe information for nuclease-based enrichment. Enrichment 

probes named after corresponding mutations. *Taken from Song et al. [104]. 

Overlapping probe Sequence 5’-3’ Tm°C 

BRAF V600E Fw* TTTGGTCTAGCTACAGTGAAATCT 57.6 

BRAF V600E Rv* CACTCCATCGAGATTTCACTGTA 58.9 

PIK3CA E545K NP 

Set 1 Fw 
CTGAAATCACTGAGCAGGAGA 56.4 

PIK3CA E545K NP 

Set 1 Rv 
AAATCTTTCTCCTGCTCAGTG 57.9 

PIK3CA E545K NP 

Set 2 Fw 
CTCTGAAATCACTGAGCAGGAG 60.3 

PIK3CA E545K NP 

Set 2 Rv 
ATAGAAAATCTTTCTCCTGCTCAGTG 60.1 

PIK3CA E545K NP 

Set 3 Fw 
CTCTCTCTGAAATCACTGAGCAGG 62.7 

PIK3CA E545K NP 

Set 3 Rv 
TCCATAGAAAATCTTTCTCCTGCTCAG 61.9 

PIK3CA Exon 9 Fw CTCTGAAATCACTGAGCAGGAGA 60.3 

PIK3CA Exon 9 Rv GCTCAGTGATTTCAGAGAGAGGAT 61.0 

PIK3CA H1047R/L 

NP Set 1 Fw 
CATGAAACAAATGAATGATGCACAT 56.4 

PIK3CA H1047R/L 

NP Set 1 Rv 
GCCACCATGATGTGCATCATT 57.9 

PIK3CA H1047R/L 

NP Set 2 Fw 
GAAACAAATGAATGATGCACATCATGG 60.4 

PIK3CA H1047R/L 

NP Set 2 Rv 
TGTCCAGCCACCATGATGTG 59.4 

PIK3CA H1047R/L 

NP Set 3 Fw 
TGAATGATGCACATCATGGTGG 62.7 

PIK3CA H1047R/L 

NP Set 3 Rv 
TGTCCAGCCACCATGATGT 61.9 
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3.3.9. QC Plex and Clarigo 

QC Plex (Multiplex PCR based fragment analysis) and Clarigo (Multiplex PCR and 

sequencing based NIPT test) workflows were funded by and carried out on 8 plasma 

samples according to manufacturers’ protocols in collaboration with Multiplicom (a part 

of Agilent technologies, Belgium). QC Plex is qualitative and quantitative DNA 

assessment which was used to evaluate the cfDNA sample integrity by generating 7 

PCR fragments to assess cfDNA fragmentation. Clarigo is a workflow intended to 

screen for the fetal aneuploidy status in maternal blood followed by massively parallel 

sequencing on Illumine systems. The series consisted of 5 samples where blood-plasma 

separation was performed on the microfluidic chip, and 3 samples were double spun 

controls. For this experiment whole blood samples were processed at DIPM (University 

of Edinburgh Medical School, UK), transported on dry-ice to Multiplicom (Belgium) 

where QC Plex and Clarigo workflows were performed. 

3.3.10. Somatic 1 MASTR Plus Dx assay workflow 

The Somatic 1 MASTR Plus Dx assay, funded by Multiplicom (a part of Agilent 

technologies, Belgium), was used to detect BRAF V600E mutation in cell DNA samples 

before and after enrichment with drMID Dx for Ilumina NGS system kits (Ilumina 

MiSeq). The assay consisted of an initial assessment of DNA quantity, a multiplex PCR 

for amplicon library preparation, quality control, purification and universal PCR to tag 

amplicons with molecular identifiers (MIDs) and p5 and p7 adaptors required for 

Ilumina MiSeq platform (Fig. 3.2.). Quality control was performed by Clarigo assay on 

GeneScan (Section 3.2.9.). Tagged libraries were purified again and concentration was 

measured to pool equimolar quantities of amplicon libraries. Sequencing was performed 

on MiSeq system using Miseq Reagent Micro Kit v2 with average 710.000 reads per 

sample. Read count analysis was done with KOIOS, Coverage Analysis pipeline. 

Samples with VAF >1% were analysed with KOIOS Variant Caller. Samples with VAF 

<1% were analysed with IGV manually writing down the number of variant reads and 

number of total reads. 

 



 

42 

 

 

Figure 3.2. Amplification steps in Somatic 1 MASTR Plus Dx assay. 

3.3.11. Intplex qPCR for the detection of PIK3CA mutations 

Allele-specific real-time quantitative PCR for PIK3CA H1047R and E545K mutations 

has been described previously [167]. For this work, an additional blocking 

oligonucleotide and reverse primer have been designed for another mutation of interest 

E542K. Also H1047L specific reverse primer was designed to be used together with 

already optimised forward primer and wt blocking oligonucleotide from H1047R assay. 

All qPCR primers and blocking oligonucleotides purchased from Eurofins (Table 3.7). 

All reactions were carried out in duplicates due to the volume restriction of tested 

samples and repeated at least three times. Reactions targeting the mutant sequence were 

performed in a reaction volume of 12.5 µl consisting of 6.25 µl of 2x Power SYBR 

Green master mix (Life Technologies), 1.25 µl of each forward and reverse primers 

(final concentration 100 nM) and blocking oligonucleotide (final concentration 200nM), 

and 2.5 µl of DNA sample or appropriate control. Internal control reactions were 

prepared following the same protocol, however 1.25 µl of nucleic-acid free water was 

used instead of the blocking primer. Cycling conditions on Agilent Mx3005P QPCR 

system were 95˚C for 10 minutes, followed by 40 cycles of 95˚C for 15 seconds and 

60˚C for 60 seconds. Melting curve analysis was performed to confirm single, specific 

amplification product for each reaction. qPCR data was analysed by the comparative 

ΔΔCt method to calculate the change in fold amplification. First, ΔCt was calculated for 

each tested sample and wild type control (g). Every tested sample had a ΔΔCt calculated 

in reference to wild type sample (h), which was then converted into fold change (i).  

(g)    ΔCt = Ct target mutation – Ct reference gene 

(h)        ΔΔCt = ΔCt test sample – ΔCt wild type control sample 

(i)    Fold difference = 2–ΔΔCt 
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All the tested samples were compared to wild type human genomic DNA (Bioline) and 

were considered to carry the mutation when the relative amplification of the mutant 

allele was statistically significant in comparison to a wild type control (p<0.05). 

Appropriate cell line DNA was used as a positive control for the mutation it was 

positive for.  
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Table 3.7. Primer information for mutant allele specific qPCR and the size of generated amplicons. 

Primer name Primer sequence 5’-3’ Tm°C Amplicon size (bp) 

PIK3CA MUTANT H1047R/L fw* AACTGAGCAAGAGGCTTTGGAG 60.3 — 

PIK3CA MUTANT H1047R rv* TTGTTGTCCAGCCACCATGAC 59.8 71 

PIK3CA MUTANT H1047L rv CATTTTTGTTGTCCAGCCACCATGAA 61.6 76 

PIK3CA WT BLOCKER (H1047R/L SITE)* CCAGCCACCATGATGTGCAT-PHO 59.4 — 

PIK3CA MUTANT E542K/E545K fw GGGAAAATGACAAAGAACAGC 55.9 — 

PIK3CA MUTANT E542K rv AATCTTTCTCCTGCTCAGTGATTTT 58.1 78 

PIK3CA MUTANT E545K rv* TCCATAGAAAATCTTTCTCCTGCTT 58.1 87 

PIK3CA WT BLOCKER (E542K SITE) AGTGATTTCAGAGAGAGGAT-PHO 53.2 — 

PIK3CA WT BLOCKER (E545K SITE)* CTCCTGCTTAGTGATTTCAG-PHO 55.3 — 

PIK3CA WT fw* CATTTGCTCCAAACTGACCA 55.3 — 

PIK3CA WT rv* GATTGGCATGCTGTCGAATA 55.3 94 

*Reported previously in publication of Inplex technique for PIK3CA mutation detection [167]
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3.3.12. Crystal digital PCR 

Crystal digital PCR was performed on the Naica system (Stilla Technologies, France). 

All assays were developed and optimised to work with primers and probes designed 

with the IDT OligoAnalyser tool (Table 3.8). Firstly, a ddPCR duplex assay was 

designed to detect the H1047R mutation. Furthermore, two triplex assays were 

developed and optimised for exon 9 (E542K and E545K mutations and WT) and exon 

20 (H1047L and H1047R and WT) detection. All ddPCR reactions were prepared in a 

total volume of 25 µl containing 5x PerFecTa Multiplex qPCR ToughMix (Quanta 

Biosciences), high purity grade fluorescein sodium salt (VWR) at a final concentration 

of 100 nM, 1μL of 25x primer and probe multiplex mix and 1-10 μL of DNA template. 

Final probe concentration in duplex and triplex assays was 250 nM for each probe, 

while final primer concentration in duplex assay was 1 µM per primer and 500 nM per 

primer in triplex assays. Sapphire chips (Stilla Technologies, France) were already 

primed with PCR oil before use and a total of 4 PCR reactions of 25μL each were 

loaded per Sapphire chip. Cycling conditions on the Naica Geode (Stilla Technologies, 

France) were 95˚C for 10 minutes, followed by 45 cycles of 95˚C for 30 seconds and 

64˚C for 60 seconds for PIK3CA H1047R and exon 20 assays, or 63˚C for 60 seconds 

for PIK3CA exon 9 assay. Sapphire chips containing the 2D crystals with the 15,000 to 

22,000 droplets generated were imaged using the Naica Prism3 reader and fluorescent 

data were analysed using Crystal Miner software (Stilla Technologies). DNA extracted 

from corresponding cell lines and human genomic DNA (Bioline) were used as positive 

and negative controls respectively, and also were used to build a spillover compensation 

matrix to correct fluorescence measurements of each flourophore in different channels. 

Negative and positive droplets were discriminated using manual thresholding. 
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Table 3.8. Primer and probe information for ddPCR duplex and triplex assays. 

 

 

 

 

Assay 

name 
Target 

Forward primer 5’-

3’ 
Reverse primer 5’-3’ Mutant probe 5’-3’ Wild type probe 5’-3’ Amplicon size (bp) 

Exon 9 

E542K 

TCAAAGCAATTTC 

TACACGAGATCCT 

TCCTCTCTCGAA 

ATCACTAAGCAG 

[6FAM]CCTCTCTCTA 

AAATCACTG[MGB] [Cy5]TCTCCTG[+C][+T][+C][+

A] 

[+G]T[+G]A[+T]TT[+C][BHQ3] 

91 

E545K 
[Cy3]TCCTG[+C][+T][+T][+A] 

[+G]T[+G]A[+T]TTC[BHQ2] 

Exon 20 

H1047L 

AACTGAGCAAGA

GGCTTTGGAGTAT

T 

GCTGTTTAATTG 

TGTGGAAGATCC 

[6FAM]CCAGCCACC[+A][+T][+

G] 

[+A][+A][+G]T[+G][+C]AT[BHQ

1] 

[HEX]CAGCCACC[+A][+T][+G

] 

[+A][+T][+G]T[+G][+C][BHQ1] 

104 

H1047R 
[Cy5]CCAGCCACC[+A][+T] 

[+G][+A][+C][+G]T[BHQ3] 

H1047_ H1047R 

AACTGAGCAAGA

GGCTTTGGAGTAT

T 

GCTGTTTAATTG 

TGTGGAAGATCC 

[Cy5]TCCAGCCACC[+A][+T][+

G] 

[+A][+C][+G]T[+G][+C]A[BHQ2] 

[HEX]TCCAGCCACC[+A][+T][

+G][+A][+T][+G]T[+G][+C]A[B

H12] 

104 
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According to Stilla recommendations limit of blank (LOB) was calculated by making 

negative control replicates without any target sequence (𝑅 ≥ 30 wells). Replicates were 

performed under the same experimental conditions as the test experiments. The number 

𝑥(𝑖) of "false positive" partitions was counted of each replicate 𝑖. The mean 𝜇 and the 

standard deviation 𝜎 of the 𝑥(𝑖) were calculated. The corrected mean was the calculated 

(j): 

 

(j)     𝜇𝑐𝑜𝑟𝑟 = 𝜇 +   

 

The LOB with 95% confidence level was determined as shown in the Table 3.9.  

 

Table 3.9. LOB determination of ddPCR assay. Calculation based on Normal Law 

approximation and Chernoff’s inequality. Table provided by Stilla Technologies Digital PCR 

Learning Center (acquired on 26/05/2020 from https://www.gene-pi.com/). 

 

3.4. Microfluidic integration methods 

3.4.1. Blood plasma separation on chip 

An automated microfluidic system for passive blood plasma separation (BPS), which 

uses only hydrodynamic forces, was developed previously and used for characterisation 

experiments [134]. The BPS chip consisted of two parts: microfluidic blood plasma 

separation chip and microfluidic holder. On BPS chip blood is processed at high flow 

rate (8-20 mL/hr) through a microfluidic network of fine channels (15-100 μm) with 

constrictions and bifurcations (Fig 3.3 A). The exact design of the microfluidic chip is 



 

48 

 

not shown due to undergoing IP protection. The whole blood was diluted in 1:1 ratio 

with modified PBS. A 10 mL luer–lock syringe was loaded with diluted blood and 

connected with microfluidic connections to the chip assembly (Fig. 3.3 B). The blood 

was processed at a constant flow rate of 8mL/hour activated by a syringe pump 

(Alladdin). 

 

Figure 3.3. Experimental design of blood plasma separation on chip. (A) Schematic diagram 

of microfluidic chip that consists of constrictions (40 µm) and bifurcations (20 µm). (B) 

Experimental set-up.  Diluted blood loaded in the syringe was processed at a constant flow rate 

of 8 mL/h by syringe pump. Blood entered through polyether ether ketone (PEEK) tubing, 

connecting a syringe and a chip holder, and blood inlet (feed) into the chip. PEEK tubing 

connected holder to plasma collection tube and cell collection tube. Illustration designed by Dr 

Vania Vassileva (Dr Kersaudy-Kerhoas group). 

 

3.4.2. CfDNA extraction using acoustic bubble mixer 

Blood from healthy volunteers was collected in EDTA tubes and plasma immediately 

separated by double centrifugation as described in Section 3.2.2. Plasma samples were 

used for cfDNA extraction immediately after separation. 

Magnetic beads-based MagMAX cfDNA isolation kit (ThermoFisher Scientific) 

reagents were used in the experiments. For microfluidic assays, a modified protocol was 

used, while manual extraction controls were processed following the manufacturer's 

recommended protocol (Table 3.10). 
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Table 3.10. CfDNA extraction on-chip and manual workflow comparison. Reproduced from 

Conde et al. [140]. 

 

PMMA microfluidic chips with a mixing volume of 255 μL and 1100 μL were 

fabricated by Dr Alvaro Jose Conde as described by Conde et al. [140]. Photographs of 

different size chips and the magnetic bead capture set-up used for experiments are 

shown in Fig. 3.4 A, B. Before the experiments, the chips were coated with a 2% bovine 

serum albumin (Sigma Aldrich) in 1× PBS (ThermoFisher Scientific) solution for 5 

minutes at room temperature, washed with nuclease-free water (QIAGEN) and allowed 

to dry. For the capture of the magnetic beads a magnet (5 × 10 × 25 mm, N818RS, 

Eclipse Magnetics) was positioned on top of the piezoelectric disc (Fig. 3.4 C). 

 

Figure 3.4. Photographs of the PMMA chips, corresponding PDMS slabs used for the 

cfDNA extraction experiments and magnetic capture set-up. (A) 255 µl chip and (B) 1100 
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µl chip. Scale bars are 10 mm. (C) CfDNA capture experiment set-up. Reproduced from Conde 

et al. [140]. 

 

3.4.3. Integration of mutant allele enrichment 

3.4.3.1. DNA binding and duplex specific nuclease (DSN) inhibition  

To assess DNA binding to polymethyl-methacrylate (PMMA) and polylactic acid 

(PLA), Human Genomic DNA (Bioline) was diluted with water to 2 ng/µl and 20 ng/µl 

and incubated for 30 min with 8 mm3 PLA and PMMA at room temperature. After 

incubation DNA concentration was measured with Qubit HS DNA quantification assay 

in triplicates. Input DNA samples were also measured as a control. 

To evaluate DSN inhibition on PMMA, T-47D genomic DNA and wild type human 

genomic DNA samples were prepared for mutant allele enrichment assay as described 

in Section 3.2.8. For DSN inhibition test, PVA coated and uncoated rectangular prism 

shape PMMA (1 mm x 1 mm x 10 mm) were immersed in the samples and incubated 

throughout the assay. Control samples without polymeric structures were prepared in 

the same way. After enrichment, H1047R mutation specific qPCR was performed in the 

same conditions as described in Section 3.2.11.  

3.4.3.2. Microfluidic chip design 

Two microfluidic chip designs were created in AutoCAD (Autodesk, CA) by Dr Alvaro 

Conde at Heriot Watt University.  

The first chip was used for enrichment assay reagent lyophilisation on the chip in order 

to optimise the conditions. The chip consisted of three layers of 2D design that after 

cutting with CO2 laser cutter (Epilog Mini 18, Epilog, USA) and bonding formed 3D 

structures (Fig. 3.5). Layers were cut in different thicknesses of cell-cast PMMA 

(Clarex, Nitto Jushi Kogyo): 0.5 mm and 2 mm, and bonded with solvent assisted 

method described further. Every chip had 3 chambers with an inlet and outlet each. 
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Figure 3.5. Design of the reagent lyophilisation chip layers and corresponding thicknesses 

of PMMA sheets. The layers are stacked one on top of each other from left to right (Layer 1, 

bottom layer – Layer 3, top layer). 

 

The second chip consisted of 5 layers of 2D design. After cutting with CO2 laser cutter 

(Epilog Mini 18, Epilog) these layers where bonded to form 3D structures (Fig. 3.6). 

Different thicknesses of PMMA were used: 0.2 mm, 0.3 mm and 2 mm. Due to the 

nature of bonding process, two chips were bonded at a time and cut to separate 

afterwards. Every chip had an inlet, 4 chambers and outlet for assay integration.  

 

Figure 3.6. Design of the enrichment chip layers and corresponding thicknesses of PMMA 

sheets. The layers are stacked one on top of each other from left to right (Layer 1, bottom layer 

– Layer 5, top layer).  
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3.4.3.3. Fabrication of microfluidic devices 

The fabrication of functional chips, aimed for reagent lyophilisation and the automation 

of the targeted enrichment assay, consisted of six main steps: laser cutting of PMMA 

layers, cleaning of PMMA layers, bonding PMMA layers to a 3D structure, laser cutting 

of bonded chips (for enrichment assay chip only), chemical polishing of chips and 

solvent drying. 

To cut PMMA layers CorelDraw software was used with the following parameters 

(speed, power, number of scans) in “vector mode” for each different thickness [172]: 

 0.2 mm – 17 mm/s (20%), 4.8 W (16%), 1x 

 0.3 mm – 17 mm/s (20%), 6 W (20%), 1x 

 0.5 mm – 17 mm/s (20%),  9 W (30%), 1x 

 1 mm – 17 mm/s (20%),  15 W (50%), 1x 

 2 mm – 17 mm/s (20%), 18W (60%), 2x 

After the chip layers were cut, they were cleaned using pure isopropanol (IPA) and lint-

free tissues. Layers were wiped gently on each side with tissues soaked in IPA until 

clean and kept in a clean box until bonding.  

The rapid prototyping method [173] was used to bond separate layers using aluminium 

alignment frames, alignment pins (2 x 8 mm) and pure ethanol. Firstly, the alignment 

frames were cleaned using a lint-free tissue soaked in isopropanol and blow dried with 

compressed air to remove dust. Next, all three PMMA layers of the first design were 

aligned and bonded together at once (Fig. 3.7 A). For the second design two rounds of 

bonding were required. For this, PMMA layers (1, 2, 3 and 4) were aligned in the 

correct order and position following the design shown in Fig. 3.7 B-i. In both cases 

holding the layers open compressed air was blown in between them. Immediately after 

this, gaps in between the layers were filled with ethanol to allow partial melting of 

PMMA layers and formation of strong bonds between them. Chip layers were put 

together and pressed gently to remove any air bubbles, and then placed on the alignment 

frame. The alignment frame was then ready to be closed and placed between the heated 

plates of the bonding press (PW100-37, Carver) preheated to 65°C for 3 min. After the 

bonding, alignment frames were placed in between metal plates to cool bonded layers 

while pressing. Subsequently, the excess of ethanol in the channels and chambers was 

removed with compressed air. After first bonding round the process was repeated for 

the second design to bond 4 layers with the last layer 5 (Fig. 3.7 B-ii).  
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The bonded PMMA layers of second design contained 2 identical chips, aimed for 

integration of the enrichment assay. To fit in the custom-made heater slot, chips had to 

be separated and cut to size (Fig. 3.7 B-iii). To perform this process, a piece of 

“sacrifice” material was used to align the cuts in the laser cutter using CorelDraw 

template. After this, the bonded layers were cut to size and shape using the optimised 

parameters (20% speed, 60% power, 3x). In this manner, two identical chips were 

obtained (Fig. 3.7 B-iiii).  

To improve the optical characteristics of the chips a chemical polishing process with 

dichloromethane was used. A glass petri dish with tin wire holders (to avoid a direct 

contact between the solvent and chips) was placed in the fume hood. Then ~1 ml of 

dichloromethane was added into the petri dish and the lid was closed. After 4-5 min (or 

when the chips look clear) and the lid was removed and chips were kept in an open petri 

dish until the solvent evaporated completely. Finally, to ensure complete solvent 

evaporation, finished chips (Fig. 3.7 C) were placed in a 150 mm plastic petri dish and 

heated to 70°C for at least 2 hours. 

 

Figure 3.7. Simplified view of microfluidic chip fabrication stages. Overlapped layer CAD 

drawing of: (A) lyophilisation chip – chambers closed with PDMS slabs, (B-i) first bonding of 

enrichment chip – 4 layers, (B-ii) second bonding – 5 layers, (B-iii) cutting to size (cut in red),  

(B-iiii) final chip, (C) photograph of a finished enrichment chip: chambers 1 (CH1) and 3 (CH3) 

are left open after bonding to allow the spotting of the reagents and the subsequent freeze-

drying process. The highlighted red area corresponds to the part of the chip that fits inside the 

heater slot. The tape provides the top wall for chambers 1 and 3, producing a closed 

microfluidic chip. 
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For the reagent lyophilisation chip closure (design 1), slabs were fabricated by casting 

polydimethylsiloxane (PDMS) onto SLA-3D printed moulds (Fig. 3.8). The moulds 

contained structures to form the pockets in casted slabs. The mould fabrication and 

casting processes were described [140]. Piezoelectric actuators and driver Piezoelectric 

diaphragms with a diameter of 20 mm 7BB-20-6 was used (Murata Electronics). A 

function generator (TG215, Thurlby Thandar Instruments) was used as a driver. This 

generator can work with voltages up to 20 Vp-p. For higher voltages, we used a 1:3:10 

turn ratio audio transformer (NTE10/3, Neutrik) connected with the signal generator. 

 

Figure 3.8. PDMS slab diagram. 

 

The last part for a complete enrichment assay microfluidic chip (design 2) was air luer 

connector for sample input and peristaltic pump connection (Fig. 3.7 C). Connectors 

were used only once to avoid cross-contamination. They were 3D printed in batches 

using a commercial SLA 3D printer (Form 2, Formlabs) and a clear resin (Clear V4, 

Formlabs). The uncured resin was rinsed off by washing the parts in pure isopropanol 

for 10 min twice. Subsequently the parts were heat cured in an oven at 60°C for 1h. 

Finally the flat side of the connectors was smoothened with sandpaper to better attach to 

the chip. Connectors were fixed to the chip using double-sided tape. 

3.4.3.4. Reagent lyophilisation  

The chip design for reagent lyophilisation was custom made for optimisation of NaME-

PrO  reagent, described in Section 3.2.8, lyophilisation [104]. Due to low volumes of 

DSN and oligonucleotide probes used (< 1µl), they were lyophilised (freeze-dried). 

Spotted reagents were frozen at -20°C and then freeze-dried using an E-C Modulyo (E-

C Apparatus Inc.) freeze-drier operated at -45°C and <0.1 mbar (Fig. 3.9 A). Reagents 

were rehydrated with or without mixing for enrichment experiments as described in 

Chapter 7 (Fig. 3.9 B). 
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Figure 3.9. Photograph of the chip used for reagent lyophilisation. (A) Reagents spotted in 

the chambers for lyophilisation. (B) Assembled chip with piezoelectric disc for acoustic bubble 

mixing.  

 

The second design was intended for integration of mutant allele enrichment assay. As it 

can be seen from the CAD drawing (Fig. 3.10), the device was designed to have two 

open chambers in layer 5. These chambers where used to spot oligonucleotides, used in 

mutant allele enrichment assay, and DSN. Open chambers were closed with one sided 

tape cut to size. 

 

Figure 3.10. An overlapped layer CAD drawing of the microfluidic chip and the reagent 

position in it.  

 

3.4.3.5. System overview 

The main components of the operating system required to conduct an integrated 

enrichment assay on microfluidic chip included peristaltic pump, valve and tubing for 

liquid handling, and a heater slot for temperature control (Fig. 3.11 A). Liquid handling 

operations were performed by controlling a peristaltic micropump and a rotary valve 

with stepper motors. The liquid plug containing the sample moves sequentially through 

all the chambers by a positive air pressure. A custom-made PID heating and cooling 

system was used to provide fast and precise temperature control to the chips. A 

customisable automation platform (Fraunhofer) was programmed to perform the assay 
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in 4 different chambers (Fig. 3.11 B). First, after sample loading, it was incubated at 

room temperature for 1 min to lift-off freeze-dried oligonucleotides in chamber 1 

(CH1). Then sample was pushed to the already preheated chamber 2 (CH2), where 

DNA melting took place at 93°C for 3 min. After sample was cooled down to 67°C, it 

was pushed through to chamber 3 (CH3) to lift-off lyophilised duplex specific nuclease 

(DSN). After 1 min, the pump pushed the sample to chamber 4 (CH4) where it was 

incubated at 67°C for 20 min enzymatic reaction, and 93°C for 5 min for DSN 

inactivation. 

 

Figure 3.11. The complete control system and schematic of assay design. (A) The valve 

connects the chip inlet either to the pump or to atmospheric pressure. The latter is used in some 

heating steps to avoid high pressure build-ups on the chip and spitting of the sample out of the 

intended chambers. A customisable automation platform (Fraunhofer) was programmed to 

perform the assay. (B) Assay was carried out in four chambers: CH1 – after sample input, it was 

incubated to lift off oligonucleotide probes; CH2 – sample incubated for DNA denaturation; 

CH3 – sample incubated to lift off DSN; CH4 – sample incubated for DSN mediated 

enrichment and DSN inactivation.  

3.4.3.6. Rear allele enrichment assay integrated on chip 

Nuclease-assisted minor-allele enrichment with probe-overlap was already described in 

Section 3.2.8. One of the developed enrichment assays for PIK3CA H1047R mutation 

was chosen to characterise integrated enrichment approach. For this, T-47D genomic 

DNA was used as a positive sample and wild-type human genomic DNA – as a negative 

control. Each reaction contained 1µl of 10x DSN buffer (Evrogen) premixed, top and 

bottom strand probes (20 nM final concentration), 5 µl of DNA (20ng/µl), and DNAse-

free water up to a volume of 10 µl. Samples were denatured at 93°C for 5 min. The 

temperature was then reduced to 67°C and 0.2 units of Duplex Specific Nuclease (DSN) 

(Evrogen) were added into the mixture followed by 20 min incubation at 67°C and 3 
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min at 93°C for DSN inactivation. No-DSN controls were run in parallel in all 

reactions. No sample purification was performed after nuclease treatment with samples 

stored at -20°C until further use. 

3.5. Data and statistical analysis  

Linear and logarithmic analysis was done in order to make standard curves in Excel 

2016. The best fitting curve was applied for each case and the equation was used to 

calculate required measurement for unknown samples.  

Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software Inc). 

Statistical significance between the two tested groups was determined by using a 

parametric two-tailed t test assuming equal standard deviations. One-way ANOVA was 

used in experiments with more than one group to compare to the control. Samples were 

considered statistically significant when P value was lower than 0.05. 
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CHAPTER 4: Characterisation of microfluidic 

modules for cfDNA extraction 

 

4.1. Introduction 

CfDNA is a promising biomarker, however, sample collection and preparation 

procedures need to be optimised and standardised for a potential clinical use. CfDNA 

has been reported to have a half-life from several minutes up to 2h in circulation [178, 

179], hence bringing liquid biopsy sample preparation to point-of-care would ensure the 

stability and integrity of these precious molecules.  

Pre-analytical considerations such as the matrix of choice, collection tubes, storage 

conditions, sample handling between blood draw and processing, and analytical 

methods have a huge impact on the obtained data, which often varies throughout 

ongoing studies [76, 180]. Careful pre-analytical plasma preparation is important to 

maintain cfDNA levels. Centrifugation can result in rupture of blood cells and sample 

cross-contamination. For these reasons, a novel microfluidic system has been 

established in this lab for blood plasma separation (BPS), which aims to provide a small 

low-cost single-use device (referred to as “BPS chip” in the rest of the text) that could 

be used at the bedside. The purity of blood plasma processed at high flow rate was 

evaluated by PCR and flow cytometry [133, 134]. This platform was aimed for NIPT 

and cancer patient sample preparation. In this chapter, cfDNA quality of microfluidic-

processed plasma samples was investigated in collaboration with Multiplicom N.V. (a 

part of Agilent technologies). Running their established Clarigo TM assay aimed to study 

cfDNA sample integrity, fragmentation and suitability for this NIPT workflow. To 

study the application of the BPS chip in oncology, cfDNA fragment size of 

glioblastoma patient samples was analysed after using the blood plasma separation 

platform.   

The next step of cfDNA sample preparation is its extraction from plasma. A lot of 

improvement has been seen in manual DNA extraction to provide optimised kits for 

specific applications, such as cfDNA extraction from plasma. Most of current extraction 

methods are based on silica membranes or silica beads. The later have been reported to 

have higher preference for low molecular weight DNA molecules [181], which helps to 
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circumvent the presence of unwanted high molecular weight genomic DNA from 

nucleated cells in the cfDNA sample preparation. However, a current need is to bring 

cfDNA or even ctDNA sample preparation to the point-of-care by reducing manual 

sample handling and minimizing the amount of required instrumentation. Here, 

biological characterisation of versatile hybrid acoustic micromixer approach to extract 

cfDNA was demonstrated [140].  

4.2. Aim and objectives  

Building on existing microfluidic circulating nucleic acids extraction work in the lab, 

the aim of this work was to characterise existing microfludic modules for blood plasma 

separation and cfDNA extraction prior to mutant allele enrichment development, 

optimisation and integration.  

The key objectives: 

- to evaluate cfDNA sample integrity after blood plasma separation on 

microfluidic chip and sample suitability for established NIPT workflow in 

collaboration with industrial partners at Multiplicom N.V.; 

- to compare cfDNA fragmentation and yield in glioblastoma patient plasma, 

separated on chip and by centrifugation; 

- to perform biological characterisation of a hybrid acoustic micromixer for 

cfDNA extraction and to compare results with manual gold standard extraction. 

 

 

4.3. Results 

4.3.1. BPS chip for NIPT sample preparation 

A blood plasma separation (BPS) chip has been previously established [134] aiming for 

sample preparation for two main applications of liquid biopsy – non-invasive prenatal 

test (NIPT) and cancer sample preparation. Here, a BPS chip was used to prepare blood 

samples from healthy donors and process them through the NIPT Clarigo workflow 

(Multiplicom N.V.). Plasma preparation on BPS chips and cfDNA extraction using a 

bench protocol was previously done by Dr Witold Mielczarek and Dr Virginia Alvarez-

Garcia. A set of these samples were used to investigate cfDNA sample integrity and 

fragmentation after microfluidic plasma separation in comparison to bench 

centrifugation. 
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Healthy donor blood samples, received from Scottish National Blood Transfusion 

Service (see Section 3.2.2), were split into 3 aliquots with equal volume of blood. For 

the first sample, two aliquots were diluted 1:1 (v/v) in Modified Phosphate Buffer 

Saline and processed on chip (Fig 4.1 A) (see Section 3.3.1). The third aliquot was spun 

down with a two-step centrifugation protocol (see Section 3.2.2). For the other two 

samples, blood was not diluted for chip extraction. The amount of plasma recovered by 

each separation method was measured and cfDNA was extracted from each sample. 

Prior to Clarigo workflow, cfDNA concentration in each sample, where plasma was 

separated on BPS chip or by centrifugation, was measured. A clear correlation between 

the plasma volume and DNA concentration was not observed in these samples (Fig. 4.1 

B).  

 

Figure 4.1. Blood plasma separation on chip. (A) Illustration of the microfluidic Blood 

Plasma Separation (BPS) chip (see Section 3.4.1). (B) Quantification of cfDNA extracted from 

plasma separated on BPS chip and by centrifugation. Quantification was done using Qubit 

fluorometer and HS DNA kit. Measured cfDNA concentration was plotted against plasma 

volume used for extraction. Each set of extractions are colour coded: blue – blood was diluted 

1:1 with modified PBS, yellow and brown (only one microfluidic plasma sample was available 

for analysis due to technical issues) – blood not diluted.  

Eluates of these extractions were subjected to QC Plex analysis, carried out at 

Multiplicom. QC Plex is a qualitative and quantitative DNA integrity assessment based 

on multiplex PCR, generating 7 PCR fragments in a range of 100-700 bp, and followed 

by a microfluidic fragment separation. High molecular weight fragments would indicate 

genomic DNA contamination. Here, fragment analysis demonstrated a similar cfDNA 

fragment profile in microfluidic samples and centrifuged control, with expected 

fragment peaks at ~100 bp and ~200 bp (showed in red), if processed plasma volume 

was > 300 µL (Fig. 4.2 A-i). In low plasma volume samples (<300 µL) results were not 

consistent (Fig. 4.2 A-ii, A-iii).  
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Figure 4.2. DNA fragmentation analysis by QC Plex assay. DNA fragment size (bp) shown 

above the peaks. Control peaks: LM – lower marker, ~150 bp – internal plasmid control, UM – 

upper marker. Expected cfDNA fragment peaks at ~100 bp and ~200 bp showed in red. A-i 

showing sample set where microfluidic samples were diluted 1:1 with modified PBS, A-ii and 

A-iii – not diluted. 

Next, Clarigo workflow, which is intended to screen fetal aneuploidies of chromosomes 

13, 18, 21 from maternal blood, was carried out on these samples. This workflow is 

based on targeted amplification of cfDNA and massively parallel sequencing. Targeted 

amplification consists of two steps and a quality control (QC) step after each PCR. First, 

regions of interest are amplified in a multiplex PCR reaction based on MASTR 

technology (Multiplicom). Second, a universal PCR is performed to tag amplicons with 
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molecular identifiers (MIDs) and adaptors, required for Illumina next-generation 

sequencing systems. Fragment analysis after first targeted amplification did not pass the 

quality control (First QC) for any of the sample sets (Fig. 4.3). However, as there was 

some amplification detected (expected between 100-125 bp), samples were subjected to 

universal PCR. The second quality control analysis showed amplification of cfDNA 

fragments in all of the samples at ~200-225 bp peak (the actual length of amplified 

DNA fragments was 65-85 bp – length observed in plot is due to sample barcoding and 

sequencing primers) (Fig. 4.3). However, in comparison to higher plasma volume 

sample (Fig. 4.3 A-i), lower initial plasma volume resulted in higher peaks of primer 

dimers that appeared at ~150-175 bp (Fig. 4.3. A-ii, A-iii). The high primer dimer 

amplification is an important limitation for sequencing, thus it was shown that low 

volume plasma samples cannot be used for completing Clarigo workflow with 

sequencing. Therefore, blood input would have to be increased for blood plasma 

separation on chip for NIPT application. These findings are important for the future 

design and performance requirements of an integrated blood plasma separation system.  
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Figure 4.3. An example of Clarigo workflow results. Fragment analysis plots after first 

targeted (First QC) and second universal amplification (Second QC). Fragment sizes (bp) shown 

on x axis. Expected product after first amplification in a range of 100-125 bp (second grey bin), 

and after second amplification in a range of 200-225 bp (second grey bin). A-i showing sample 

set where microfluidic samples were diluted 1:1 with modified PBS, A-ii and A-iii – not diluted. 

 

4.3.2. BPS chip for liquid biopsy of cancer 

The same BPS chip was used to prepare blood samples from glioblastoma patients. 

Samples were previously collected, divided and processed on BPS chip or by 

centrifugation by Dr Virginia Alvarez-Garcia. Between 4.8-8 mL of blood was 

processed with each method. The plasma volume recovered from BPS chips was 
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between 0.7-1.3 mL, while for centrifugation it was recorded between 1.9-3.5 mL. 

Eluates for matched samples were first quantified, which showed a higher cfDNA 

concentration in plasma separated by centrifugation (Fig. 4.4). G02 and G07 samples 

showed a 4-fold and 3-fold difference in DNA yield respectively, while G08 and G13 

demonstrated up to 7-fold difference between the two plasma separation methods.  

 

Figure 4.4. Quantification of cfDNA extracted from glioblastoma patient plasma separated 

on BPS chip and by centrifugation. Quantification was done using Qubit fluorometer and HS 

DNA kit. Matching cfDNA from BPS chip processed and centrifugated plasma were colour 

coded for each sample ID. 

 

To investigate if the difference in DNA yield affected fragment size distribution, 

Tapestation fragment size analysis was done using these four sets of samples. The 

comparison of microfluidic and centrifugation plasma separation for both G02 (Fig. 4.5 

A-i) and G07 (Fig. 4.5 A-ii) samples showed very similar DNA fragmentation pattern, 

with one peak with a size of 178-182 bp, which indicates cfDNA fragment size. In both 

cases, plasma separated by centrifugation showed to retain more cfDNA than 

microfluidic separation.  

However, a different pattern was observed analysing G08 (Fig. 4.6 A-i) and G13 (Fig. 

4.6 A-ii) samples. While, microfluidic G08 sample showed a cfDNA fragment of 184 

bp present, this peak was not observed in the plasma separated by centrifugation. 

Instead, a smear of high molecular weight DNA was observed in this sample. For G13, 

a peak or short cfDNA fragment was observed in both types of samples, however, 

centrifuged blood sample showed a presence of high molecular weight DNA. Although 

there were differences observed in fragmentation patterns and there were too few 

samples to draw meaningful conclusions, the main peak of cfDNA was observed in all 

microfluidic samples.  
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Figure 4.5. Fragment analysis of glioblastoma patient plasma separated on BPS chip and 

by centrifugation. Electropherograms and electrophoresis of cfDNA eluates were shown for 

matching plasma separated on BPS chip (µF – top) and by centrifugation (CF – bottom) – (A-i) 

G02 and (A-ii) G07. Centrifugated plasma cfDNA was diluted to match microfluidic sample: 1 

ng was loaded for G02, and 0.25ng was loaded for G07. Samples were analysed with Agilent 

4200 TapeStation HS D1000 ScreenTape System including HS D1000 Ladder (Lane L) to 

provide size information. Lanes µF and CF – microfluidic and centrifugation separation 

respectively.        
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Figure 4.6. Fragment analysis of glioblastoma patient plasma separated on BPS chip and 

by centrifugation. Electropherograms and electrophoresis of cfDNA eluates were shown for 

matching plasma separated on BPS chip (µF – top) and by centrifugation (CF – bottom) – (A-i) 

G08 and (A-ii) G13. CfDNA was not diluted prior analysis with Agilent 4200 TapeStation HS 

D1000 ScreenTape System including HS D1000 Ladder to provide size information (Lane L). 

Lanes µF and CF – microfluidic and centrifugation separation respectively.   
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To further analyse plasma separated on BPS chip, cfDNA yield and H1047R mutant 

allele fraction were measured. Blood samples (10-15 mL), used for this experiment, 

were taken from breast cancer patients confirmed to carry this mutation. Samples were 

split in half for microfluidic blood plasma separation and double-spin centrifugation. 

For microfluidic separation blood was diluted 1:1 (v/v) in Modified Phosphate Buffer 

Saline. After manual cfDNA extraction, cfDNA yield was measured by qPCR. It was 

shown that plasma separated on microfluidics had 3 to 5 fold less DNA (Fig. 4.7 A). 

Mutant allele fraction was measured in all samples using ddPCR method described in 

Chapter 6. Although the observed fraction was lower in BPS plasma, H1047R was 

detected in all samples (Fig. 4.7 B).   

 

Figure 4.7. PIK3CA H1047R mutant allele detection in  plasma separated on BPS chip. 

Blood samples obtained from H1047R mutation positive breast cancer patients were processed 

on BPS chip and compared to double-spin centrifugation. (A) qPCR quantification (see Section 

3.2.3)  of cfDNA extracted from plasma separated on BPS chip and by centrifugation. For 

microfluidic separation blood was diluted 1:1 (v/v) in Modified Phosphate Buffer Saline. The 

standard curve for absolute quantification of cfDNA was created with commercially available 

human genomic DNA (Bioline) with a linear range over 5 orders of magnitude (R2 > 0.98). 

Samples were tested in triplicates. (B) Quantification of H1047R mutant allele by ddPCR. 

Samples were tested only once due to lack of material for analysis. The results are presented 

with their Poisson-based 95% confidence intervals.   

 

4.3.3. Biological characterisation of cfDNA extraction on chip  

Current benchtop cfDNA extractions methods are silica-based solid phase extractions 

carried out in spin columns or magnetic beads using chaotropic salts. However, one of 

the main challenges of using beads is the appearance of the permanent bead clusters 

[135, 182] that reduce the surface area, which is very important for low concentrate 

analytes. Acoustic microstreaming has been demonstrated as a good mixing approach 
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for microbeads in microfluidic devices [183]. Two chips with integrated micromixer, 

holding different reaction volume (255 μl and 1100 μl), were built by Dr Alvaro Jose 

Conde as described [140], to perform a full cfDNA extraction from 100 μl (sample 1) 

and 500 μl (sample 2) of plasma from two healthy donors using the MagMAX® Cell-

Free DNA Isolation Kit chemistry.  

The comparison of chip and bench extraction demonstrated that cfDNA extraction 

efficiency was one order of magnitude higher on chip for low volume plasma samples 

(100 µL) (Fig. 4.8 A). This result indicated the ability of micromixer to better mix and 

break up bead clusters and increase cfDNA capture due to larger available surface area. 

For higher volume (500 µL) plasma samples the difference in cfDNA yield was not 

significant. To demonstrate that the captured DNA corresponds to cfDNA fragments 

(∼160 bp), fragment analysis was done (Fig. 4.8 B). 

 

Figure 4.8. CfDNA quantification and fragment size analysis. (A) cfDNA yield in plasma 

samples isolated with MagMax cfDNA Isolation Kit on chip and by manual bench extraction 

method. A 100 µl (sample 1) and 500 µl (sample 2) of plasma from different blood donors was 

used in three independent extractions. (B) Electrophoresis of cfDNA eluates from 500 µl of 

plasma by Agilent 4200 TapeStation HS D5000 ScreenTape System. Lane A1, HS D5000 

Ladder; lanes B1-D1, cfDNA extracted on chip; lane E1-G1, cfDNA extracted manually on 

bench. Reproduced from [140].   

4.4. Discussion 

In summary, the results in this Chapter demonstrated the capability of blood plasma 

separation on a microfluidic chip and cfDNA extraction in a microfluidic device with 

the integrated acoustic bubble micromixer. The BPS chip and micromixer approach 
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could be potentially integrated into microfluidic cartridges with automated liquid 

handling operations to perform cfDNA sample preparation from blood.  

One of the requirements for cfDNA sample preparation is good quality of a final 

product for downstream applications. The cfDNA integrity results of samples, 

processed on a blood plasma separation chip [134] and analysed at Multiplicom by 

DNA fragment analysis method, showed that the initial plasma volume has to be 

increased for microfluidic sample preparation in order to increase DNA yield suitable 

for Clarigo workflow analysis. Restrictions in the volume of processed blood might 

otherwise limit the options for downstream applications.  

In a study of BPS chip for glioblastoma patient sample preparation, the volume of 

processed blood was increased in comparison to NIPT study. Here, although cfDNA 

yield was lower in the microfluidic plasma extraction compared with centrifugation, it 

was detected in all studied cases, and high molecular weight DNA was not observed in 

the microfluidic extraction. With further platform optimisation and evolving sequencing 

approaches with very low (10 pg) DNA input required (QIAseq Ultralow Input Library 

Kit (Qiagen), Accel-NGS® 2S Plus Library Kit (Swift Biosciences)), this blood plasma 

separation technique shows a promising potential in sample preparation.  

In blood from breast cancer patients, H1047R mutant allele was detected in all samples 

separated on BPS chip, although the variant allele fraction was lower in comparison to 

double-spin controls. One of the explanations could be a lower cfDNA yield obtained 

from such plasma in comparison to the usual centrifugation protocol, therefore the 

accurate quantification was not possible. In the future, a more efficient plasma 

separation should be sought to increase DNA yield from liquid biopsy samples, for 

example by avoiding dilution and increasing plasma yield. 

Plasma processing further to cfDNA on the microfluidic device using silica beads 

showed a successful capture of DNA molecules. Magnetic beads are widely used for 

genomic DNA separation in microfluidics [184]. Although they have not been used to 

extract circulating free DNA from whole blood yet, the use of other silica structures has 

been reported [185]. One of the benefits using beads here was the ability to enhance 

DNA molecule capture efficiency by breaking aggregated beads with acoustic bubble 

micromixer. For low volume samples (100 μl) a 10-fold higher DNA yield was 

demonstrated with chip extraction, while for higher volume samples automated 
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extraction efficiency was comparable to manual DNA extraction using magnetic beads 

in the tube.  

These results show that microfluidic modules for blood plasma separation (Module 1) 

and cfDNA extraction (Module 2) – see Section 2.3 Figure 2.13 – could be potentially 

integrated with automated liquid handling system for point-of-care applications to 

ensure cfDNA sample integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

71 

 

 

CHAPTER 5: Mutation specific enrichment and qPCR 

detection assay for most common PIK3CA variants 

 

5.1. Introduction 

For several decades Sanger DNA sequencing was one of the most widely used 

techniques to assess mutation status in tissue biopsy samples. Although it retains an 

essential place in clinical genomics, the low sensitivity of the method to represent 

individual molecules within a sample prevents the detection of low abundance 

mutations. In order to overcome this, next-generation sequencing (NGS) technology has 

been developed allowing high throughput analysis with a much higher sensitivity, in 

some cases detecting 0.1% of mutant fraction [186]. In spite of the advancements of 

NGS techniques, the complexity and relatively high cost still prevents their 

implementation for routine testing at clinical laboratories.  

Most alternative mutant allele detection approaches to detect genome changes are based 

on polymerase chain reaction (PCR). Techniques such as TaqMan qPCR, High 

Resolution Melting (HRM), Amplification-refractory mutation system (ARMS), 

COLD-PCR, LNA-PCR prior to sequencing, variations of Digital Droplet PCR, to name 

a few, involve a complex assay design and advanced machinery [97, 187-191]. 

Therefore, there is a need for simple, low-cost and robust screening methods that could 

be implemented in the clinical practice for more sensitive mutation detection. Recently, 

such method has been described to detect very common oncogenic mutations in KRAS 

and BRAF using a standard SYBR Green real-time PCR with a competing wild-type 

blocking primer [192]. Based on this approach, detection of two most common 

mutations in PIK3CA (H1047R and E545K) has been developed and described in 

collaboration with Dr Virginia Alvarez-Garcia [167], which significantly improved the 

detection of these two hotspots.  

On the other hand, current sample preparation techniques and molecular detection 

methods still face challenges, such as low yield of nucleic acid and lack of analytical 

sensitivity, robustly to detect mutations at very low abundance (<0.1 %) in a 

background of wild type DNA [193-196]. There are several other strategies for 

improved selective detection of mutant alleles, such as thermal-electrophoretic 
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separation SCODA [197], DNA probes for hybrid capture [198], restriction enzyme-

based assays like dCas9 [107] and NaME-PrO [100, 102-104]. Of these, nuclease-based 

techniques appear to be more robust and have much better multiplexing capabilities as 

they are less technically demanding and do not require extensive optimisation as PCR-

based methods.   

The nuclease-assisted minor-allele enrichment assay with overlapping probes (NaME-

PrO), recently developed by Makrigiorgos and collaborators [104] is practical and cost-

effective, and allows detection of multiple mutations of very low abundance that could 

have relevance in the clinic. This assay, combined with a SYBR Green real-time qPCR 

detection method [167, 199] would allow for a more sensitive detection of mutations 

from clinical samples at low-cost and with rapid turnaround. Despite the advantages of 

capturing low allelic-fraction mutations, the precise prediction of abundance of potential 

driver mutations in the original sample has not been demonstrated using NaME-PrO 

enrichment.  

5.2. Aim and objectives 

In this work, most common PIK3CA hotspot mutations were chosen to illustrate a 

workflow, which could be used to detect and quantify any mutant allele and would 

bring enrichment methods closer to use at the clinical setting. The objectives of this 

work were: 

- to enable a simple and robust SYBR Green qPCR detection of four most 

common mutations in PIK3CA by developing, optimising and validating qPCR 

assays for E452K and H1047L mutation detection in addition to already 

characterised E545K and H1047R hotspots; 

- to develop an enrichment protocol based on the NaME-PrO technique [104] that 

could be used efficiently to enrich for low fractional abundance of 4 PIK3CA  

hotspot mutations (E542K, E545K, H1047R, and H1047L) from a high 

background of wild type DNA; 

- to combine, optimise and validate enrichment assays with the established 

PIK3CA mutation specific real-time qPCR detection method and validate it with 

cell line DNA samples as well as breast cancer tissue DNA; 

- to use standard samples with known fractions of PIK3CA mutant DNA 

accurately to predict the initial variant allele fraction in clinical samples.  
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5.3. Method design  

5.3.1. SYBR green qPCR to detect variant alleles in PIK3CA  

A highly sensitive and low-cost SYBR Green IntPlex technique has recently been 

developed and validated for KRAS and BRAF mutation detection in colorectal cancer 

patients [199]. This simple, rapid and sensitive method is adaptable for any mutation 

and can be easily implemented at any laboratory with a qPCR instrument. Based on this 

approach, PIK3CA E545K and H1047R qPCR mutation detection assays were 

developed and characterised with breast cancer patient tumour material in collaboration 

with Nick Leslie’s lab [167, 199]. To expand this work, detection assays for PIK3CA 

E542K and H1047L have been designed to allow the detection of four most common 

PIK3CA mutations altogether (Fig. 5.1). In the mutation specific qPCR reaction, one of 

the oligonucleotide primers was designed specifically to target the mutant sequence 

with the variant base at its 3’ end to match the mutant allele. A wild-type specific 

blocking oligonucleotide with a phosphate modification at 3’ end helped to minimize 

unspecific amplification of wild-type template further by competing with the partially 

overlapping mutation specific primer. An internal control assay was performed in 

parallel as a reference for DNA quantification.   

 

Figure 5.1. PIK3CA mutation specific real-time PCR assay design. Modified from Alvarez-

Garcia et al. 2018. Position of mutant specific and reference sequence primers is shown in the 

illustration. Mutant specific reaction contained a set of primers showed in green and a 

phosphate-modified wild-type specific blocking primer, which has a phosphate group 

modification on 3’ end of the oligonucleotide. Reference sequence amplification reaction was 

performed separately using blue primer set shown in the diagram.  
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5.3.2. PIK3CA variant allele enrichment and quantification method  

The PIK3CA hotspot enrichment protocol was designed based on the nuclease-assited 

minor allele enrichment with overlapping probes (NaME-PrO) technique [104] to 

efficiently enrich for low fractional abundance of several mutations (E542K, E545K, 

H1047R, and H1047L) from a high background of wild type DNA. This method is 

based on short oligonucleotides that perfectly match single stranded wild-type 

sequences and guide duplex specific nuclease (DSN) for the cleavage of these duplexes 

(Fig. 5.2). In the meantime, mutant sequence creates a mismatch with the probes, which 

inhibits nuclease activity on mutant DNA strands. Although elimination of wild-type 

sequences enhances the sensitivity of variant allele detection, it provides a semi-

quantitative result, which is useful to confirm the presence of specific mutation, for 

example, to detect the recurrence (from undetectable to detectable again). On the 

contrary, if the enrichment technique is utilised to increase detection method sensitivity 

to follow patient’s response to therapy, the initial variant allele fraction is needed. 

Therefore, enrichment data from standard samples with known fractions of mutant 

DNA was used to achieve the calculation of the initial variant allele fraction in the test 

samples.  

Probe annealing and WT DNA elimination
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DNA sample preparation

Step 2:
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Figure 5.2. Workflow of nuclease-based mutant allele enrichment assay and initial VAF 

prediction. The enrichment protocol is based on duplex specific nuclease (DSN) preferentially 

degrading perfectly annealed double stranded DNA (dsDNA). DNA sample preparation 

introducing oligonucleotide probes which overlap the mutation location and are specific to the 

wild type (WT) sequence (step 1), is followed by sample denaturation (step 2), probe annealing 

to target DNA sequences and DSN digestion at perfectly annealed WT sequences (step 3) and 

nuclease inactivation at the end (step 4), thus enriching for mutant DNA sequences. After 

sample analysis with the user’s preferred method (step 5) initial VAF is calculated from a 



 

75 

 

 

standard curve of known VAF DNA samples (step 6) and can be used to follow-up patient 

progression in the clinical setting. 

 

5.4. Results 

5.4.1. SYBR Green qPCR assay optimisation and validation with cell lines 

The aim was to design and optimise sensitive detection assays for PIK3CA E542K and 

H1047L variants. First, to evaluate the performance of the primer sets of both qPCR 

assays, DNA from corresponding cell lines CAL-51 (DSMZ no.: ACC 302) and EFM-

19 (DSMZ no.: ACC 231) used. A serial dilution of decreasing DNA amount was used 

in mutation specific and internal control reactions. As shown in Fig. 5.3 A, B, in all 

cases R2 was >0.98 and the efficiency of the reactions was close to 100%. This indicates 

the suitability and accuracy of the selected primer sets that were designed as described 

in Section 5.3.1. The limit of detection in mutation specific qPCR was approximately 

100 pg for both assays.  

 

Figure 5.3. PIK3CA E542K and H1047L qPCR efficiency. To determine the efficiency of 

E542K mutant specific primers (A-i) and internal control primers (A-ii) genomic DNA from 

CAL-51 cell line containing the E542K mutation was serially diluted 5 times and amplified with 

appropriate set of primers. The same experiment was performed with genomic DNA from EFM-

19 cell line genomic DNA to quantify the efficiency of the PIK3CA H1047L mutant-specific 

(B-i) and internal control (B-ii) primers. Linear regression curves are shown for each 

experiment with all data points acquired in duplicates. Efficiency was calculated using the slope 

of linear regression curve in the following formula: Efficiency=−1+10(−1/slope). R2 was always 

>0.98.  
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To evaluate the ability to detect mutations of interest with designed qPCR assays, cell 

line DNA from CAL-51, containing E542K mutation, and EFM-19, carrying H1047L 

variant, was used. PIK3CA copy number and mutant allele frequency in each cell line 

were considered as described in Section 3.1.1. It was checked experimentally and 

confirmed by canSAR v4.0 tool that CAL-51 cells had 2 copies (VAF ~50%), and 

EFM-19 – 4 copies (VAF ~50%) of the target gene. All allele specific and internal 

control qPCR reactions were carried out using ~6000 copies of mutant or wild type 

DNA templates. 

In PIK3CA E542K mutation specific reaction a difference can be seen between 

amplification curves of mutant CAL-51 and wild-type human genomic DNA samples 

(Fig. 5.4 A-i), while no difference was observed in the internal control reaction (Fig. 5.4 

A-ii). A shift of amplification curve in the mutant allele specific reaction was also 

shown in the MCF-7 cell line DNA (Fig. 5.4 B-i), which carries a neighbouring E545K 

mutation, while internal control amplification signal was equal (Fig. 5.4 B-ii). This 

indicated the amplification of mismatched wild-type allele was restrained by the blocker 

used in the reaction.  

To compare the detection of E542K in cell line derived DNA, four different cell lines of 

known mutation status were used (Fig. 5.4 C-i). E542K mutant template from CAL-51 

cell line had a significant 4-fold increase in PCR target product formation compared to 

the wild-type human genomic DNA control. Although wild-type templates derived from 

MCF-7, U87MG and HEK-293T cell lines, used as negative controls, showed 

amplification signal in the mutant specific qPCR reaction, as expected it was not 

significantly different compared to wild-type human genomic DNA control (the Ct and 

ΔCt values are shown in Fig. 5.4 C-ii. 

In PIK3CA H1047L mutant allele specific reaction, a shift of wild-type DNA 

amplification was shown in comparison to mutant EFM-19 derived DNA template (Fig. 

5.5 A-i), while no difference was detected in internal control reaction (Fig. 5.5 A-ii). A 

similar pattern was noticed between H1047L (EFM-19 cell line) and H1047R (T-47D 

cell line) positive DNA templates (Fig. 5.5 B-i, B-ii). However, there was also a slight 

shift in amplification in T-47D template compared to wild type DNA control (Fig. 5.5 

C-i, C-ii). Even though H1047L (c.3140A>T) mutation is not present in T-47D cells, 

they carry H1047R (c.3140A>G) mutation at the same position. In literature, a terminal 

3’ primer mismatch with template (A/G) is described as one of the most detrimental for 
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amplification, however, surrounding sequence content and the stringency of assay 

conditions can influence the result [200]. 

In the comparison of four different cell line derived DNA templates of known mutation 

status it was shown DNA from EFM-19 cells had a significant 6-fold increase in PCR 

target product formation compared to the wild-type human genomic DNA control (Fig. 

5.5 D-i). Although T-47D cell line, carrying H1047R mutation in the same position as 

H1047L, showed significant difference to wild type control, it was 4-fold lower 

compared to EFM-19 template, positive for H1047L (the Ct and ΔCt values are shown 

in Fig. 5.5 D-ii).  

 

Figure 5.4. PIK3CA E542K allele specific assay. (A) Amplification curves shown for the 

mutant-allele specific reaction (A-i) and the internal control (A-ii) using 6000 genome copies 

per reaction of CAL-51 cell line DNA, carrying E542K mutation, and wild type human genomic 

DNA. DNA templates served as positive and negative control accordingly. (B) E542K mutant 

specific reaction (B-i) and internal control (B-ii) amplification curves shown for positive (CAL-

51) and negative (MCF-7) cell line DNA templates. (C) PIK3CA E542K mutation analysis in 
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four cell lines of known PIK3CA status and wild type human genomic DNA. Fold change of 

amplification of the E542K allele in CAL-51 cell line DNA with reference to wild type DNA 

from cell lines and human genomic DNA. Data analysed by ΔΔCt method (C-i). Ct values for 

mutant specific and internal control reactions are shown as a mean of three independent 

experiments ±SD, ΔCt was calculated as a difference of the mean Ct value of mutant allele 

amplification and the mean Ct value of the internal control amplification in the respective 

samples (C-ii). All the experimental points were obtained in three independent experiments 

(n=3). ***P<0.001 compared to hgDNA control (One-way ANOVA test). 

 

Figure 5.5. PIK3CA H1047L allele specific assay. (A) Amplification curves shown for the 

mutant-allele specific reaction (A-i) and the internal control (A-ii) using 3000 genome copies 
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per reaction of EFM-19 cell line DNA, carrying H1047L mutation, and wild type human 

genomic DNA. DNA templates served as positive and negative control accordingly. (B) 

H1047L mutant specific reaction (B-i) and internal control (B-ii) amplification curves shown 

for cell lines DNA templates carrying H1047L (EFM-19) or H1047R (T-47D). (D) PIK3CA 

H1047L mutation analysis in four cell lines of known PIK3CA status and wild type human 

genomic DNA. Fold change of amplification of the H1047L allele in EFM-19 cell line DNA 

with reference to H1047R positive T-47D cell line DNA, wild type DNA from cell lines and 

human genomic DNA. Data analysed by ΔΔCt method (C-i). Ct values for mutant specific and 

internal control reactions are shown as a mean of three independent experiments ±SD, ΔCt was 

calculated as a difference of the mean Ct value of mutant allele amplification and the mean Ct 

value of the internal control amplification in the respective samples (C-ii). All the experimental 

points were obtained in three independent experiments (n=3). *P<0.05, ***P<0.001 compared 

to hgDNA control (One-way ANOVA test). 

 

To further study the sensitivity of the described qPCR assays, CAL-51 and EFM-19 cell 

line genomic DNA carrying appropriate mutations was diluted into wild-type human 

genomic DNA maintaining the same total genomic copies of PIK3CA (calculations 

were described in Section 3.2.4). Variant allele fraction of the diluted samples were in 

the range of 20 – 1.25%. In order to prepare the dilutions, PIK3CA copy number and 

mutant allele frequency were considered as described in Section 3.1.1. These samples 

were then subjected to qPCR analysis. Results of both mutant specific qPCR assays 

showed a decreasing mutant-allele amplification signal, when VAF of the sample was 

decreasing (Fig. 5.6). Analysis of the samples with decreasing mutant to wild-type DNA 

ratio showed a detection limit of 5% mutant fraction for both E542K (Fig. 5.6 A) and 

H1047L (Fig. 5.6 B) specific qPCR assays, where relative amplification was 

significantly higher in comparison to wild type DNA (P < 0.05). 

 

Figure 5.6.  PIK3CA E542K and H1047L specific qPCR assay sensitivity. Assay sensitivity 

was assessed in reactions using 5000 template genome copies per reaction. Genomic DNA from 
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cell lines CAL-51, containing E542K (A), and EFM-19, carrying H1047L (B), was serially 

diluted in wild type DNA with decreasing mutation abundances 20, 10, 5, 2.5, and 1.25%, 

keeping a total number of 6000 genome copies. Data analysed by ΔΔCt method, where relative 

amplification was calculated in regards to WT human genomic DNA, and shown as mean 

mutant fold amplification ± SD. All qPCR points were obtained in duplicates in three 

independent experiments (n=3). ***P < 0.001, **P < 0.01, *P < 0.05 compared with PIK3CA 

WT (0%) (Student’s t test using GraphPad Prism software). 

 

5.4.2. Mutation enrichment optimisation 

The mutant sequence enrichment was based on overlapping probes specific to wild type 

DNA that guide duplex specific nuclease (DSN) for wild type sequence elimination 

(Fig.5.2) [17]. In order to better understand a nuclease-assisted minor allele enrichment 

protocol, a reported target mutation BRAF V600E enrichment assay was chosen. 

Genomic DNA from two cell lines carrying this mutation, DBTRG-05MG and HT-29, 

was used in the experiments. The efficiency of enrichment was evaluated by a 

workflow, established at Multiplicom (a part of Agilent technologies) with sequencing 

on Illumina MiSeq platform. All tested samples contained a total of 20 ng. Each sample 

also had an untreated control. 

Sequencing results showed that DSN treatment depleted almost all wild-type sequence 

in the enriched samples as the variant allele fraction of DBTRG-05MG sample was 

increased from 44.93% to 98.91% after treatment, and VAF of HT-29 derived DNA 

sample was elevated from 46.82% to 99.91% (Fig. 5.7 A-i). 

To study the enrichment effect on lower mutant allele fraction samples, HT-29 cell line 

genomic DNA was diluted with wild-type human genomic DNA in a range of 20 – 

1.25%. To be able to mimic circulating cell-free DNA fragment size, cell line DNA and 

wild-type human genomic DNA was sheared prior to enrichment. Fragment size was 

analysed with Agilent 2200 TapeStation to demonstrate that sheared DNA fragments 

were 100–200 bp long (Fig. 5.7 A-ii). Having both types of samples, unsheared (Fig. 

5.7 B-i) and sheared (Fig. 5.7 B-ii), subjected to enrichment and sequencing, the same 

trend was noticed in both. Although enrichment increased variant allele frequency in all 

samples, it was decreasing together with decreasing initial VAF in the untreated 

samples.  
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Figure 5.7. BRAF V600E mutant allele enrichment and detection by NGS. Genomic DNA 

from cell lines DBTRG-05MG and HT-29, containing BRAF V600E, were subjected to 

enrichment at original mutant fraction (A-i). The Agilent 2200 TapeStation analysis was carried 

out on sheared DNA from HT-29 cells using Agilent High Sensitivity D5000 ScreenTape. The 

first peak at 15 bp is a lower marker, the last peak at 10,000 bp is an upper marker (A-ii). 

Unsheared (B-i) and sheared (B-ii) HT-29 DNA serially diluted in wild type DNA with 

decreasing mutation abundances 20, 10, 5, 2.5, 1.25%. Mutation detection was performed in 

enriched samples and matched untreated controls by library preparation with Somatic 1 

MASTR Plus Dx assay and sequencing on Illumina MiSeq platform. All samples were tested 

once. 

 

5.4.3. PIK3CA mutation enrichment and detection with qPCR 

Further, based on previous findings the aim was to develop an assay that can be used to 

efficiently enrich a low fraction of PIK3CA DNA mutations (H1047R, H1047L, E542K 

and E545K) from a high background of wild type DNA in clinical breast cancer 

samples.  

Initially, to evaluate the potential of mutant allele enrichment of PIK3CA mutations, 

genomic DNA from MCF-7 and T47D cells, that have been reported to carry E545K 
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and H1047R mutations respectively, was used. Both cell lines are also known to have 

an amplification of PIK3CA gene (MCF-7 cell line carries 3 copies (VAF ~33%), T-

47D – 6 copies (VAF ~50%), see Section 3.1.1) [201], and this was taken into account 

when mixing cell line-derived genomic DNA with wild-type human genomic DNA to 

make decreasing mutant fraction samples of ~10, 5, 2.5, 1.25, and 0.6% as described in 

Section 3.2.4.  

A set of overlapping probes for PIK3CA E545K and H1047R enrichment was designed 

trying to meet the specifications [104], where target sequence allowed (DNA sequence 

around these targets is rich of A and T bases, which impacts melting temperature of the 

designed oligonucleotide). The reported requirements for enrichment assay covered 

melting Tm in a range of 63 – 67°C (in DSN buffer with 50 mM Tris-HCl, 5 mM 

MgCl2), when fully bound to wild type sequence, probe to probe interactions with Tm < 

50°C, and oligonucleotide length between 20 – 25 bp with 10–15 bp overlap in the 

target area.  

A total of 100 ng of cell line DNA samples, measured by Qubit HS DNA quantification 

it, of either pure or diluted template with wild type human genomic DNA for lower 

mutant fractions, was used in all enrichment experiments. The PIK3CA E545K specific 

qPCR assay showed a 9-fold increased amplification signal for MCF-7 cell line DNA 

after enrichment in regards to wild type control. In comparison, a lower 4-fold 

difference was observed between untreated MCF-7 DNA and wild type control (Fig. 

5.8. A-i). Decreasing mutant allele amplification was shown when mutant allele fraction 

was decreasing in both cases – enriched and untreated samples (Fig. 5.8 A-ii). However, 

relative amplification was significantly higher for the samples treated with DSN than 

those that didn’t undergo nuclease treatment. Previously, the limit of detection (LOD) 

for the E545K qPCR assay has been reported to be ~10% mutant fraction if no sample 

manipulation has been done prior to detection [167]. After mutant allele enrichment the 

lowest detected E545K allele fraction was 1.25% with 2-fold higher amplification in 

comparison to wild-type control.  

To develop combined PIK3CA H1047R specific enrichment and qPCR detection, T-

47D cell line DNA was applied to DSN treatment with overlapping probes.  Results 

showed a 34-fold higher PCR product formation for mutant samples that underwent 

enrichment in regards to wild type control. In comparison, a lower 6-fold difference was 

observed between untreated mutant T-47D samples and wild type control (Fig. 5.8. B-i). 

Having demonstrated that enrichment enhances H1047R detection in high mutant 
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fraction samples, decreasing mutant allele samples were tested. Results showed 

correlation between decreasing allele fraction and specific target amplification in both 

cases – enriched and untreated samples (Fig. 5.8 B-ii). However, relative amplification 

was significantly higher for the samples treated with DSN in comparison to those that 

didn’t undergo nuclease treatment. The reported limit of detection (LOD) for the 

H1047R qPCR assay was ~5% mutant fraction [167]. After mutant allele enrichment 

the lowest detected H104R fraction was 1.25% with 2-fold higher amplification in 

comparison to wild-type control. 

 

Figure 5.8. PIK3CA E545K and H1047R mutation specific qPCR assay with mutant allele 

enrichment. Genomic DNA from cell lines MCF-7, containing PIK3CA E545K (A), and T-

47D, carrying H1047R (B) mutations, were subjected to enrichment with Set 1 probes at 

original mutant fraction (A-i, B-i) and also serially diluted in wild type DNA with decreasing 

mutation abundances 10, 5, 2.5, 1.25, 0.625% (A-ii, B-ii). Mutation detection was performed in 

enriched samples and matched untreated controls by SYBR Green qPCR method with wild type 

blocking primer. Data analysed by ΔΔCt method, where relative amplification was calculated in 

regards to WT human genomic DNA, and shown as mean mutant fold amplification ± SD. Due 

to a limited enrichment reaction volume (10 μl), all qPCR points were obtained in duplicates in 

three independent experiments (n=3). ***P < 0.001, **P<0.01, *P < 0.05 compared with 

PIK3CA WT (0%) (Student’s t test using GraphPad Prism software). 
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Although in both cases mutated DNA sequences were found to be enriched, there was 

also substantial degradation of this mutant target molecules and the enrichment potential 

was not reached. Therefore to improve the assay, overlapping probe characteristics were 

analysed and alternative sets of oligonucleotides with higher melting temperature (for 

E545K enrichment) and more central mutation position in the overlapping region (for 

H1047R enrichment) were designed (Table 5.1). 

In the comparison of E545K enrichment probes (Table 5.1 A), it can be seen, that 

oligonucleotides in NP Set 1 did not possess the melting temperature required for 

enrichment protocol. Therefore, two additional oligonucleotide sets have been 

developed with higher melting temperature. 

In the comparison of H1047R enrichment probes (Table 5.1 B), it can be seen, that 

mutant allele was positioned at the 3’ end of forward oligonucleotide in NP Set 1, which 

may compromise DSN ability to recognise the site of cleavage. Therefore, two 

additional oligonucleotide sets have been developed with different overlapping probe 

coverage to the target. 

 

Table 5.1. Detailed sequences of overlapping oligonucleotides used for PIK3CA E545K and 

H1047R mutation enrichment and their melting temperatures. The position of probes used 

are marked in red brackets with a variant base in red.  
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Enrichment probes, overlapping the sequence encoding for the PIK3CA E545K and 

H1047R mutations, were then compared. At first, MCF-7 and T-47D cell line DNA was 

used. From E545K enrichment experiment the most significant difference in mutant 

target amplification was observed in the samples using NP Set 2 probes (Fig. 5.9 A-i). 

This set had a higher oligonucleotide melting temperature when fully matched to wild-

type sequence compared to NP Set 1, and the mutant allele had a more central location 

in the probe overlap in comparison to NP Set 3. H1047R enrichment experiments 

showed the highest reduction of wild-type sequence with NP set 2 (Fig 5.9 A-ii). 

Although all three sets had similar oligonucleotide melting temperature, the position of 

mutant base had an impact of enrichment efficiency, i.e. the most central position of 

mutant base in probe overlap gave the best result. This way E545K enrichment assay 

improved qPCR results from 9-fold difference with NP Set 1 between mutant and wild 

type sample, to a 110-fold relative amplification difference with NP Set 2. In the 

meantime, H1047R enrichment improved from 34-fold difference using NP Set 1 to 90-

fold relative amplification difference between mutant and wild type sample using NP 

Set 2.  

Validation of NP set 2 for both mutations was done with cell line-derived genomic 

DNA diluted with wild type human genomic DNA at ~10, 5, 2.5, 1.25, 0.6, 0.3%, and 

0.15% (only for H1047R) fractions. The enrichment assay was carried out with mixed 

samples of 100 ng DNA in total as described before. In the comparison of E545K 

enrichment probes, it was demonstrated that specific qPCR mutant allele detection was 

improved further from lowest detectable fraction of 1.25% to 0.6% (Fig. 5.9 B-i). 

H1047R specific qPCR assay showed and improved LOD to 0.3% when using NP set 2 

in mutant allele enrichment (Fig 5.9 B-ii).  
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Figure 5.9. Mutant allele enrichment overlapping probe optimization. (A) Genomic DNA 

from cell lines, containing PIK3CA E545K (A-i) and H1047R (A-ii) mutations, was subjected to 

appropriate mutation enrichment protocol with several sets of overlapping probes. (B) 

Enrichment efficiency comparison between original and alternative sets of overlapping probes 

for low mutant allele frequency samples. Genomic DNA from cell lines containing PIK3CA 

E545K (B-i) and H1047R (B-ii) mutations were serially diluted in wild type DNA with 

decreasing mutation abundances 10, 5, 2.5, 1.25, 0.6, 0.3 and 0.15 (only for H1047R) %. 

Mutation detection was performed in enriched samples and matched untreated controls by 

SYBR Green qPCR method with wild type blocking primer. Data was analysed by the ΔΔCt 

method, where relative amplification was calculated in regards to WT human genomic DNA, 

and shown as mean mutant fold amplification ± SD. Due to a limited enrichment reaction 

volume (10 μl), all qPCR points were obtained in duplicates in three independent experiments 

(n=3). ***P < 0.001, **P<0.01, *P < 0.05 compared with PIK3CA WT (0%) (One-way 

ANOVA test). 

 

Having optimised requirements for oligonucleotide probe design the aim was to expand 

the set of mutations to four most common PIK3CA hotspots. Exon 20 missense 

mutations H1047R and H1047L are located in the same position (c.3140A>G, 

p.H1047R, and c.3140A>T, p.H1047L), therefore to enrich for H1047L mutation, 
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H1047R enrichment NP Set 2 probes were used. Enrichment and qPCR combined 

assays showed a 200-fold higher target amplification in comparison to wild-type DNA, 

while qPCR on its own gave only a 6-fold higher amplification signal in regards to 

wild-type control when no treatment was done (Fig. 5.10 A-i). EFM-19 cell line DNA 

was also diluted into wild-type human genomic DNA to achieve lower fractions in a 

range of 10 – 0.15%, similarly to previous experiments. The observed trend was 

analogous to previous experiments for other PIK3CA hotspot mutations. In this case, the 

limit of detection of H1047L specific qPCR was improved from 5% to 0.3% mutant 

fraction (Fig. 5.10 A-ii).   

 

Figure 5.10. PIK3CA H1047L mutation specific qPCR assay with mutant allele 

enrichment. Genomic DNA from EFM-19 cell line, containing PIK3CA H1047L was subjected 

to enrichment at 50% mutant fraction (A-i) and also serially diluted in wild type DNA with 

decreasing mutation abundances 10, 5, 2.5, 1.25, 0.6, 0.3% (A-ii). Mutation detection was 

performed in enriched samples and matched untreated controls by SYBR Green qPCR method 

with wild type blocking primer. Data analysed by ΔΔCt method, where relative amplification 

was calculated in regards to WT human genomic DNA, and shown as mean mutant fold 

amplification ± SD. Due to a limited enrichment reaction volume (10 μl), all qPCR points were 

obtained in duplicates in three independent experiments (n=3). ***P < 0.001, **P<0.01, *P < 

0.05 compared with PIK3CA WT (0%) (Student’s t test using GraphPad Prism software). 

 

In order to enable E542K enrichment new probes (Exon 9 Set) had to be designed. As a 

result of E542K and E545K mutations being 9 base pairs away, the decision was made 

to design a pair of oligonucleotide probes that cover both hotspot positions. This way a 

multiplex enrichment for two PIK3CA exon 9 mutations using only one set of probes 

was possible in one reaction well. First, enrichment efficiency was evaluated using 
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CAL-51 cell line derived genomic DNA. It was shown that after enrichment the 

detection of mutant E542K allele was almost 275-fold higher in regards to wild-type 

control, compared to untreated control that showed 12-fold difference in target allele 

amplification (Fig, 5.11 A). To continue with lower mutant allele fraction samples, cell 

line DNA from CAL-51 (positive control for E542K) and MCF-7 (positive control for 

E545K) was diluted into wild-type human genomic DNA in the range of 10 – 0.3%. 

E542K enrichment experiment demonstrated an improved qPCR limit of detection from 

5% of mutant fraction in untreated samples to 0.6% in enriched matching samples (Fig. 

5.11 B-i). To validate this oligonucleotide probe set for E545K mutation enrichment, 

the comparison with NP Set 2 was carried out. Although Exon 9 Set seemed to show 

higher fold change for all fractions down to 1.25%, the limit of detection was not 

changed (Fig. 5.11 B-ii). Therefore, Exon 9 probe set was used for multiplex 

enrichment in further experiments.   

 

Figure 5.11. Mutation specific qPCR assay with mutant allele enrichment for Exon 9. (A) 

Genomic DNA from CAL-51 cell line, containing PIK3CA E542K was subjected to enrichment 

at 50% mutant fraction (A). (B-i) E542K (CAL-51) and (B-ii) E545K (MCF-7) cell line DNA 

was also serially diluted in wild type DNA with decreasing mutation abundances 10, 5, 2.5, 

1.25, 0.6, 0.3%. Mutation detection was performed in enriched samples and matched untreated 
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controls by SYBR Green qPCR method with wild type blocking primer. Data analysed by ΔΔCt 

method, where relative amplification was calculated in regards to WT human genomic DNA, 

and shown as mean mutant fold amplification ± SD. Due to a limited enrichment reaction 

volume (10 μl), all qPCR points were obtained in duplicates in three independent experiments 

(n=3). ***P < 0.001, **P<0.01, *P < 0.05 compared with PIK3CA WT (0%) (Student’s t test 

(A, B-i), One-way ANOVA test (B-ii) using GraphPad Prism software). 

 

5.4.4. PIK3CA mutation detection and quantification in breast cancer biopsy DNA 

From experiments with diluted mutant cell line DNA in wild-type human genomic 

DNA samples, it was noticed, that enrichment in samples of different VAF followed a 

trend. A linear regression model was applied to these results to build a standard curve, 

which could enable estimation of the original variant allele fraction in samples after 

enrichment for a given mutation. Data was collected from enrichment and detection 

experiments of PIK3CA mutations in samples of known VAF (10 – 0.15%) (Fig. 5.9 – 

5.11), and used to calculate the regression equation and coefficient of determination R2 

for the specific assays detecting the E542K (Fig. 5.12 A), E545K (Fig. 5.12 B) H1047R 

(Fig. 5.12 C) and H1047L (Fig. 5.12 D) mutations. A strong correlation was observed in 

all models between expected variant allele fraction and relative amplification (R2 > 0.9) 

in enriched samples. This culminated with the establishment of a linear standard curve 

model to assess the initial E542K, E545K, H1047R, H1047L mutant allele fraction 

using a simple qPCR detection method. 

We next validated our mutant allele prediction model with DNA samples obtained from 

frozen tissue biopsies of newly diagnosed breast cancer patients. In a previous study of 

22 newly diagnosed breast cancer patients, positive PIK3CA E542K status was 

determined in one tissue biopsy sample, one patient was identified as positive for 

E545K, and three patients were confirmed to carry a H1047R mutation [167]. The 

clinical characteristics of the patients are shown in Section 3.1.2.   

Previously published sequencing results [167], verified by in-house ddPCR method 

(discussed in Chapter 6), showed that E542K positive tissue biopsy sample B10, had a 

relatively low mutant allele fraction <10%, hence it was included in further analysis. 

E545K positive tissue biopsy B03 had a mutant allele fraction of <5%, below the LOD 

of the mutation-specific qPCR assay without enrichment. One of the three samples 

positive for H1047R, B23, was shown to harbour a low H1047R mutation abundance 

(<5%) and could not be detected by the mutation specific qPCR method in a previous 
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study [167]. Here it was shown that combining the enrichment method for PIK3CA 

mutations and appropriate qPCR assay enabled the detection of E542K in B10 (Fig. 

5.12 E) tissue biopsy sample with a significantly higher amplification signal in 

comparison to wild-type DNA. Meanwhile mutations E545K in B03 (Fig. 5.12 F) and 

H1047R in B23 (Fig. 5.12 G), that were not detectable by qPCR only, were uncovered 

with significantly higher amplification signal after enrichment. This data and a linear 

regression modelling was then used to predict the initial mutant allele fraction in each 

sample before enrichment (Fig. 5.12 H). In each case, the initial variant allele fraction 

calculated by standard qPCR method, which for samples B03 and B23 could be 

predicted only if pre-enrichment was used, was very similar to the frequency 

determined by digital PCR and Tru-Seq panel sequencing (Fig. 5.12 H). 
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Figure 5.12. NaME-PrO wild type sequence elimination and mutant allele detection by 

SYBR Green qPCR method. Genomic DNA from cell lines containing PIK3CA E542K (A), 

E545K (B), H1047R (C), and H1047L (D) mutations were serially diluted in wild type DNA 

with decreasing mutation abundances. Mutation detection was performed in enriched samples 

and matched untreated controls by SYBR Green qPCR method with wild type blocking primer. 

A linear regression equation was estimated for data points for each mutation. PIK3CA mutation 

enrichment and detection assays (E) E542K, (F) E545K, (G) H1047R) were applied to low 

mutation abundance tissue biopsies (TB) and to white blood cell (WBC) samples. Data analysed 



 

92 

 

 

by ΔΔCt method, where relative amplification was calculated in regards to WT human genomic 

DNA, and shown as mean mutant fold amplification ± SD. Due to a limited enrichment reaction 

volume (10 µl), all qPCR points were obtained in duplicates in three independent experiments 

(n=3). ***P < 0.001 compared with PIK3CA WT, *P < 0.05 compared with PIK3CA WT 

(Student’s t test using GraphPad Prism software). (H) Linear regression equation was applied to 

calculate the initial variant allele fraction for every tissue biopsy sample in qPCR experiments, 

and compared to ddPCR and TruSeq panel sequencing results. *ND - no meaningful result, due 

to VAF < LOD. 

 

5.5. Discussion 

PIK3CA is one of the most mutated oncogenes in human malignancies and 4 most 

common hotspots, encountering for more than 80% of mutations in this gene, represent 

predictive biomarkers. There are numerous PI3K inhibitors undergoing clinical trials, 

one of which recently resulted in the approval of Alpelisib/BYL719 for advanced 

PIK3CA mutation positive, hormone receptor positive, HER2 negative breast cancer 

patients [159]. However, current genotyping methods are either of low sensitivity (e.g. 

targeted Sanger sequencing) or expensive and complex (e.g. NGS, ddPCR), hence not 

suitable for screening purposes [202, 203]. Therefore, there is a need for low-cost, 

simple and sensitive techniques that can detect already known mutations of low variant 

allele fraction in high background of wild type, which would enable patient monitoring 

and identification of the disease recurrence. 

Here, a simple and robust workflow to enrich and detect common oncogenic PIK3CA 

E542K, E545K, H1047R and H1047L mutations in human genomic DNA was 

described. A novel combination of the enrichment method, based on a duplex specific 

nuclease and wild-type sequence specific probes [104], and a SYBR Green qPCR assay 

[25, 167], including a set of mutant allele-specific primers and a wild-type sequence 

specific blocking oligonucleotide for higher target amplification specificity, showed 

promising result for a more sensitive PIK3CA mutant allele detection. This workflow 

also included a method to calculate the initial mutant allele frequency, which could be 

generally applicable to the targeted enrichment of variant sequences using nucleases.  

Established enrichment workflow for all four hotspot mutations improved the sensitivity 

of described PIK3CA mutant allele specific qPCR assays by more than an order of 

magnitude. This allowed the detection of very low mutant allele fractions in clinical 

samples positive for one of the four most common PIK3CA mutations by using a simple 
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qPCR detection method. It was shown this method provides a simple, robust and low 

cost solution with quick turnaround time, which achieves comparable sensitivity to 

other qPCR approaches, to detect clinically relevant mutations at any laboratory with 

qPCR platform.  

Despite the advantages of capturing low allelic-fraction mutations, predicting the 

precise abundance of potential driver mutations in the original sample has not yet been 

demonstrated, which is important in disease management for patient follow-up and 

clinical decision making. The linear regression analysis applied to qPCR results of the 

enriched samples demonstrated a successful use of a standard curve to calculate the 

initial PIK3CA mutant fraction in positive DNA of tissue biopsy samples. Predicted 

results were comparable to the results acquired without enrichment by more sensitive 

techniques, such as digital PCR and next generation sequencing. Additionally, the 

proposed sample preparation, enrichment and qPCR data analysis workflow is low cost 

and simple and is accessible to any lab with qPCR capability.  

A recent publication has described nuclease enrichment of mutant PIK3CA alleles and 

showed improvement in the sensitivity of ARMS detection method [103]. However, this 

method did not provide a quantitative measure of initial VAF prior to enrichment, 

which is of interest in the clinical setting to allow for patient follow-up. The aim of this 

versatile initial VAF calculation method was to be easily applied to a range of samples 

(frozen core biopsy, FFPE samples) subjected to enrichment and to analysis by a simple 

qPCR method. This method enhances the potential of nuclease-based enrichment to 

quantify low mutant allele fractions and bring these methods closer to use at the clinical 

setting, especially in locations without access to expensive genomics facilities.  
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CHAPTER 6: Mutant allele enrichment and 

quantification by ddPCR in blood and tissue 

 

6.1. Introduction   

Circulating cell-free DNA, and more specifically circulating tumour DNA, has gained 

significant attention in oncology in recent years. This biomarker has been shown as 

viable alternative to tissue biopsy as it is easy to obtain through minimally invasive 

blood draw, and it carries relevant information from solid tumours [204, 205].  

Testing strategies for screening and follow-up purposes are quite different. While 

screening involves testing of apparently healthy individuals for any signs of the disease, 

follow-up is usually informed for any targets of interest. Therefore, de novo mutation 

detection may necessitate extensive sample screening with broad cancer panel tests to 

inform personalised treatment, patient follow-up is important in order to observe disease 

progression over a course of treatment and targeted testing is usually sufficient. Tissue 

biopsy specimen collection is not a practical approach for patient follow-up through 

new treatment. It has also been shown that using classical imaging tissue does not 

respond quickly to treatment unlike patient’s blood [122, 206]. In recent years, blood-

based biomarkers, especially ctDNA, have emerged as an alternative less invasive test 

replacing tissue biopsies with the advantage of an easier and more efficient follow-up 

procedure. However, the main advantage is the ability non-invasively to detect genetic 

alterations, which is pivotal to track development and recurrence of the disease, to 

predict resistance to drugs and make decision on treatment [207]. In 2016, the first 

liquid biopsy test employing plasma samples of non-small-cell lung carcinoma 

(NSCLC) patients in EGFR mutation screening was approved by U.S. FDA as an 

appropriate and less-invasive test in the clinic. Thus, the interest in ctDNA has been 

dramatically increasing over the past few years because of its potential to develop very 

sensitive and less invasive diagnostic methods.  

However, liquid biopsy faces the same issue of lack of analytical sensitivity robustly to 

detect mutations of low abundance in high wild type DNA background. The main 

limitations to detect minor alleles in early stages of cancer using current sequencing 

methods are poor cfDNA yield obtained after extractions and very low ctDNA fraction, 
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in many cases < 0.1% [28]. Thus there is a current need for specialised efficient library 

preparation kits, error-correcting, or mutation enrichment methods [196] that will 

enable these challenges to be overcome.  

6.2. Aims and objectives 

Nuclease-assisted minor-allele enrichment assays with overlapping probes specific for 

PIK3CA mutations have been developed, optimised and validated with SYBR Green 

qPCR methods in Chapter 5. As they have been practically shown to enrich effectively 

for PIK3CA variant in cell line and frozen core tissue biopsy samples, the aim was to 

further validate enrichment with more difficult DNA templates, e.g. circulating cell-free 

DNA and DNA extracted from FFPE samples, using a more sensitive digital droplet 

PCR technique. In this chapter, a ddPCR detection method was intended to help 

characterize mutant allele enrichment and quantify variant allele fraction in blood and 

tissue samples. Also, it was aimed to use the initial minor-allele fraction prediction 

model for these samples to enhance the potential of nuclease-based enrichment to 

quantify low mutant allele fractions, and bring these methods closer to use at the clinical 

setting. 

The objectives of this work were: 

- to enable PIK3CA quantitation of four most common mutations (E542K, 

E545K, H1047R, H1047L) by developing, optimising and validating mutpliplex 

ddPCR assays (exon 9 and exon 20);  

- to validate already developed enrichment protocols based on the NaME-PrO 

technique [104], that could be used to efficiently enrich for low fractional 

abundance of 4 PIK3CA  hotspot mutations, in cell line samples diluted to low 

mutant allele fractions to better mimic cfDNA samples; 

- to optimise and validate enrichment assays with the established ddPCR detection 

method and validate the combined workflow with clinical breast cancer samples 

(blood and tissue); 

- to use established standard curve samples with known fractions of mutant DNA 

accurately to predict the initial variant allele fraction in the clinical breast 

samples.  

 

 

 



 

96 

 

 

6.3. Results 

6.3.1. Duplex ddPCR design to detect PIK3CA H1047R 

Initially a duplex digital droplet PCR for H1047R detection was designed. This assay 

involved two primers (forward and reverse) and two probes labelled with fluorescent 

dyes (Fig. 6.1 A). A probe labelled with HEX fluorophore was designed to match 

specifically wild type template, while a Cy5 labelled probe was specific to mutant target 

molecules. Every chamber was read in three channels – Blue (Fig. 6.1 B), Green (Fig. 

6.1 B-ii) and Red (Fig 6.1 B-iii). In this case, Blue channel was used for droplet count 

only, where fluorescein gave a background reading to enable this. Green and Red 

channels gave a reading of wild type and mutant positive droplets respectively.  

 

Figure 6.1. PIK3CA H1047R ddPCR assay design and droplet visualisation. (A) Position of 

amplification primers is shown in the illustration in grey. Mutant allele specific probe labelled 

with Cy5 fluorophore is shown in red, wild-type specific probe labelled with HEX fluorophore 

is shown in green. (B) A post PCR droplet crystal image using the Blue (B-i) (zoom-in image, 

bar 243 µm), Green (B-ii) and Red (B-iii) acquisition channels in Prism3 reader (bar 1.4 mm). 

Droplets with amplification signal are seen in bright colour, while negative droplets are dark. In 

Figure B-i all droplets have background fluorescence due to fluorescein salt added into reaction 

mix for droplet count in Blue channel. 
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6.3.2. PIK3CA H1047R ddPCR annealing temperature optimisation  

Annealing temperature was optimised for the best separation of H1047R mutant and 

wild type molecules. T-47D cell line DNA (20 ng) was used in ddPCR experiment with 

three different annealing temperatures: 58, 61 and 64°C.  The best wild type (Fig 6.2 A) 

and mutant (Fig. 6.2 B) droplet separation was observed with annealing temperature of 

64°C and used for further experiments.  

 

 

Figure 6.2. PIK3CA H1047R mutant allele specific ddPCR annealing temperature 

optimisation. (A) 1D scatterplot representing droplet fluorescence intensity in the Green (wild 

type positive droplets) acquisition channel, and (B) 1D scatterplot representing droplet 

fluorescence intensities in the Red (mutant positive droplets) acquisition channel. 

 

6.3.3. Limit of blank and limit of detection 

The limit of blank (LOB) was determined for H1047R target. A total of 33 wild-type 

DNA samples were tested with this duplex ddPCR assay in order to use calculations as 

per recommendations from Stilla technologies (see Section 3.2.12). The number of 

genomic copies used per reaction was in a range of 1,000-10,000. The mean (μ) and 

standard deviation (σ) of non-expected positive droplets, representing mutant H1047R 

molecules, in Red channel were calculated and found to fit a Poisson distribution. 

Therefore, the LOB at 95% confidence level was equal to 3 positive droplets (Table 

6.1). Thus, samples were considered positive if the number of positive droplets was 

strictly higher than LOB at 95%.  
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Table 6.1. Determination of LOB for PIK3CA H1047R ddPCR. Positive droplets observed in 

wild-type DNA samples were fitted to a Poisson distribution and LOB with 95% was obtained. 

 

 

To determine experimental LOD of low mutant fraction samples, T-47D cell line DNA 

was diluted into wild-type DNA to achieve fractions in a range of 12.5 – 0.025%. 

Twenty nanograms of every sample was loaded into ddPCR chips. It was shown that the 

mutant positive droplet count was decreasing with decreasing mutant allele (Fig. 6.3 A-

i), which was reflected in the detected mutant copy number (Fig. 6.3 A-ii). In the 

meantime, wild-type droplet count was fixed regardless of the mutant fraction (Fig. 6.3 

B-i), which was also demonstrated in the detected wild-type copy number (Fig. 6.3 B-

ii). Thresholds were set manually to separate all four droplet populations in a 2D dotplot 

(Fig. 6.3 C). Detected variant allele fraction (VAF) correlated with expected fraction 

(Fig, 6.3 D). 

 

Figure 6.3. Graphical Display of duplex PIK3CA H1047R detection digital PCR 

experiments. (A-i) 1D scatterplot representing droplet fluorescence intensity in the Red 
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acquisition channel, and (A-ii) droplet count conversion into concentration of detected copies 

per microliter of sample. (B-i) 1D scatterplot representing droplet fluorescence intensities in the 

Green acquisition channel, and (B-ii) droplet count conversion into concentration of detected 

copies per microliter of sample. (C) 2-D scatterplot representing droplet fluorescence intensities 

in the Green acquisition channel on the y axis, and droplet fluorescence intensities in the Red 

acquisition channel on the x axis. Green colour represents wild-type positive, red – mutant 

positive, yellow – double positive, and black – negative droplets. (D)  

 

To determine the limit of detection for low mutant allele fraction samples (1.25% and 

0.125%), a serial dilution of 3.3 fold was performed with starting amount 20 ng, and 

compared to human genomic DNA. Additional sample of 1.25% mutant fraction 

containing 1 ng of DNA was also ran, as it was assumed to be close to theoretical limit 

of detection. Samples were considered positive if more than three positive droplets were 

detected. Thus, positive result was obtained for 1.25% mutant allele fraction sample, if 

at least 1 ng of DNA was used. In order correctly to detect mutant molecules in 0.125% 

fraction samples 10 ng of DNA template was required (Fig. 6.4).  

 

Figure 6.4. An experimental limit of detection for low PIK3CA H1047R mutant allele 

fraction. Positive samples of 1.25% and 0.125% VAF and negative control were tested in a 

range of 20 – 0.6 ng of total DNA input. Samples were considered true positive for H1047R 

mutation, if more than 3 droplets in Red channel were observed. 
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6.3.4. Optimisation and validation of multiplex PIK3CA Exon 9 and Exon 20 

ddPCR 

In order to utilise three colour digital droplet PCR system for PIK3CA mutant allele 

detection, two triplex assays were designed. One assay was used to confirm the status of 

two PIK3CA Exon 9 mutations (E542K and E545K) (Fig. 6.5 A), while the other was 

used to enable detection and discrimination of Exon 20 mutations (H1047R and 

H1047L) (Fig. 6.5 B). Three probes, labelled with fluorophores that are read in different 

channels, were designed per assay. Both assays also involved a pair of primers (forward 

and reverse). Every chamber was read in three channels – Blue, Red and Green. In this 

case, Blue channel was used for droplet count and mutant allele detection.  

 

Figure 6.5. PIK3CA Exon 9 and Exon 20 triplex ddPCR design. (A) Exon 9 triplex assay to 

detect E542K and E545K alleles. Position of amplification primers is shown in grey, E542K 

mutant allele specific probe labelled with FAM fluorophore is shown in blue, E545K specific 

Cy3 labelled probe shown in green, and wild-type specific probe labelled with Cy5 fluorophore 

is shown in red. (B) Exon 20 triplex assay to detect H1047R and H1047L alleles. Position of 

amplification primers is shown in grey, H1047R mutant allele specific probe labelled with Cy5 

fluorophore is shown in red, H1047L specific FAM labelled probe shown in blue, and wild-type 

specific probe labelled with HEX fluorophore is shown in green. 

 

Probes for triplex assays were optimised to specifically detect target molecules and 

avoid non-specific signal due to probe cross-reactivity. As an example, Exon 20 triplex 

assay was used with DNA samples from EFM-19 and T-47D cells that carry H1047L 

and H1047R mutations respectively. Here, cell line DNA was diluted with wild type 

human genomic DNA to variant allele fraction of 0.1%. Droplets positive for H1047L, 

in blue, were detected in the sample containing DNA from EFM-19 cells (Fig. 6.6 A-i). 

As expected, no H1047R positive droplets were observed for this sample (Fig. 6.6 A-ii). 
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For the sample containing T-47D cell line DNA an opposite pattern was seen – H1047R 

mutant (in red) droplets were observed (Fig. 6.6 B-ii), while there were no H1047L 

positive droplets (in blue (Fig. 6.6 B-i). 

 

Figure 6.6. PIK3CA Exon 20 mutation specific ddPCR. EFM-19 and T-47D cell line DNA 

samples diluted with wild type DNA to VAF of 0.1% were tested with Exon 20 ddPCR assay. 

2D dot plots are showing results for sample containing DNA from EFM-19 cells, with mutant 

droplets in blue (FAM) (A-i) and no red droplets (Cy5) (A-ii), while sample containing DNA 

from T-47D cells does not show any droplets in blue (FAM) (B-i) but droplets in red (Cy5) (B-

ii).  

 

The LOB was determined for both triplex assays. A total of 33 wild-type DNA samples 

were tested for Exon 20 ddPCR assay (Table 6.2 A) and 31 wild-type samples were 

tested for Exon 9 assay (Table 6.2 B) in order to calculate LOB for every target as 

described in Section 6.3.3. The mean and standard deviation of non-expected positive 

droplets, representing mutant molecules, were calculated and found to fit a Poisson 

distribution. Therefore, the LOB at 95% confidence level was equal to 2 positive 

droplets (Table 6.2). Thus, samples were considered positive for each of the targets, if 

the number of positive droplets was strictly higher than LOB at 95%. 
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Table 6.2. Determination of LOB for PIK3CA Exon 20 and Exon 9 ddPCR. Positive 

droplets observed in wild-type DNA samples were fitted to a Poisson distribution and 

LOB with 95% was obtained for (A) Exon 20 and (B) Exon 9 triplex assays.  

 

 

To validate triplex assays for PIK3CA status in frozen biopsy a set of breast cancer 

patient samples was used. These samples were collected for a previous study [167] and 

were also used in experiments in Chapter 5. Mutant allele status has been previously 

reported by TruSeq Illumina sequencing panel and confirmed the results obtained with 

the designed digital droplet PCR assays (Fig. 6.7).  

 

Figure 6.7. Mutant allele fraction detection with digital PCR and TruSeq Illumina panel in 

breast cancer tissue biopsy samples. Genomic DNA extracted from tissue biopsies were 
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subjected to ddPCR analysis and compared to targeted deep sequencing using the TruSeq 

Cancer Amplicon Panel (Illumina) (reported previously [167]). Data are shown as the mutant 

allele fraction for each sample. 

 

6.3.5. ValidationPIK3CA H1047R enrichment assay in cell line DNA by ddPCR 

The aim was to apply the proposed workflow of mutant allele enrichment and prediction 

of initial mutant allele fraction of cfDNA samples. First, duplex-specific nuclease-based 

enrichment was combined with a digital droplet PCR detection method, which provides 

a better sensitivity and quantitative determination of template copy numbers, using T-

47D cell line DNA. To validate an increased H1047R mutation fraction after DSN 

assisted mutation enrichment, PIK3CA mutation abundance was quantified before and 

immediately after enrichment. As shown in Fig. 6.8 A, the number of wild type DNA 

copies was significantly reduced (using H1047R NP Set 1) in comparison to a loss of 

mutant DNA copies when the H1047R mutation was detected. 

To further optimise PIK3CA mutation enrichment parameters in the cell line-derived 

genomic DNA, it was diluted with wild type DNA to achieve a range of mutant 

fractions (12.5 – 0.025%) (Fig. 6.8 B). Approximately a 3-fold enrichment was 

achieved without prior target amplification in all samples independently of their 

mutation abundance. However, when a pre-PCR step to amplify target of interest was 

introduced prior the enrichment, a 3 to 8-fold enrichment was achieved with higher fold 

change for lower mutation fractions. An additional pre-PCR step enabled the detection 

of the lowest fractions of 0.125 and 0.025% where the number of mutant molecules is 

too small to endure the nuclease treatment. A lower concentration of overlapping probes 

was then considered to avoid non-specific cleavage of mutant target molecules in the 

samples without prior amplification. When probe concentration was reduced from 50 

nM to 20 nM, samples of the lowest fractions were detected with a significant 4 to 11-

fold change in mutant allele fraction (Fig. 6.8 C). These observations were taken into 

consideration for further experiments with low VAF tissue and cfDNA where DNA 

input was limited. 

In the meantime, a probe set (NP Set 2) with higher enrichment specificity and 

efficiency was developed and characterised with qPCR initially (Chapter 5). To 

illustrate the reduction of wild type DNA sequences, representative duplex ddPCR 2D 

dot plots of the same sample (VAF 10%) before and after enrichment are shown in Fig. 

6.8 D. 
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Figure 6.8. PIK3CA H1047R mutation specific NaME-PrO assay optimisation and 

validation in cell line genomic DNA. (A)  NaME-Pro assay developed to enrich H1047R 

mutation in T-47D genomic DNA spiked in WT DNA at minor allele fraction of approximately 

12.5%. ddPCR was used to evaluate mutation abundance before and after enrichment, with 

results of 13.01 ± 1.84 % and 32.76 ± 3.48 % respectively. (B) Serial dilution of T-47D mutant 

DNA in WT DNA to study enrichment in lower mutation fractions. Mutation detection of 

untreated samples was compared to enriched samples and samples following a pre-amplification 

step before enrichment. (C) The effect of probe concentration on enrichment at lower mutation 

abundances. (D) Genomic DNA samples enrichment assay with 20 nM overlapping probes. All 

experiments with cell lines were repeated at least three times independently. D) H1047R 

mutations were amplified from T-47D genomic DNA spiked into WT DNA at an allele fraction 

of approximately 10%. ddPCR was used to evaluate mutation abundance before and after 

enrichment, with results of 8.07% and 95.7% respectively. 
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6.3.6. Standard curve to predict mutant allele fraction  

In order to estimate the fraction of mutant DNA in samples prior to enrichment a 

standard curve for each mutation of interest (E542K, E545K, H1047R and H1047L) 

was built with at least four known concentration samples with low VAF at 0.1, 0.5, 1, 

5% (and 10% for E545K). Observed allele fraction results after enrichment were plotted 

against the initial mutant allele fraction and a logarithmic regression curve was fitted to 

the data to calculate the regression equation and coefficient of determination R2 for each 

specific assay: E542K (Fig. 6.9 A), E545K (Fig. 6.9 B), H1047R (Fig. 6.9 C) and 

H1047L (Fig. 6.9 D). A strong correlation was observed in all models between variant 

allele fraction before and after enrichment (R2 > 0.9). This lead to a logarithmic 

standard curve model being established to precisely determine initial E542K, E545K, 

H1047R, H1047L mutant allele fraction using a ddPCR detection method. 

 

Figure 6.9. Standard curve model to predict initial PIK3CA mutant allele fraction. 

Genomic DNA from cell lines containing PIK3CA E542K (A), E545K (B), H1047R (C), and 

H1047L (D) mutations were serially diluted in wild type DNA with decreasing mutation 

abundances. Mutation detection was performed in enriched samples and matched untreated 

controls by ddPCR. A logarithmic regression curve has been applied and equation has been 

estimated for every mutation in Excel 2016. 
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6.3.7. Prediction of original variant allele frequency in cfDNA and tissue samples 

Subsequently, the aim was to use the established standard curves to predict initial 

mutant allele fraction in subsequently enriched DNA samples, that were obtained from 

frozen tissue biopsies and cfDNA extracted from plasma of newly diagnosed breast 

cancer patients.  

To validate the utility of PIK3CA E542K, E545K and H1047R mutant allele enrichment 

for these mutations, frozen tissue biopsy genomic DNA and cfDNA extracted from 

plasma of breast cancer patients was used. The duplex specific nuclease enrichment 

method, specific to exon 9 and exon 20 was applied to a total of 100 ng of tissue biopsy 

DNA (Fig 6.10 A). To evaluate the enrichment of target of interest in-house designed 

triplex ddPCR assays for exon 9 (E542K, E545K and wild type) and exon 20 (H1047R, 

H1047L and wild type) were used. This ddPCR analysis of biopsy material indicated 

that sample B03, positive for E545K, had an initial VAF of 4.95%, which after 

enrichment reached 47.5%. Sample B10 carried an E542K mutation at a VAF of 9.38%, 

which was increased to 41.1%. Samples B12 and B16, both positive for H1047R, 

showed a high initial mutant fraction of 20-30%, which was converted to 98% after 

enrichment. For a low H1047R mutant allele fraction sample B23 (VAF 5.24%), 

enrichment assay resulted in significant mutant allele fraction increase to 74.7%. 

PIK3CA mutant allele ddPCR assays were also performed on matched patient blood 

samples before and after enrichment (Fig. 6.10 B). Due to the very low circulating DNA 

amount and possibly low VAF, target amplification was done prior to enrichment. 

E545K mutation was not detected in cfDNA from patient B03 regardless of the 

enrichment. On the other hand, the enrichment assay enabled detection of E542K 

mutation in the patient B10 cfDNA sample, which was undetectable without conducting 

the enrichment assay. The other three patient-derived cfDNA samples B12, B16 and 

B23 had detectable levels of H1047R mutation in untreated samples; however, 

enrichment of this target increased the mutant allele fraction 20-30 fold in all three 

cases.  

To validate the standard curve method for low mutant allele fraction prediction from 

enriched samples, data of enriched clinical tissue biopsies (Fig. 6.10 A) and cfDNA 

samples (Fig. 6.10 B) were used. VAF was determined by ddPCR in all samples prior to 

enrichment and compared to the predicted VAF (Fig. 6.10 C), calculated utilizing our 

novel standard curve method (Fig. 6.8) for enriched samples. Further, Tru-Seq panel 

sequencing data that was also available for tissue biopsy samples and not cfDNA. The 
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proposed model predicted relatively low VAF (<10%) in samples B03, B10 and B23), 

which was concordant with sequencing data for these samples. Extending this work, 

cfDNA samples were tested for expected mutations that had been previously detected in 

the matching tissue biopsy samples. PIK3CA E542K and E545K mutations were not 

detected in the B03 and B10 cfDNA samples without enrichment. However, after the 

enrichment, E542K was detected in B10 cfDNA sample, yet at a very low VAF of 

0.04%, which was too low for accurate prediction of the initial VAF. All H1047R 

positive cfDNA samples B12, B16, B23 were detected by ddPCR before and after 

enrichment. Importantly, the initial VAF observed without enrichment in each case 

correlated with the VAF we predicted from enriched samples. 

 

Figure 6.10. PIK3CA mutation specific enrichment assay validation with breast cancer 

tissue biopsy and cfDNA samples. Genomic DNA samples (A), obtained from frozen core 

biopsies of PIK3CA mutation positive breast cancer patients, and matched cfDNA samples (B) 

were tested with ddPCR mutant allele detection assays before and after enrichment. Due to low 

cfDNA yields in cfDNA extraction, samples were amplified prior to DSN nuclease-based 

enrichment assay. Clinical samples were tested only once due to lack of material for analysis. 

The results are presented with their Poisson-based 95% confidence intervals.  (C) Logarithmic 
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regression model was applied to calculate initial variant allele fraction for tissue biopsy samples 

and matching cfDNA samples after enrichment with nuclease-based assays and detection with 

ddPCR. *ND - not detected. 

 

6.3.8. Validation of the VAF prediction model with FFPE samples 

A blinded set of 25 breast cancer patient FFPE tissue biopsy samples received from 

Institute of Cancer Research (London, UK), was tested using the in-house triplex 

ddPCR assays without enrichment to detect PIK3CA mutations in exon 9 (E542K, 

E545K) and exon 20 (H1047L, H1047R) (Fig. 6.11 A). Ten samples were identified to 

correctly having a high VAF (>15%) for one of the four mutations of interest and were 

not included in further enrichment experiments, with the exception of sample 17, which 

showed a high VAF for E545K mutation and a very low VAF for H1047R mutation. 

Three samples were detected to have a very low mutant allele fraction (VAF <2%) for 

E542K (sample 4) and H1047R (samples 15, 17). In case of sample 4, this might have 

been a false positive result, which is prevalent in FFPE samples due to fixation derived 

error [208]. Marchetti et al. suggested that fixation and embedding can result in the 

artefactual detection of G>A transition, which was the type of non-reproducible change 

detected by dPCR analysis [209]. Upon re-analysis of this sample, E542K (c.1624G>A) 

mutation was not observed. Therefore it was assumed this nucleotide change has been 

the result of paraffin embedding and fixation of the sample. The remaining 12 samples 

had no mutation detected (under the dotted line Fig. 6.11 A). Therefore, in total, these 

16 samples were selected for further enrichment and detection analysis. 

With this selected set of samples, nuclease enrichment was applied before ddPCR 

detection and the approximate initial VAF was calculated for each detected mutation 

using the established logarithmic regression model (Fig. 6.11 B). Predicted VAF results 

were compared to the observed VAF in untreated samples and VAF assessed previously 

by Bio-Rad QX-200 digital droplet PCR platform (data from Institute of Cancer 

Research, London). All negative samples, 18-25, were concordant throughout the 

different settings. Predicted VAF in the enriched samples showed similar results to 

those observed externally in seven samples out of eight. Also, the proposed workflow of 

enrichment prior to ddPCR and initial VAF prediction was shown to allow the detection 

of low mutant allele fraction (<1%) in low DNA yield samples which were not detected 

without this step. 
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Figure 6.11. PIK3CA mutation detection in breast cancer FFPE biopsy tissue. (A) Genomic 

DNA samples isolated from FFPE tissue biopsy samples from a total of 25 breast cancer 

patients were subjected to ddPCR analysis for PIK3CA E542K, E545K, H1047R and H1047L 

mutations. Data are shown as VAF for a detected target mutation. All samples with VAF <15% 

(below the dotted line) were then enriched prior to ddPCR analysis. Sample 17 was included in 

the exon 20 enrichment experiment due to low VAF of H1047R. The results are presented with 

their Poisson-based 95% confidence intervals. (B) The logarithmic regression method was 

applied to calculate initial VAF for FFPE tissue biopsy samples after enrichment with nuclease-

based assays and detection with ddPCR. Calculated initial VAF% results were compared to 

dPCR prior to enrichment and ddPCR results obtained at Institute of Cancer Research, London, 

UK, using a commercial Bio-Rad system and larger quantities of sample DNA. *ND - not 

detected 
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6.3.9. Alternative standard sample source 

Standard samples made up of genomic DNA from cell lines were used to predict variant 

allele fraction in a wide range of samples – frozen core tissue, FFPE, and cfDNA. 

However, the nature of these samples is rather different, which may have an impact on 

the predicted results. While fresh frozen tissue derived DNA is characterised as a good-

quality template, DNA obtained from FFPE samples is usually low quality – highly 

fragmented and with higher level of chemical damage due to fixation process conditions 

[210]. It is also known that cfDNA comes in short fragments of mono-, di-, tri- 

nucleosomes. Hence, an alternative standard sample material was considered for a more 

accurate initial variant allele prediction.  

As it was shown that cell lines release cell-free DNA in culture media [33, 34], two cell 

lines T-47D (Fig. 6.12 A-i) and DBTRG-05MG (Fig. 6.12 A-ii) were cultured to study 

the fragment size. In both cases, a clear fragmentation pattern resembling plasma 

cfDNA was observed. In order to show this, T-47D derived cell-free culture DNA and 

plasma cfDNA electropherograms were overlapped (Fig. 6.12 B). It was demonstrated 

that the main fragment size was comparable in size. As a control experiment, T-47D and 

DBTRG-05MG genomic cell line DNA was tested with the same assay and did not 

show any short fragment peaks, but a peak outside of the measured range, which 

corresponded to a high molecular weight DNA (Fig. 6.12 C). In addition, cell-free 

culture DNA samples were tested for high molecular weight genomic DNA presence, 

which would alter DNA quantification results. However, high molecular weight DNA 

peak was only observed in genomic T-47D DNA sample and commercial human 

genomic DNA, but not in culture supernatant cell-free DNA or plasma cfDNA (Fig. 

6.12 D). Finally, H1047R mutant allele amplification of T-47D cell-free culture DNA 

was compared to T-47D genomic DNA (VAF 50%) (Fig. 6.12 E). Although relative 

amplification of mutant allele relative to wild-type human genomic DNA was 

significantly higher, no difference was observed between T-47D genomic DNA control 

and cell-free culture DNA.   
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Figure 6.12. Fragmentation pattern and mutant allele fraction comparison of cell-free 

DNA from culture media and genomic DNA. Cell-free DNA extracted from the collected (A-

i) T-47D and (A-ii) DBRTG-05MG cell culture media was analysed with the Agilent 2200 

TapeStation system and the Agilent High Sensitivity D5000 ScreenTape assay. The first peak at 

15 bp is a lower marker, the last peak at 10,000 bp is an upper marker. (B) T-47D cell culture 

cell-free DNA fragmentation profile was overlapped with cell-free DNA extracted from blood 

plasma sample. (C) Genomic DNA from T-47D, DBTRG-05MG cells and human genomic 

DNA electropherogram overlap with the ladder. (D) Genomic DNA contamination in cell-free 

DNA of culture media samples assessed with Genomic DNA ScreenTape assay. This assay has 

the lower marker at 100 bp only. Electropherograms of cell-free DNA from T-47D culture 

media and plasma sample were overlapped with genomic T-47D and human genomic DNA 

fragmentation patterns. (E) H1047R allele specific qPCR assay [167] was used to compare 

mutant allele fraction of T-47D culture media derived cell-free DNA and genomic T-47D DNA. 

Data analysed by ΔΔCt method, where relative amplification was calculated in regards to WT 
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human genomic DNA, and shown as mean mutant fold amplification ± SD. All qPCR points 

were obtained in duplicates in three independent experiments (n=3). ***P < 0.001, *P < 0.05 

compared with PIK3CA WT (0%) (One-way Anova test). 

 

A time course experiment was carried out to investigate the fragmentation and amount 

of cell-free DNA released into medium over a course of time using both cell lines (T-

47D and DBTRG-05MG). Three wells of a 6-well plate were dedicated for each cell 

line. Experiment spanned 4 days in total with 7 media collection points every 12 hours. 

Media was spun down immediately after collection to avoid cell debris and genomic 

DNA contamination in cell-free DNA sample preparation. Fragment analysis of the cell-

free DNA eluates of T-47D (Fig. 6.13 A-i) and DBTRG-05MG (Fig 6.13 A-ii) showed 

consistent fragmentation of low weight DNA except for second collection (T2 and D2) 

which represented a smear of higher molecular weight DNA. This reflected in cell-free 

DNA quantification (Fig. 6.13 B). In average, the amount of extracted DNA was three 

times higher in second collection compared to the other time points that showed a more 

stable DNA release of smaller size. Here, cell-free DNA was quantified to 

approximately 5-6 ng/mL of media. 

 

Figure 6.13. Cell-free DNA fragmentation and concentration in cell culture media in time 

course experiment. Equal number of cells (2x105 cells/well) was plated in 3 different wells per 
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cell line in 2 mL of media. (A-i) T-47 and (A-ii) DBTRG-05MG cell culture media was 

collected every 12 hours at 7 time points. The Agilent 2200 TapeStation analysis was carried 

out on extracted cell-free DNA eluates using Agilent High Sensitivity D5000 ScreenTape. The 

first peak at 15 bp is a lower marker, the last peak at 10,000 bp is an upper marker. (B) DNA 

concentration was measured using TapeStation Analysis Software features. ***P < 0.001, 

****P < 0.0001 (One-way Anova test). 

 

6.4. Discussion 

The aim of this chapter was to design PIK3CA mutation detection assays using a ddPCR 

system and improve assay sensitivity with mutant target enrichment prior to detection. 

Moreover, it was aimed to estimate the initial mutant fraction in the original sample 

using a standard curve. 

Here, it was demonstrated that PIK3CA mutation enrichment combined with triplex 

ddPCR assays allowed mutation detection in tissue biopsy and cfDNA samples. By 

applying the logarithmic regression method, the initial mutant allele fraction was 

calculated and was found to be comparable to sequencing results. In the first set of 

tissue biopsies of known PIK3CA status, the estimated VAFs of enriched samples were 

100% concordant with untreated samples tested by ddPCR and Tru-Seq sequencing 

panel (5/5). Matching cfDNA samples showed a concordance of 80% (4/5), as 

enrichment of the E542K mutation enabled detection of it in sample B10. In the blinded 

set of 16 selected FFPE samples (with low VAF and low DNA yield), the concordance 

between the observed VAF without enrichment and externally observed VAF was 

62.5% (10/16). It was increased to 93.75% (15/16) when we used the combination of 

mutation enrichment, ddPCR detection and initial VAF calculation from ddPCR data. 

Therefore, the combination of enrichment and ddPCR allowed a more sensitive 

detection of mutations from cfDNA samples and tissue biopsy samples with low VAF. 

Also the ability to estimate the initial VAF from enriched samples using simple PCR 

analysis brings liquid biopsy closer to implementation in broad clinical setting, were 

quantitative measures are desired for patient follow-up testing.  

The standard curve approach to predict the initial variant allele fraction in positive 

samples after enrichment seems to be a promising tool to enhance the use of targeted 

enrichment techniques. However, one limitation was noticed in this study. The variant 

allele fraction of cfDNA samples was not predicted as precisly as of frozen core biopsy 

genomic DNA samples. Possibly, this was due to the nature of standard samples that 
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were made of genomic DNA derived from cell lines. For more precision a standard 

curve of fragmented DNA could be used instead. As it was shown previously [33, 34], 

cell-free DNA from culture media contains fragmented DNA. Here, T-47D and 

DBTRG-05MG cell line experiments confirmed the reported pattern of the release and 

demonstrated that cell-free culture media DNA fragmentation pattern matched 

circulating cell-free DNA fragmentation in blood. Thus, in the future these could be 

validated as standard control samples for circulating cell-free DNA studies as a low cost 

alternative for commercially available synthetic plasma or ctDNA samples [35, 211]. 

A recent article, published in 2019, has described nuclease enrichment of mutant 

PIK3CA alleles and showed improvement in the sensitivity of ARMS detection method 

[103]. However, this method did not provide a quantitative measure of initial VAF prior 

to enrichment, which is of interest in the clinical setting to allow for patient follow-up. 

Here, the aim was to easily apply versatile initial VAF calculation method to a wide 

range of samples (frozen core biopsy, FFPE and cfDNA samples) subject to enrichment 

and to analysis by a simple qPCR method or ddPCR. Although further standardisation 

of parameters, such as uniform DNA input, and validation in larger clinical studies are 

required in the future, this method provides further evidence of the potential of 

nuclease-based enrichment to quantify low mutant allele fractions and brings these 

methods closer to use at the clinical setting.  
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CHAPTER 7: Towards microfluidic integration of 

enrichment assay 

 

7.1. Introduction   

Microfluidic systems have raised interest since the 1990s, thanks to their abilities to 

combine several functions into small, integrated platforms sometimes called “Lab On a 

Chip” devices. Such platforms provide alternative methods for high throughput 

automated technologies at the point-of-care.  

Technologies for fast cfDNA extraction on-chip at the point of blood draw [134, 140] 

were developed in the lab to aid immediate blood biomarker analysis. The integration of 

an additional targeted enrichment step in the workflow could increase the sensitivity of 

the assay and enable a low-cost analysis. For example, with an enrichment step, mutant 

allele detection could be achieved with a simple shallow and more cost-effective 

sequencing, or even lower-cost, PCR-based techniques, as demonstrated in previous 

chapters.  

A microfluidic format would enable this enrichment step to be integrated within an 

existing detection platform.  For example, the Idylla system (Biocartis), offers 

circulating cell-free DNA tests for BRAF and KRAS variants [120]. However, the Idylla 

system only allows the analysis of 1 mL of plasma, which in most cases would not be 

enough to detect very rare genomic alterations. An integrated enrichment assay would 

increase the sensitivity of an integrated cfDNA platform, such as Idylla.  

Enrichment techniques aiming to eliminate the excess of wild-type DNA have been 

developed in the past [100, 102-104, 107, 197, 198]. A NaME-PrO, duplex specific 

nuclease assisted enrichment workflow has been described in Chapters 5 and 6. In this 

chapter, for the first time the integration of the NaME-PrO assay in a microfluidic 

format is presented. Here, all steps to complete the assay requiring thermal control, 

mixing and use of temperature sensitive reagents, were investigated and optimised for 

sample preparation protocol automation on chip. 
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7.2. Aim and objectives 

The aim of this work was to integrate a duplex specific nuclease assisted enrichment 

assay in a microfluidic format. This was a collaborative work together with Dr Alvaro 

Conde, who designed and fabricated microfluidic chips (see Section 3.4.3). This aim 

was supported by four objectives: 

- to investigate and optimise lyophilisation (freeze-drying) conditions for 

oligonucleotide probe and DSN enzyme containment in microfluidic device; 

- to determine the need for reagent mixing after freeze-drying; 

- to adapt the thermal profile of the enrichment assay for the microfluidic device; 

- to carry out enrichment assay on microfluidic chip and validate it with cell line 

derived DNA. 
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7.3. Experimental design 

A schematic model of the enrichment assay was generated to illustrate the number of 

steps in the assay and help to understand these challenges from an engineering 

perspective (Fig. 7.1).   

 

Figure 7.1. NaME-PrO enrichment assay diagram for integration. DNA sample is first 

prepared and mixed together with oligonucleotide probes and DSN buffer. Such sample is then 

placed in a thermal cycler for DNA denaturation and temperature immediately reduced to 67°C 

for DSN addition and incubation. Assay is completed with nuclease deactivation at 95°C and 

sample cool down for subsequent analysis. Sample is collected in the pipette tip through the 

outlet. 

 

From this, the main challenges for integration and technological solutions were 

determined (Table 7.1). Due the loss of 90% of DSN activity at 80°C and the assay 

requirement of sample heating to high temperatures (95-98°C), a total of 4 chambers 

were required. The volumes of reagents varied in the range of 0.2-5 µl, and were 

deemed to be too small to be manipulated in microchannels, fabricated using a standard 

laser cutting technology (typical channel width: 150 µm). Therefore, the possibility of 

reagent lyophilisation was explored, specifically for oligonucleotide probes and DSN 

enzyme. However, enzymes are known to be sensitive to freezing and drying 

conditions, thus cryo-and lyo- protectants were tested to preserve DSN activity [212]. In 

order to assist lift-off of the lyophilised reagents, the need of mixing was studied. For 

this, acoustic bubble microstreaming technique, previously established in the lab [140], 

was used.   
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Table 7.1. Challenges of enrichment assay integration into microfluidic format and 

proposed technological solution. 

Challenge Proposed technological solution 

Temperature control (reagent sensitivity) Separate chambers 

Low reagent volume Reagent lyophilisation 

Reagent stability preservation Cryo- and lyo- protectants 

Mixing Acoustic bubble microstreaming  

 

 

7.4. Results 

All experiments in this section were carried out using a total of 100 ng of T-47D cell 

line derived genomic DNA, carrying PIK3CA H1047R mutation, and human genomic 

DNA as a wild-type control, unless stated otherwise. All mutant allele specific qPCR 

reactions were used to detect H1047R mutation. 

7.4.1. Reagent lyophilisation in PCR tubes 

The aim was to investigate lyophilisation conditions of the reagents, required for 

NaME-PrO enrichment protocol. These were oligonucleotide probes and duplex 

specific nuclease (DSN). First experiments of freeze-drying were carried out in PCR 

tubes.  

A set of oligonucleotide probes used for H1047R enrichment (NP Set 2 – characterized 

in Chapter 5) were freeze-dried for the use in the enrichment assay. Probes diluted in 

molecular grade water were used as a control. Enrichment assays were run in parallel 

for both, freeze-dried and liquid-state probes, using mutant or wild-type DNA. Inplex 

qPCR analysis showed no significant difference between the two types of probes used 

(Fig. 7.2).  
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Figure 7.2. Oligonucleotide lyophilisation in tube. Lyophilised oligonucleotide probes and 

probes in solution were compared in the enrichment assay (final concentration 20 nM in each 

reaction), which was carried out as described in Materials and Methods 3.2.8 with a minor 

change. Here, DNA sample with DSN buffer and water was added in the tube with either 

lyophilised probes or probes in solution and vortexed briefly before placing on the 

thermocycler. Inplex qPCR for H1047R detection was used [167]. Data analysed by ΔΔCt 

method, where relative amplification was calculated in regards to WT human genomic DNA, 

and shown as mean mutant fold amplification ± SD. Due to a limited enrichment reaction 

volume (10 μL), all qPCR points were obtained in duplicates in three independent experiments 

(n=3). ***P < 0.001, **P<0.01 compared with control reaction with oligonucleotides in solution 

(One-way Anova test). 

 

Next, duplex specific nuclease underwent the same lyophilisation process. Here, DSN 

diluted in storage buffer containing glycerol was used in a control reaction. A total of 

100 ng of mutant and wild type DNA was used as a template. In this case, freeze-drying 

of 0.2 U of DSN showed lower enrichment efficiency compared to the control sample 

with the same amount of enzyme in the reaction (Fig. 7.3 A-i). Thus, a higher amount of 

enzyme (0.4 and 0.6 U) was lyophilised in the PCR tubes for further assessment. 

Although, 0.4 U of lyophilised DSN seemed to demonstrate the same enrichment 

efficiency, and 0.6 U – significantly higher fold change in comparison to control 

sample, mutant specific qPCR Ct values were analysed. In Figure 7.3 A-ii it was shown, 

0.6 U of lyophilised DSN managed to eliminate the most of wild type DNA template 

(Ct value was the highest), whereas 0.2 U of lyophilised DSN did not remove as many 

wild-type molecules as DSN in the control assay. Meanwhile, lyophilised 0.4 and 0.6 U 

seemed to eliminate more mutant template DNA, in comparison to the control assay. 
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Figure 7.3. DSN lyophilisation in tube. Lyophilised DSN (0.2 U, 0.4 U and 0.6 U) was 

compared to DSN in solution (standard assay 0.2 U) in the enrichment assay, which was carried 

out as described in Materials and Methods 3.2.8 with a minor change. Here, DNA sample with 

DSN buffer, oligonucleotide probes and water was first placed in the thermocycler for DNA 

denaturation. Once the temperature was reduced, sample was transferred into the tube with 

either lyophilised DSN or DSN in solution and mixed carefully before placing it back on the 

thermocycler. (A-i) Inplex qPCR H1047R detection assay was used [167]. Data analysed by 

ΔΔCt method, where relative amplification was calculated in regards to WT human genomic 

DNA, and shown as mean mutant fold amplification ± SD. Ct values shown in the table (A-ii). 

Due to a limited enrichment reaction volume (10 μL), all qPCR points were obtained in 

duplicates in three independent experiments (n=3). *P<0.05 compared with control DSN in 

solution (One-way Anova test). 

 

Non-specific elimination of mutant target molecules is an unwanted effect and should 

be minimized, especially for low mutant allele fraction sample analysis (Fig. 7.3 A-ii). 

Thus, the goal was to optimise DSN (0.2 U) lyophilisation process. As it was discussed 

before, in order to preserve the stability and activity of the enzymes, cryo- and lyo- 

protectants are used. Here, two of the protectants, trehalose and sucrose, discussed in 

literature [212-215], were compared at two concentrations of 1% and 2%, Mutant and 

wild type genomic DNA templates were subjected to enrichment with duplex specific 

nuclease, lyophilised in one of these protectant solutions. It was demonstrated, that only 

2% trehalose solution showed comparable results to control assay with DSN in solution 

(Fig. 7.4). Thus, optimised DSN lyophilisation in trehalose solution was applied to 

further lyophilisation experiments on-chip.  
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Figure 7.4. Protectants for DSN lyophilisation. Trehalose and sucrose were used as 

protectants for DSN in the freeze-drying process at the concentration of 1% and 2%. DSN 

activity was measured by evaluating mutant allele enrichment efficiency by Intplex qPCR for 

H1047R mutation [4]. Data analysed by ΔΔCt method, where relative amplification was 

calculated in regards to WT human genomic DNA, and shown as mean mutant fold 

amplification ± SD. Due to a limited enrichment reaction volume (10 μL), all qPCR points were 

obtained in duplicates in three independent experiments (n=3). ***P < 0.001, **P<0.01 

compared with control DSN in solution (One-way Anova test). 

 

The rationale of the final experiment of freeze-drying reagents in the PCR tube was to 

demonstrate that reagent lyophilisation would not decrease enrichment efficiency in low 

mutant allele fraction samples. For this, the lowest detectable PIK3CA H1047R fraction 

samples of 0.3% were chosen for enrichment. NaME-PrO enrichment was carried out 

with lyophilised oligonucleotide probes and lyophilised DNS. A control experiment was 

run in parallel with reagents in normal conditions. No significant difference between the 

two conditions was observed (Fig. 7.5), confirming the efficient enrichment of mutant 

allele with lyophilised reagents.  
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Figure 7.5. NaME-PrO enrichment assay with lyophilised reagents. Lyophilised 

oligonucleotide probes and DSN were compared to both of these reagents in solution in the 

enrichment assay, which was carried out as described in Materials and Methods 3.2.8 with a 

minor change. Here, DNA sample with DSN buffer and water was added in the tube with either 

lyophilised probes or probes in solution (control sample) and vortexed briefly before placing on 

the thermocycler for DNA denaturation. Once the temperature was reduced, sample was 

transferred into the tube with either lyophilised DSN or DSN in solution (control sample) and 

mixed carefully before placing it back on the thermocycler.  Inplex qPCR H1047R detection 

assay was used [167]. Data analysed by ΔΔCt method, where relative amplification was 

calculated in regards to WT human genomic DNA, and shown as mean mutant fold 

amplification ± SD. Due to a limited enrichment reaction volume (10 μL), all qPCR points were 

obtained in duplicates in three independent experiments (n=3). *P<0.05 compared to control 

sample with oligonucleotides in solution (One-way Anova test). 

 

7.4.2. Reagent lyophilisation on-chip 

In the lab, a choice of thermoplastics with established fabrication methods was available 

– polymethylmethacrylate (PMMA) and polylactic acid (PLA) [173, 216]. Non-specific 

DNA binding was investigated to provide insight which polymer is a suitable material 

for this application. Cube shaped cuts of each material (PLA and PMMA) were 

immersed in genomic DNA solution of two different concentrations (2 ng/µL and 20 

ng/µL) (Fig. 7.6 A). After 30 min incubation all samples and input controls were 

quantified by Qubit fluorometer. No significant difference was seen between the three 

groups of samples, thus, no non-specific binding was observed on either of the two 

types of thermoplastics.  
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Figure 7.6. DNA binding and DSN inhibition analysis. (A) Non-specific DNA binding to 

PMMA and PLA polymers. Qubit HS DNA quantification assay analysis results of low (2 

ng/µL) and high (20 ng/µL) concentration human genomic DNA input samples incubated with 

cubes of 8 mm3 of each polymer material for 30 minutes. Data adapted from previous 

publication [216]. (B) DSN inhibition tested by PVA coated and uncoated rectangular prism 

shape PMMA (1 mm x 1 mm x 10 mm) were immersed in T-47D and human genomic DNA 

samples ready for full enrichment assay process. DSN activity was measured by evaluating 

mutant allele enrichment efficiency by Intplex qPCR for H1047R mutation [167]. Data analysed 

by ΔΔCt method, where relative amplification was calculated in regards to WT human genomic 

DNA, and shown as mean mutant fold amplification ± SD. Due to a limited enrichment reaction 

volume (10 μL), all qPCR points were obtained in duplicates in three independent experiments 

(n=3) (One-way Anova test). 

 

Due to a faster fabrication method, PMMA was chosen to be tested for duplex specific 

nuclease inhibition experiment. Here, polyvinyl alcohol (PVA) coating on PMMA to 

suppress protein adsorption [217] was tested. Rectangular shaped PMMA cuts (PVA 

coated or uncoated) were immersed in mutant and wild type genomic DNA samples, 

prepared for enrichment assay, and kept in throughout the whole process. After the 

enrichment, samples were tested with mutant allele specific qPCR reaction to evaluate 

the enrichment level (Fig. 7.6 B). Neither PVA coated nor uncoated PMMA containing 

samples showed significant difference to no PMMA control.  

Once PMMA was considered to be a suitable material for integration, three chamber 

chips were fabricated for lyophilisation experiments (see Fig. 3.6 A for design). Here, 

the need to use mixing for lifting-off lyophilised oligonucleotide probes was studied. 

Previously, acoustic bubble microstreaming technique was established for cfDNA 
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extraction on-chip using magnetic beads [140]. This mixing approach was utilized here 

to lift-off the probes and enhance their rehydration. Chambers were filled with 10 µL of 

mutant of 1% VAF template or wild type DNA, prepared together with DSN buffer and 

molecular grade water beforehand, and mixed on chip for 1 min. The negative control 

samples (no mixing) were incubated for the same length of time. Once the samples were 

recovered from their chambers, they were placed on the thermocycler and the 

enrichment assay was continued off-chip. The results show that the acoustic mixing-

assisted rehydration performed as well as the normal bench conditions (control) without 

reagent lyophilisation (Fig. 7.7 A-i). In the absence of mixing no enrichment was 

observed. The same experiment was carried out with oligonucleotide probes lyophilised 

in trehalose. Here it was shown, that oligonucleotides freeze-dried in trehalose 

performed equally well with or without mixing (Fig. 7.7 A-ii), implying that trehalose 

assists in rehydration of oligonucleotides as they are not aggregated during the 

lyophilisation.  

 

Figure 7.7. Lyophilised oligonucleotide probe lift-off in microfluidic chamber with 

acoustic bubble microstreaming. The need of mixing to lift-off oligonucleotide probes, 

lyophilised in molecular grade water (A-i) or 2% trehalose (A-ii) in microfluidic chamber, was 

tested. The enrichment assay (with final probe concentration 20 nM in each reaction), which 

was carried out as described in Materials and Methods 3.2.8 with a minor change. Here, DNA 

sample with DSN buffer and water was loaded into the chip with lyophilised probes. Acoustic 

bubble microstreaming approach [140] was used to mix the sample in the chamber for 1 min. 

Control samples were loaded into the chamber and incubated for 1 min without mixing. Inplex 

qPCR H1047R detection assay was used [167]. Data analysed by ΔΔCt method, where relative 

amplification was calculated in regards to WT human genomic DNA, and shown as mean 
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mutant fold amplification ± SD. Due to a limited enrichment reaction volume (10 μL), all qPCR 

points were obtained in duplicates in three independent experiments (n=3). **P<0.01 compared 

with control reaction carried out in the PCR tube (One-way Anova test). 

 

Similar mixing approach experiment was carried out again, however, here the DSN was 

lyophilised with trehalose. The DSN buffer with molecular grade water was loaded on 

the chip for 1 min to rehydrate the nuclease with or without mixing. In the meantime, 

mutant and wild type DNA samples mixed with oligonucleotide probes were held on the 

thermocycler for denaturation. Once temperature was reduced to 67°C, DSN was 

recovered from the microfluidic chambers and added into the reaction tubes. No 

significant difference was observed in the enrichment efficiency regardless the mixing. 

DSN lyophilised in trehalose demonstrated the same level of wild type sequence 

elimination as control assay (Fig. 7.8). Thus, reagent freeze-drying in 2% trehalose 

solution was considered a reasonable solution for assay integration on-chip.   

 

Figure 7.8. Lyophilised DSN lift-off in microfluidic chamber with acoustic bubble 

microstreaming. The need of mixing to lift-off DSN, lyophilised in 2% trehalose in 

microfluidic chamber, was tested. The enrichment assay (with 0.2 U of DSN in each reaction), 

which was carried out as described in Materials and Methods 3.2.8 with a minor change. Here, 

water with DSN buffer was loaded into the chip with lyophilised DSN. Acoustic bubble 

microstreaming approach [140] was used to mix the sample in the chamber for 1 min. Control 

samples were loaded into the chamber and incubated for 1 min without mixing. DNA template 

samples mixed together with oligonucleotide probes were placed in the thermocycler for DNA 

denaturation and cool down to 67°C, before rehydrated DSN was added for enrichment reaction. 
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Inplex qPCR H1047R detection assay was used [167]. Data analysed by ΔΔCt method, where 

relative amplification was calculated in regards to WT human genomic DNA, and shown as 

mean mutant fold amplification ± SD. Due to a limited enrichment reaction volume (10 μL), all 

qPCR points were obtained in duplicates in three independent experiments (n=3). Statistical 

analysis was done using One-way Anova test. 

 

7.4.3. Integrated enrichment assay on chip 

Reagent lyophilisation was optimised for assay integration, which simplified the final 

design of the chip. Next, the enrichment assay thermal profile of heating sample for 

DNA denaturation and later DSN inactivation had to be adapted for integration (Table 

7.2). Glass transition temperature of PMMA is ~100°C, which is too close to DNA 

melting temperature at 95-98°C. Therefore the temperature had to be reduced to avoid 

deformation of the PMMA.  

Table 7.2. Original and adapted NaME-PrO enrichment thermal profile.  

 

Experiments with mutant and wild type samples were carried out in PCR tubes using 

both protocols. The fold difference in mutant allele amplification in regards to wild type 

template was calculated. Adapting the thermal profile did not show a significant 

difference (p=0.449) in the result outcome (Fig. 7.9). 

 

Figure. 7.9. Efficiency of adapted protocol for microfluidic integration of NaME-PrO. 

Genomic DNA from T-47D cell line, containing PIK3CA H1047R was subjected to enrichment 
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with adapted protocol and original protocol (Table 7.2).  Mutation detection was performed in 

enriched samples and matched untreated controls by SYBR Green qPCR method with wild type 

blocking primer. Data analysed by ΔΔCt method, where relative amplification was calculated in 

regards to WT human genomic DNA, and shown as mean mutant fold amplification ± SD. Due 

to a limited enrichment reaction volume (10 μl), all qPCR points were obtained in duplicates in 

three independent experiments (n=3). Statistical significance comparing two groups was 

calculated by Student’s t test using GraphPad Prism software (p=0.449). 

 

A full enrichment assay was first carried out on chip with reagents spotted in the 

chambers without freeze-drying. A total of 100 ng of mutant and wild type DNA was 

loaded into the chip for the automated assay. Results of qPCR analysis of the enriched 

samples on chip showed the level of enrichment was not statistically significant 

compared to no enrichment control (Fig. 7.10). Therefore, more optimisation is needed 

to perform automated enrichment assay successfully.  

 

Figure 7.10. Fully integrated NaME-PrO enrichment protocol on-chip. Full protocol of 

NaME-PrO enrichment assay was carried out on chip with spotted reagents in chambers and 

compared to bench protocol in tube. Intplex qPCR H1047R detection assay was used [167]. 

Data analysed by ΔΔCt method, where relative amplification was calculated in regards to WT 

human genomic DNA, and shown as mean mutant fold amplification ± SD. Due to a limited 

enrichment reaction volume (10 μL), all qPCR points were obtained in duplicates in three 

independent experiments (n=3). **P < 0.01, *P<0.05 (One-way Anova test). 
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7.5. Discussion  

In this project, an efficient mutant allele enrichment approach was developed and 

optimised for a microfluidic format. A mutation enrichment approach is based on the 

elimination of wild-type DNA templates that usually hamper ctDNA detection at the 

analytical stage. This tool would be a module of a full liquid biopsy sample preparation 

platform, from blood to ctDNA, enhancing the detection of common tumours using a 

targeted PCR or NGS approach. Decreasing the variability of ctDNA detection in 

cancer samples for early diagnostics and disease management would therefore establish 

liquid biopsies as feasible and cheaper alternative to tissue biopsies. 

The main challenges for microfluidic integration were anticipated in the beginning of 

this work. Some of these challenges were met by the design of the chip, for example, 

thermal profile and reagent stability were solved by using 4 chambers in the design. 

Other challenges were solved by assay optimisation work, such as reagent 

lyophilisation. Here, it was demonstrated that both, oligonucleotide probes and duplex 

specific nuclease, can be successfully freeze-dried on PMMA substrates and have no 

decrease in enrichment efficiency when rehydrated. Trehalose, widely used as a 

protectant for proteins [212-215], was utilized for reagent lyophilisation not only to 

preserve their function and structure, but also provide a matrix for easier rehydration. 

This finding enabled a simplified chip design, which did not require additional mixing. 

Although this work pushed integration forward, fully integrated mutant allele system 

demonstrated new challenges. The reduced performance of the microfluidic system, 

compared to the bench protocol, could be explained by sample loss due to dead 

volumes, evaporation and condensation seen in the chambers. One of the solutions to 

reduce these effects in future could be pressurising the system to reduce evaporation and 

adding different temperature zones to reduce condensation. Better temperature control 

for DNA denaturation and probe annealing should also be investigated for a more 

effective wild type template cleavage.  

Considering these results together, this work gives a strong foundation for enabling 

rapid and robust mutant allele enrichment on-chip for more sensitive detection of 

circulating tumour DNA, fitting in with existing diagnostic workflows. With more 

optimisation and validation work, this novel DNA sample preparation tool has the 

potential to transform early detection and characterisation of cancer using a simple 

blood sample. 
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CHAPTER 8: Conclusions and future work 

 

In this thesis, the main focus was put on development, optimisation and validation of a 

range of advanced techniques for mutant allele enrichment and detection in a variety of 

biological samples. Both quantitative and digital PCR, and next generation sequencing 

were used to evaluate the enrichment in cell line DNA samples as well as breast cancer 

patient tissue biopsy and blood samples. Sensitivity of the detection assays was 

improved when unwanted wild-type DNA molecules were eliminated prior to sample 

analysis and novel initial mutant allele quantification models were suggested for qPCR 

(see Section 5.4.4.) and ddPCR (see Section 6.3.6.) techniques. In collaboration with 

other members in the lab, microfluidic blood plasma sample preparation, circulating 

cell-free DNA extraction and tumour DNA enrichment integration strategies were 

investigated. The biological characterisation of these microfluidic platforms and the 

enrichment technique presented in this thesis have brought blood sample preparation 

closer towards full integration and automation. 

The advantages of mutant allele enrichment in this work over the existing literature was 

shown to improve detection of qPCR and ddPCR with a potential to predict initial 

mutant allele fraction. The described qPCR approach is superior in its simplicity, low 

cost and demonstrated quantitative measure of initial VAF of PIK3CA Exon 9 and Exon 

20 mutations in the sample before enrichment. Although, ddPCR can detect a low 

abundance of mutant alleles with high sensitivity and accurate quantification, ddPCR 

instruments are expensive and globally far less common than qPCR equipment. Not 

only instrumentation but the cost of reagents and consumables of the qPCR approach is 

much lower than ddPCR or other qPCR techniques, such as TaqMan. Moreover, 

predicted results were comparable to the results acquired without enrichment by more 

sensitive techniques, such as ddPCR and next generation sequencing. Therefore, this 

combined method provides a simple, robust and low cost solution, which achieves 

comparable sensitivity to other qPCR approaches, to detect clinically relevant mutations  

variant allele prediction model. Enrichment and detection approach enabled us to detect 

mutations and quantify VAF in the samples with very limited DNA yield, where mutant 

alleles were not detected otherwise. Most importantly, the translational value of 

knowing the initial sample VAF is recognised to be valuable for patient follow-up and 
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clinical decision making. Some applications e.g. data from repeated sampling to 

monitor response to therapy are of little or no value without this information. Therefore, 

the ability to estimate the initial VAF from enriched samples using PCR analysis brings 

liquid biopsy closer to implementation in broad clinical setting, were quantitative 

measures are required to identify these patients by analysing low mutant allele fraction 

and low DNA yield samples. 

Despite progress in the field, including this work, early detection of cancer is still the 

biggest challenge in oncology. In order to introduce a test into a clinic, tumour and 

population heterogeneity have to be accounted for. The difficulty to detect somatic 

variants early and observed variants in white blood cell DNA hinders the application of 

genotyping approach for early detection of the disease. The first systematic analysis of 

sequence alterations in cfDNA for direct detection of early stage cancers presented an 

observation that cfDNA fragment size in cancer is shifted – sometimes they are smaller, 

sometimes larger, and DNA packaging is chaotic [218]. This approach, called DELFI, 

demonstrated different fragmentation patterns between cancer patients and healthy 

individuals with important implications of non-invasive testing of human cancers. In the 

meantime, the Circulating Cell-free Genome Atlas (CCGA) study showed methylation 

as a most informative biomarker for early detection of cancer. Such test is not only 

highly sensitive but can also determine the tissue of origin – in this study genome-wide 

methylation test called correct tissue of origin 90% of the time when cancer was 

detected [219]. CfMeDip-Seq methylated DNA pull down approach together with 

sequencing demonstrated a potential to detect and classify brain tumours by methylation 

profiles of cfDNA, which was difficult by somatic mutations [220]. Such targeted 

methylation analysis of cfDNA was suggested as an appropriate test for population 

screening for multiple cancer types at early stages. Therefore, somatic mutation 

detection seems to be more suitable as a tumour guided approach, for example, 

detection of the disease recurrence, making the decision if therapy is needed after 

surgery, or monitor the resistance to treatment. In the future, cfDNA fragmentation 

patterns and methylated marker enrichment could be further investigated for even more 

sensitive applications for population screening.  

The other part of this work focused on characterisation of the liquid biopsy sample 

preparation on microfluidic platforms as well as optimisation for mutant allele 

enrichment assay integration. Although several cfDNA extraction platforms have been 

described, most of them, however, use plasma not whole blood. The biological 
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validation of such platforms provided insight for the effective sample preparation 

integration in the future. In this work, plasma separated on previously developed BPS 

chip was demonstrated to carry cfDNA of the same fragment length as in the usual 

centrifugation method, however, DNA yield was significantly lower when higher blood 

volume was processed on chip. This is the main obstacle to be investigated in the future 

to be able to process a higher volume of blood and bring microfluidic blood plasma 

separation closer to NIPT and oncology applications.  

In this work, an acoustic bubble micromixer was shown to be promising for 

microfluidic based automation of cfDNA extraction with magnetic beads. The 

biological characterisation of cfDNA extracted on chip confirmed an efficient 

processing of low volume plasma samples. In terms of future development of such 

platform, several manual steps, such as reagent filling, magnetic field application on the 

device to trap the beads, and also scalability for higher plasma volumes should be 

investigated. 

Finally, optimisation and validation experiments towards integration of mutant allele 

enrichment demonstrated the potential for ctDNA sample preparation and a more 

sensitive detection in downstream sample analysis. In future work, certain obstacles 

linked to microfluidic engineering should be investigated, such as sample condensation 

and sample loss. Also, lyophilised reagents on chip should be tested with the fully 

automated liquid handling system. Having all the obstacles solved, all three modules 

described in this work could be potentially integrated in one continuous workflow on 

microfluidic platform, which would enable blood sample preparation to enriched 

ctDNA at the point-of-care and within the first hour of blood draw. Although there are 

commercial solutions for blood collection, storage and transportation by stabilizing 

cfDNA in the closed tube with additives (eg. Cell-Free DNA BCT (Streck), CellSave 

(CellSearch system), PAXgene Blood ccfDNA tube (Qiagen), Cell-free DNA 

Collection tube (Roche), cf-DNA Preservation tube (Norgen Biotek), Blood STASIS 

21-ccfDNA (MagBio Genomics), LBgard Blood tubes (Biomatrica)), comparison 

studies showed that there are slight differences in samples collected in different tubes 

and more studies are required to establish the most optimal procedure [221-224]. 

Integrated microfluidic solutions could enable the immediate, near-patient, 

standardization of sample preparation for liquid biopsy workflows. 
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