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testing of samples from patients with CRC. We analyzed tumor biopsy samples and ctDNA for the presence of mutation in KRAS and BRAF genes.

1.2.

Foreword

Cancer is a significant burden on society with devastating effects on patients and their families. In France 365,500 new cases were estimated in 2011 [START_REF] Pekin | Picoliter droplet-based digital PCR for the quantitative and sensitive detection of rare mutations and the assessment of DNA integrity[END_REF] . Despite being one of the leading causes of death worldwide the full comprehension of the disease, its early detection and efficient treatment are puzzles yet to be solved.

The conventional chemotherapy has been the most common type of cancer treatment for decades 2 . This type of treatment uses cytotoxic agents (such as fluoroprymidines, oxaliplatine or irinotecan) and does not discriminate between rapidly dividing normal cells and tumor cells. However, while trying to reduce the tumor mass, these treatments indulge severe side effects on patients.

The use of molecular targeted therapies have revolutionized the approach to the treatment of metastatic cancers. They target the molecules that are implicated in the neoplastic transformation of the cell which are frequently altered in tumor cells but not in their normal counterparts. The monoclonal antibodies such as cetuximab or panitumumab targeting the Epidermal Growth Factor Receptor (EGFR) constitute a good example for the targeted molecular treatment of the ColoRectal Cancer (CRC). Nonetheless, the clinical experience on the use of the targeted molecular therapies has shown that only a percentage of the patients respond to treatment 2 . The non-response to treatment may to be due to the constitutive activation of the signal transducers 3 .

In a study including 114 patients with a metastatic CRC realized by Lièvre et al., within UMRS775, investigated the relation between the response to the cetuximab treatment and the presence of activating mutations in the Kirsten rat sarcoma viral oncogene homolog (KRAS ) gene (a downstream signal transducer of the EGFR). None of the patients that had a KRAS mutation responded to the treatment while a 43.6% of the responding patients had none-mutated (wild-type) KRAS, showing the mutations in the KRAS gene constitute a predictive marker for the response to cetuximab treatment. Nonetheless, no KRAS mutation was detected in 57% of the none-responding patients. One hypothesis to explain this may be the presence of mutations other than KRAS that confer a resistance to the cetuximab treatment. Another hypothesis is the possibility that the conventional methods used for the detection of mutations in clinics might not be sensitive enough, so some of the mutations might be missed during the analysis. The latter hypothesis can be tested with the use of more sensitive techniques.

As the number of the efficient drug combinations for the treatment of cancer grow, the choice of therapy becomes more complicated. Development of robust tools for the diagnosis of molecular alterations that can cause non-response to the targeted treatments is necessary in order to give the most efficient and least toxic treatment to each patient 4 .

The aim of this work was the development of a highly sensitive and quantitative method for the detection of mutations in the KRAS gene for the testing of clinical samples such as tumor biopsies and circulating tumor DNA (ctDNA). At first we developed a digital PCR (dPCR) technique that uses droplet-based microfluidics for the individual analysis of DNA molecules. We demonstrated a detection sensitivity of 1 KRAS mutant DNA molecule in 200,000 wild-type molecules using the same probes as the conventional clinical test for which the reported detection sensitivity was 10%. Then we adapted this technique for the multiplex 

A brief history on cancer research

Cancer has afflicted people for several centuries. The oldest documented case of cancer dates back to 3000 b.c. in ancient Egypt. The details, recorded on a papyrus, described 8 cases of tumors occurring on the breast. There is evidence that the ancient Egyptians were able to tell the difference between malignant and benign tumors 5 . According to inscriptions, surface tumors were surgically removed in a similar manner as they are removed today but there was no acknowledged treatment for the condition 6 . The actual name of the disease was given by Hippocrates in 460-370 BC 7 who used the Greek term carcinos to describe the crab-like lesions. He believed that the imbalance of one of the fundamental elements that formed the human body, the black bile, was responsible for cancer 5 . Hippocrates only had an experience on external tumors since in ancient Greece (as in ancient Egypt) corpses could not be used for medical analysis. The first autopsy was performed by William Harvey in 1628 for the study of the cardiovascular system and in 1761 Giovanni Morgagni performed the first autopsy to research the cause of death of an ill patient. Thus the lymph theory developed in 17 th century replaced Hippocrates' black bile theory. Proposed by Georges Stahl and Frederick Hoffman, the lymph theory suggested that cancer was composed of fermenting and degenerating lymph, varying in density and acidity. After dominating medical thinking for nearly 150 years, this theory was eventually abandoned due to a lack of confirmatory evidence [START_REF] Ronald | The history of tumor virology[END_REF] . In the 18 th century gastric cancers were unknown, explaining the historical mystery about Napoléon Bonaparte's death in 1821. Benign and malignant gastric ulcers were only described later by J. Cruveilhier, in 1835 9 (Figure 1.1). Several other theories on the cause of cancer such as trauma or parasites were proposed (insomuch that in 1926 Johannes Fibiger won a wrongful Nobel Prize for his theory of a stomach worm causing cancer [START_REF] Stolley | Johannes fibiger and his nobel prize for the hypothesis that a worm causes stomach cancer[END_REF] ).

Finally a German surgeon, Karl Thiersch showed that cancer spread through malignant cells, establishing the modern cellular theory of cancer 8 .

Molecular basis of cancer

Cancer is fundamentally a disease of the genome [START_REF] Meyerson | Advances in understanding cancer genomes through second-generation sequencing[END_REF] . A wide range of genomic alterations such as point mutations, copy number changes and rearrangements lead to the development of cancer [START_REF] Meyerson | Advances in understanding cancer genomes through second-generation sequencing[END_REF] .

In 2001 the sequencing of the human genome showed that human genomes differ from one another by roughly 3 classes of genetic variations 12 :

• Insertion-Deletion Length Polymorphisms (INDEL): One or a few nucleotides are inserted into a sequence or deleted. In rare cases, the insertion mutation involves transposition from another locus via an RNA intermediate. Large insertions and duplications are rare, as insertions of transposable elements (transposons1 ).

• Simple Sequence Repeat (SSR) Length Polymorphism (Mini-and Micro-Sattellites): Simple Sequence Repeats or microsatellites are tandemly repeated mono-, di-, tri-, tetra-, penta-, and hexa-nucleotide motifs. SSR length polymorphisms are caused by differences in the number of repeats.

• Single Nucleotide Polymorphism (SNP): Mutations involving the alteration of a single nucleotide. They are the most abundant form of genetic variation in the human genome and play a critical but as yet largely uncharacterized role in human disease. Rough estimates suggest that there are 10-30 million SNPs in the human genome, or 1 about every 100-300 bases, on average. The international Haplotype Map (HapMap) project was launched in 2002 with the aim of capturing genetic variation in the form of SNPs [START_REF] Ragoussis | Genotyping technologies for genetic research[END_REF] .

Apart from these already existing genetic variations, specific changes in the genome lead to disregulation of cancer-related genes such as: germline variations (that lead to hereditary cancer predispositions), the acquisition of transforming DNA or RNA from oncogenic viruses, epigenetic disregulations and somatic genetic alterations (that exist in cancer cells but not in the patient's germline, therefore not in the normal cells) [START_REF] Weir | Somatic alterations in the human cancer genome[END_REF] .

Somatic genetic mutations appear to be the major causative factor in most human cancers [START_REF] Weir | Somatic alterations in the human cancer genome[END_REF] . As stated by Liu at al., (2004) they are "substrates of human disease" [START_REF] Liu | Detection of extremely rare alleles by bidirectional pyrophosphorolysis-activated polymerization allele-specific amplification (bi-pap-a): measurement of mutation load in mammalian tissues[END_REF] . The accumulation of alterations in three types of genes [START_REF] Vogelstein | Cancer genes and the pathways they control[END_REF] play a role in the cancerisation process:

• Stability genes: These are the genes coding for proteins responsible for the genome stability. These proteins perform the repairing of the errors in the genome during replication, or the repairing of damage inflicted by mutating agents. These errors can be induced during the replication process or by mutating agents. In the cancerisation process the stability genes are inactivated resulting in an unstable genome prone to accumulate more mutations. An example is the MisMatch Repair system (MMR) [START_REF] Brian | Dna mismatch repair and genetic instability[END_REF] .

• Tumor suppressor genes: These are genes responsible for the control of cell cycle. As long as they remain functional, the cell won't undergo a malignant transformation. In the cancerisation process, the tumor suppressor genes are frequently inactivated. In general, to observe a phenotypic effect, both alleles of these genes must be disrupted. Thus the inactivation of tumor suppressor genes often follows a "two hit" pattern (also called the Knudson two hit hypothesis [START_REF] Knudson | Mutation and cancer: statistical study of retinoblastoma[END_REF] ) where the gene is inactivated by a recessive mutation in one allele followed by the loss of the non mutated (wild-type) allele (the so-called Loss Of Heterozygosy (LOH) process) [START_REF] Weir | Somatic alterations in the human cancer genome[END_REF] .

• Oncogenes: These are the genes that promote cell proliferation. In the cancerisation process these genes are constitutively activated resulting in the extensive cell growth 19 .

The increase in expression of the oncogenes is often due to the amplification of chromosomal regions.

These alterations equip a cancer cell with the power to evade homeostatic controls and gain a selective growth advantage. These capabilities were dubbed as the Hallmarks of cancer by Hanahan et al., [START_REF] Hanahan | The hallmarks of cancer[END_REF] and described as follows:

• Self sufficiency in growth signals: By activating the proto-oncogenes, the cell can loose its dependency on growth signals and become able to proliferate autonomously.

• Insensitivity to growth inhibitory signals: The tumor suppressor genes are very often inactivated allowing the cancer cells to evade the programmed cell death (apoptosis).

• Evasion from programmed cell death (apoptosis): can result from the inactivation of genes such as TP53 which induce apoptosis or from the activation of genes such as BCL-2 which have an anti-apoptotic role.

• Limitless replicative potential: The tumor cells do not age. Amongst several factors that allow to acquire this state of immortality, the most important role is played by the telomerase who protects the chromosomal integrity.

• Sustained angiogenesis: The tumor growth is highly dependent on oxygen (especially when the tumor acquires a certain size). The tumor cells build a new vascular network via neo-angiogenesis to ensure the income on oxygen.

• Tissue invasion and metastasis: This property is the origin of metastasis. It allows the cells to leave the initial tumor site and migrate to other tissues.

Recently this list was further extended by the same authors [START_REF] Hanahan | Hallmarks of cancer: the next generation[END_REF] , to include 4 additional capabilities:

• Genome instability and mutation: The caretaker genes responsible for detecting DNA damage and activating the repair machinery, or directly repairing damaged DNA, or inactivating or intercepting mutagenic molecules before they have damaged the DNA are inactivated. This results in an instability, rendering the genome vulnerable to more mutations

• Deregulating cellular energetics: Cancer cells reprogram their glucose metabolism leading to a state that has been termed "aerobic glycolysis" resulting in a markedly increased uptake of glucose programmed by the proliferation induced oncogenes.

• Tumor promoting inflammation: Tumors mirror inflammatory conditions to benefit from multiple hallmark capabilities provided by the inflammation such as supplying growth factors (that sustain proliferative signaling), survival factors (that allow to evade cell death), pro-angiogenic factors, extracellular matrix-modifying enzymes that facilitate angiogenesis, invasion, and metastasis.

• Avoiding immune destruction: The immune system has the role to prevent tumors from growing but they may also happen to help the tumor formation by providing inflammatory conditions. Cancer cells may evade immune destruction by disabling components of the immune system by secreting cytokines or immunosuppressive factors or through the recruitment of regulatory T cells. Even though the relation between the existence of somatic mutations and the emergence of a cancer is well established [START_REF] Meijer | Le cycle de division cellulaire et sa regulation[END_REF] these alterations, taken individually, are often not sufficient to transform a normal cell to a cancer cell. The driving force behind the cencerisation process is the accumulation of these alterations. Usually a few (less than 5) or several (dozens) alterations are present in a cancer cell (Figure 1.2). Even cancers that arise from the same cell type contain a long range of different genetic alterations that provide hallmark capabilities, this is often referred to as the intra-tumor heterogeneity [START_REF] Eifert | From cancer genomes to oncogenic drivers, tumour dependencies and therapeutic targets[END_REF] .

The role of EGFR signaling pathways

Epidermal Growth Factor Receptor (EGFR) is a 170 kDa cell membrane growth factor receptor with a tyrosine kinase activity which plays a crucial role in the signal transduction. EGFR is over-expressed in a variety of human tumors including CRC, tumors of breast, lung, prostate, ovary, pancreas and bladder [START_REF] Martinelli | Anti-epidermal growth factor receptor monoclonal antibodies in cancer therapy[END_REF] . This over expression is often related to a diminution of survival and a bad prognosis [START_REF] Nicholson | Egfr and cancer prognosis[END_REF] . Targeted therapies have been elaborated for the specific blockade of the EGFR receptor with monoclonal antibodies such as cetuximab or panitumumab (a fully humanized version of cetuximab) to inhibit its ligand dependent activation [START_REF] Vincenzi | Cetuximab : From biology to care of colorectal cancer patients[END_REF] .

The EGFR has 6 known ligands: the Epidermal Growth Factor (EGF), the Transforming growth factor alpha (TGFα), the amphireguline, the ephireguline, the betacelluline and the herparin-binding EGF. The binding of one of these ligands triggers an intracellular signalization cascade through downstream cellular pathways such as the RAS/Mithogen activated protein kinase (MAPK) pathway, the Phospho insositide 3-kinase (PI3K)/AKT pathway and the Signal Transductors and Activators of Transcription (STAT) and the PhosphoLipase C (PLC) pathways [START_REF] Camp | Molecular mechanisms of resistance to therapies targeting the epidermal growth factor receptor[END_REF] . Among these pathways we will only focus on the RAS/MAPK pathway.

The RAS/MAPK pathway

The RAS/MAPK pathway is involved in the control of cellular growth signals, cell survival and invasion in cancer and is truncated in 30% of the cancers [START_REF] Russo | Prognostic and predictive factors in colorectal cancer: Kirsten ras in crc (rascal) and tp53crc collaborative studies[END_REF] . The ligand dependent activation of the EGFR receptor allows the fixation of the adaptor protein GRB2 which recruits the Son of Sevenless (SOS). The SOS is a Guanine nucleotide-Exchange Factor (GEF) that allows the activation of the RAS protein. RAS recruits and activates RAF (a serine/threonine kinase). The gene coding for RAF, BRAF is mutated in 9 to 11 % of the colorectal cancers and 80% of the melanomas [START_REF] Namba | Clinical implication of hot spot braf mutation, v599e, in papillary thyroid cancers[END_REF] . RAF activates the MAPK/ERK (MEK) kinase which activates the Extracellular signal-regulated kinase (ERK) proteins. The translocation of the ERK proteins to the nucleus activates the transcription factors [START_REF] Prior | Ras trafficking, localization and compartmentalized signalling[END_REF] (Figure 1.3). This signaling cascade results in the activation of transcription factors involved in cell proliferation, cell survival, angiogenesis, invasion and resistance to apoptosis.

KRAS oncogene

The KRAS gene is a member of the RAS gene family. RAS genes were the first of a long list of genes discovered to be harboring transforming capabilities in the 1970s [START_REF] Pylayeva-Gupta | Ras oncogenes: weaving a tumorigenic web[END_REF] . The gain-offunction mutations of the RAS gene confer cells with a self sufficiency in growth signals therefore putting RAS in the first category of hallmark providers.

In humans three RAS genes exist: HRAS, NRAS and KRAS. These genes encode 4 Ras proteins of nearly 21kDa: Hras, Nras, Kras4a and Kras4b (which are the results of alternative splicing of the KRAS gene). The Ras proteins deliver signal from cell surface receptors, such as growth factor receptors, to intracellular effector pathways. Ras proteins toggle between an "active" state (conferred with the binding of a Guanosine Tri-Phosphate (GTP) molecule) and an "inactive" state (conferred with the binding of a Guanosine Di-Phosphate (GDP) molecule). The transition between these two states are monitored by Guanine nucleotide Exchange Factors (GEFs) which stimulate the exchange of a GDP molecule by a GTP molecule and GTPase Activating Proteins (GAPs) that lead to a Ras-mediated GTP hydrolysis [START_REF] Pylayeva-Gupta | Ras oncogenes: weaving a tumorigenic web[END_REF] (Figure 1.3 inner panel). The hindering of the GAPs activity, resulting in a continually active Ras protein (Figure 1.4), by mutations in the RAS gene, is involved in several tumor types including 50% of all colon cancers and 90% of pancreatic carcinomas [START_REF] Goodsell | The molecular perspective: the ras oncogene[END_REF] .

There are seven common point mutations in the KRAS gene, six of which are situated in codon 12 (G12V, G12A, G12C, G12D, G12S and G12R) and one in codon 13 (G13D). All these mutations result in a Kras protein blocked in the active state (Figure 1.4). A KRAS mutation is present in 37% of the CCR and other types of cancers (Table 1.1) and is associated to high risk of recurrence [START_REF] Vogelstein | Genetic alterations during colorectal-tumor development[END_REF][START_REF] Andreyev | Kirsten ras mutations in patients with colorectal cancer: the multicenter "rascal" study[END_REF] and resistance to targeted therapies [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] (see later in section 2.5.2). Especially the G12V mutation is found to have a significant impact on the recurrence free survival of the patients [START_REF] Andreyev | Kirsten ras mutations in patients with colorectal cancer: the 'rascal ii' study[END_REF] . In 2008, Shi et al., quantified levels of KRAS mutations in pancreatic juice of patients and showed that they could establish a cut-off level above which it was possible to distinguish cancer from other chronic diseases (such as pancreatitis) [START_REF] Shi | Sensitive and quantitative detection of kras2 gene mutations in pancreatic duct juice differentiates patients with pancreatic cancer from chronic pancreatitis, potential for early detection[END_REF] . Development of sensitive approaches that quantify KRAS mutations using cut-off values should provide more rigorous cancer screening. 

The treatment of cancer

The treatment of cancer often relies on a combination of surgery, radiotherapy and chemotherapy. The conventional chemotherapy uses cytotoxic drugs, meaning that they kill proliferating cells (cancer cells but also hematopoietic precursors, hair follicle cells and the epithelial lining of the intestine) [START_REF] Chen | Protection of normal proliferating cells against chemotherapy by staurosporinemediated, selective, and reversible g(1) arrest[END_REF] . In the beginning of 21 st new molecules which specifically target a cellular alteration were added to the therapeutic arsenal. These targeted therapies selectively inhibit a tumor specific proliferation pathway or a microenvironnemental signal. They also have a cytotoxic effect because in some cases they can induce apoptotic pathways. The emergence of targeted therapies created the notion of "personalized medicine".

Biomarkers

By definition, biomarkers are measurable and quantifiable biological parameters such as mutations in DNA, mRNA, the presence of particular proteins, metabolites, altered hormone levels and cellular or physiological processes such as apoptosis, angiogenesis, or proliferation [START_REF] Daniel | Tumor marker utility grading system: a framework to evaluate clinical utility of tumor markers[END_REF] which serve as indices for the assessment of disease risk, disease diagnosis, metabolic processes, cell line development, epidemiologic studies, etc. Point mutations can be used as tumor biomarkers for the screening of cancer, for differential diagnosis in symptomatic patients and for clinical staging of cancer [START_REF] Kulasingam | Strategies for discovering novel cancer biomarkers through utilization of emerging technologies[END_REF] .This work will mainly focus on genetic tumor biomarkers. Genetic tumor biomarkers are mutations in DNA that affect either oncogenes (activation) or tumor suppressor genes (inactivation) to confer hallmark capabilities to the cells.

Biomarkers can be divided into three subgroups according to their use in 41 :

• Diagnosis of the disease • Choice of therapy • Prognostics

Biomarkers for diagnosis

A biomarker with diagnostic value is a genetic alteration that indicates the presence of cancer. This type of biomarker should allow to establish diagnosis, to differentiate benign from malignant disease and to determine the type of malignancy [START_REF] Kulasingam | Strategies for discovering novel cancer biomarkers through utilization of emerging technologies[END_REF] . Ideally a biomarker with diagnostic value should be present in an early stage of the cancer development. For genetic biomarkers this corresponds to a mutation that occurs early in the cancerisation process.

The severity of a patient's cancers is described by the TNM staging system 42 . The system is based on the extend of the disease, considering whether cancer cells are only localized in the tumor (T) or they have spread to nearby lymph nodes (N) and whether distant metastasis (M) has occurred (Table 1.2). For many cancers the TNM combinations correspond to five cancer stages [START_REF]Cancer staging[END_REF] Stage IV: Distant metastasis, meaning that the cancer cells have spread to nonadjacent organs;

As described in Table 1.2, criteria for stages differ for different types of cancer. For example, bladder cancer T3 N0 M0 is stage III, whereas colon cancer T3 N0 M0 is stage II.

A successful strategy for cancer diagnosis involves several critical elements to be considered through the development of potential biomarkers 44 : Analysis of a readily available specimen source Cancer biomarker validation (an established association with disease state) A methodology with which to measure the biomarker The diagnosis of cancer before the cancer cells metastasize and spread to other organs is considered to be one of the key factors to improve patient outcome 45 . For example, when colorectal cancer is diagnosed at a localized stage, the 5 year overall survival is ∼90% 46 .

Biomarkers for the choice of therapy

The discovery and understanding of new biomarkers allowed a better understanding of the tumors at a molecular level and permitted the development of targeted therapies [START_REF] Malinowsky | Targeted therapies in cancer -challenges and chances offered by newly developed techniques for protein analysis in clinical tissues[END_REF] . For example, recent advances in the chemotherapy of colorectal cancer allow to offer each patient several alternative treatments with similar efficiencies. While most patients are treated the same, therapeutic approaches rarely work on all patients. Even blockbuster drugs are efficacious in only 40%-60% of the patients and many patients suffer adverse drug reactions, so much so that adverse drug reactions are one of the leading causes of death in United-States [START_REF] Fan | Beadarray-based solutions for enabling the promise of pharmacogenomics[END_REF] .

The main cause of these variations in response to treatment is the genetic variation amongst patients [START_REF] Martinelli | Anti-epidermal growth factor receptor monoclonal antibodies in cancer therapy[END_REF] . Given the narrow treatment window of these therapies and the various therapeutic options with similar efficiency, predicting individual response and potential toxicity is becoming an indispensable part of the management of cancer patients. For patients with an early-stage cancer, it would be helpful to identify those who will relapse without adjuvant systemic therapy (therapy after surgery), so that only patients who receive benefit are exposed to the inherent toxicities [START_REF] Henry | Uses and abuses of tumor markers in the diagnosis, monitoring, and treatment of primary and metastatic breast cancer[END_REF] . Such effects can be avoided by the use of personalized health care. We can define personalized health care as the use of molecular insights and diagnostic tests to better tailor medicines and manage a patient's disease. An example of biomarker for the choice of therapy is the mutational status of the KRAS. The significance of the KRAS for the response to cetuximab therapy has been shown in a study by Lièvre and coworkers [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] realized on 114 patients with a metastatic CRC. As summarized in Table 1.3 none of the responders presented a KRAS mutation.

Several other studies have been carried out [START_REF] De Reynies | Kras mutation signature in colorectal tumors significantly overlaps with the cetuximab response signature[END_REF][START_REF] Linardou | Assessment of somatic k-ras mutations as a mechanism associated with resistance to egfr-targeted agents: a systematic review and meta-analysis of studies in advanced non-small-cell lung cancer and metastatic colorectal cancer[END_REF] showing that the presence of mutations in the KRAS gene are significantly associated with an absence of response to anti-EGFR monoclonal-antibody-based treatments. These results led to an amendment of the marketing authorization of these drugs: they are now restricted to patients with a tumor bearing a nonmutant KRAS gene.

Prognostic biomarkers

Prognostic biomarkers provide information on the likely course of the cancer in an untreated patient [START_REF] Brnner | What is the difference between predictive and prognostic biomarkers? Ask the Expert[END_REF] . While most of the individuals are offered an adjuvant treatment2 , some early stage cancer patients (e.g. low risk breast cancer patients and stage I-II CRC patients) do not receive it. When these patients experience recurrence of their cancer, evidence based on prognostic markers would be extremely helpful to select the candidates for adjuvant systemic treatment [START_REF] Brnner | What is the difference between predictive and prognostic biomarkers? Ask the Expert[END_REF] . Prognostic biomarkers allow the natural course of an individual cancer to be predicted by distinguishing the "good outcome" and "poor outcome" tumors, and they guide the decision of whom to treat (or how aggressively to treat) [START_REF] Sawyers | Cancer biomarker problem[END_REF] , in order to aid in patient follow up and to identify patients who have relapsed or are about to relapse 44 .

Challenges for biomarker detection

The ideal detection test for a biomarker should be reliable, easy and cost-effective, and its assay must be highly sensitive3 and specific 4 40 The past decade witnessed major advances in experimental and informatic methods to characterize genomes based on DNA, RNA and microarrays on capillary based sequencing (also called "first generation sequencing") and these methods not only allowed to analyze point mutations and copy number alterations but also led to the discovery of many important alterations in the cancer genome [START_REF] Meyerson | Advances in understanding cancer genomes through second-generation sequencing[END_REF] . Nevertheless there are particular challenges for the detection and characterization of single base mutations and other cancer genome alterations, the principals being the low abundance of the mutated genes within an excessive background of unmutated DNA from normal cells [START_REF] Sawyers | Cancer biomarker problem[END_REF] . This is especially the case for the analysis of blood plasma samples where DNA originated from the tumor (circulating tumor DNA (ctDNA), see Chapter 4 for more detail) where a very low amount of DNA (a few ng per mL of blood) is available and is in presence of a high background of DNA from normal cells.

Digital techniques used for the detection of point mutations

An abundant number of techniques exist for the detection of point mutations. The first examples of the methods for the detection of rare mutations involved biological assays based on prototrophy, resistance to viral infection or drugs, or biochemical assays which do not allow to identify the type of mutation but only its presence [START_REF] Kinde | Detection and quantification of rare mutations with massively parallel sequencing[END_REF] . The emergence of new techniques based on direct sequencing, hybridization, ligation, primer extension or enzymatic cleavage allowed to increase the efficiency, sensitivity and throughput of mutation detection. Some of these strategies are discussed in Appendix A and more detailed information can be found in [START_REF] Michael | Sequencing technologies -the next generation[END_REF][START_REF] Taly | Biomarker detection in microdroplets[END_REF] . Here we will focus on the digital techniques.

Digital PCR (dPCR)

Even though the first application of digital PCR (dPCR) dates back to 20 years, the idea behind dPCR is a more than 200 centuries old concept: Divide and conquer [START_REF] Baker | Digital pcr hits its stride[END_REF] . While classic PCR carries out one reaction per sample, in dPCR the sample is divided into a large number of partitions at a limiting dilution and the reaction is carried out in each partition individually allowing a more reliable collection and sensitive measurement of nucleic acid quantity (Figure 1. 6). Considering that all compartments are of equal volume the distribution of target DNA (or RNA) molecules in compartments will fallow a Poisson Distribution [START_REF] Vogelstein | Digital pcr[END_REF][START_REF] Sykes | Quantitation of targets for pcr by use of limiting dilution[END_REF] . This distribution arises from the sole hypothesis that the molecules are randomly distributed in the medium (no precipitation, sedimentation or aggregation) [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . Consequently the probability P(k) that a compartment contains k target DNA (or RNA) (k being 0, 1, 2 or more) can be calculated using the equation (1.1), where λ is the average number of target DNA (or RNA) per droplet (ratio of the number of target DNA (or RNA) molecules and the number of compartments).

P (k) = e -λ λ k k! (1.1)
At λ= 1 (Figure 1.7, green curve), more than 20% of the compartments will contain two or more target DNA (or RNA), whereas for low λ (less than 0.1, Figure 1.7, blue curve), the large majority of the compartments do not contain more than one target DNA (or RNA) (∼90% will contain no target DNA (or RNA)). These empty compartments are "sacrificed" to maximize the number of reactions that contain a single DNA target. Consequently, amplicons are exclusively derived from one template. These "clonal amplifications" can then be individually detected using different fluorophores or sequencing procedures to discriminate between different sequences (such as mutant versus wild-type alleles or maternal versus paternal alleles). A count of reactions containing PCR products is then a direct measure of the absolute initial nucleic acid quantity. The trademark of the digital PCR procedures is their property of using this "yes-or-no" readout for the analysis and quantification of PCR reactions. The denomination "digital" comes from this binary situation. The partitioning of more that one molecule inside a compartment interferes with this quantitative nature of the analysis.

If the target DNA is not dilute enough, all the aliquots will be positive and no quantitative data would be obtained. On the other hand, if it is too dilute very few aliquots will be positive and the data will be unreliable. Several studies investigated how linear the response is to DNA concentration [START_REF] Sanders | Evaluation of digital pcr for absolute dna quantification[END_REF][START_REF] Pinheiro | Evaluation of a droplet digital polymerase chain reaction format for dna copy number quantification[END_REF][START_REF] Bhat | Single molecule detection in nanofluidic digital array enables accurate measurement of dna copy number[END_REF] . Nonetheless, the sample will often not be diluted quite so far and many (but not all) aliquots will be positive and some of these will probably contain two or more target molecules. Thus, simply by counting the number of positive aliquots, the experimenter would be underestimating the true number of molecules [START_REF] Day | Digital pcr strategies in the development and analysis of molecular biolmarkers for personalized medicine[END_REF] . This can be corrected by the Poisson equation but more commonly, the abundance of the target sequence is compared to that of a reference sequence analyzed in the same way, to determine the target's relative abundance [START_REF] Vogelstein | Digital pcr[END_REF][START_REF] Day | Digital pcr strategies in the development and analysis of molecular biolmarkers for personalized medicine[END_REF] The early pioneers of dPCR were Sykes et al who, in 1992, described a procedure that they qualified as "a general method to quantify the total number of initial targets present in a sample, using limiting dilution, PCR and Poisson statistics" [START_REF] Sykes | Quantitation of targets for pcr by use of limiting dilution[END_REF] . Though the use of limiting dilutions has been reported earlier [START_REF] Simmonds | Human immunodeficiency virus-infected individuals contain provirus in small numbers of peripheral mononuclear cells and at low copy numbers[END_REF] , it was the first demonstration using a combination of Poisson statistics and an optimized PCR (leading to a "all-or-none" end-point result at very low DNA target numbers) to truly quantify a specific alteration in an excess of unmodified sequences. They used a two-stage PCR to quantify the rearranged immunoglobulin heavy chain (IgH) gene of a leukemic clone in a background of rearranged IgH genes coming from normal lymphocytes. The study of eight leukemic samples showed that approximately two potentially amplifiable leukemic IgH targets could be detected in the presence of 160,000 competing non-leukemic genomes. The number of amplifiable genome present in a sample was determined using N-ras quantification (and thus allowing the evaluation of DNA degradation). This bulk procedure was rather simple but (in particular because it involved two sequential PCR reactions) could potentially be prone to contaminations.

5 years later, in 1997, Kalinina et al described a procedure using glass microcapillaries to perform 10 nL PCR reactions [START_REF] Kalinina | Nanoliter scale pcr with taqman detection[END_REF] . The authors used Taqman ® assay to detect single starting target DNA diluted in genomic DNA. They suggested the feasibility of determining the amount of target molecules by counting the number of positive PCRs in a set of replicate reactions using limiting dilutions. In this research the discrete amplification of single-DNA molecule was realized thanks to the low reaction volumes and consequent low diffusion constant of molecules (template DNA, amplified DNA and degraded probes) within the time-scale of the experiment. In that format, the throughput was limited and the detection system was labor-intensive [START_REF] Zhang | Microfluidic dna amplification-a review[END_REF] . Similarly, in 2001 Li et al., [START_REF] Li | Selective detection of individual dna molecules by capillary polymerase chain reaction[END_REF] described the discretization of PCR reactions by dilution in capillary systems followed by fluorescent analysis of reaction products within the capillary. A single 30-micrometer fused-silica capillary was used both as the reaction vessel and for the isolation of single molecules. An intercalating agent (SYBR Green I dye) was used for fluorescent labeling of the reaction products. Each PCR amplified fragment (110 bp long of an individual human beta-globin gene or 142-bp fragment from an individual HIV-1 DNA) originating from the target single-molecules were spatially separated from each other providing detectable discrete zones that can simply be counted (by counting the number of peaks in the capillary via electromigration through a detection window). These zones corresponded to the number of starting DNA molecules. The throughput of such system is still limited to few thousand reactions in parallel.

The crossroads of digital PCR technology was set in 1999 by Vogelstein et al., who extended the initial researches based on the use of limiting dilutions for the detection of very rare sequences by developing a microtiter plate-based procedure that they named "digital PCR" (dPCR). In this study, the DNA extracted from stool samples of patients with colorectal cancer was diluted to a such extend that there was approximately one molecule per two wells of a 96-well microtiter plate. The mutant to normal allelic ratios of the RAS oncogene was determined using specific stem-loop probes. Therefore, by simply counting the fluorescent signal within the wells it was possible to determine the allelic ratio of normal to mutant RAS genes present in the examined sample.

Digital PCR allowed to extend the applications of conventional PCR. It demonstrated its ability to detect a single copy of target nucleic acid in a complex genetic background (including DNA extracted from patient samples), and it has been used to detect low concentration of mutations in alleles associated with colorectal cancer As described in Table 1.4, dPCR has been applied for the detection of genetic alterations including KRAS mutations 58 , BAT26 76 in fecal DNA taken from patients with colorectal cancer. Allelic imbalance (AI) for various chromosomes has also been largely explored and correlated with illness stages for colorectal cancer 78,79 and ovarian cancer [START_REF] Singer | Diverse tumorigenic pathways in ovarian serous carcinoma[END_REF][START_REF] Singer | Mutations in braf and kras characterize the development of low-grade ovarian serous carcinoma[END_REF] . LOH analysis [START_REF] Shih | Top-down morphogenesis of colorectal tumors[END_REF] or variation in gene expression [START_REF] Yan | Small changes in[END_REF] of APC (adenomatous polyposis coli) have also been performed by microtiter plate-based dPCR. In addition, AI have been detected using SNP markers for the early detection of ovarian cancer in plasma [START_REF] Chang | Assessment of plasma dna levels, allelic imbalance, and ca 125 as diagnostic tests for cancer[END_REF] or ascitic fluid (as well as other types of cancers) [START_REF] Chang | Detection of allelic imbalance in ascitic supernatant by digital single nucleotide polymorphism analysis[END_REF] .

As mentioned earlier, to find real applications in clinics, an ideal screening test should be non-invasive (in order to have better patient cooperation), cheap (using low volumes of reagents), easy to perform (automatable) and it should represent the whole targeted organ(s) [START_REF] Sawyers | Cancer biomarker problem[END_REF] . In addition, the interpretation of results should be inambiguos (high sensitivity, specificity, positive predictive value and negative predictive value), be easy to teach with quality controls easily maintainable [START_REF] Davies | Colorectal cancer screening: prospects for molecular stool analysis[END_REF] . Moreover, the recent use of procedures presenting higher sensitivity has pointed out that the test should also be quantitative [START_REF] Santini | Should oncologists be aware in their clinical practice of kras molecular analysis[END_REF] .

Digital PCR could in theory fulfill all these features but performing hundreds to thousands of reactions per sample using the initial procedures in microtiter plates has proved itself to be cumbersome and labor intensive. Indeed, even if robotic systems allowed reducing the size of analyzed samples up to microliter volumes with a speed of nearly one test per second, using conventional technology, further miniaturization is problematic [START_REF] Dove | Drug screening-beyond the bottleneck[END_REF] . In addition, costs become prohibitive when very high sensitivity is needed. Consequently the advent of a digital PCR approach suitable for more complex analyses had to wait for the development of more appropriate systems. From that point on two main strategies were exploited: (i) instead of microtiter plates, using microdroplets as compartments (emulsion PCR) and (ii) performing dPCR in microfluidic systems with microcompartments(Figure 1.8).

Emulsion PCR (ePCR)

In vitro compartmentalization (IVC) of biological reactions in microdroplets was developed in 1998 by Griffiths and Tawfik [START_REF] Tawfik | Man-made cell-like compartments for molecular evolution[END_REF] . The earlier pioneers were Rotman et al, (1962) who, in their work, described "a method able to measure the activity of single enzyme molecules. The IVC relies on the compartmentalization of biological reactions in aqueous microdroplets of a water-in-oil emulsion. Hovewer, since droplets tend to coalesce when they come into contact with each other, they need to be stabilized by surface active agents (surfactants). These amphiphilic molecules reduce the interfacial tension thereby promoting droplet rupture during production and they provide a barrier to coalescence via the repulsive interaction between the adsorbed layers on the two colliding drops [START_REF] Baret | Kinetic aspects of emulsion stabilization by surfactants: a microfluidic analysis[END_REF] .

Although IVC was initially developed for directed evolution of proteins [START_REF] Leemhuis | New genotype-phenotype linkages for directed evolution of functional proteins[END_REF][START_REF] Miller | Directed evolution by in vitro compartmentalization[END_REF] the concept of compartmentalizing reactions in emulsions has been adapted for other applications [START_REF] Kelly | Miniaturizing chemistry and biology in microdroplets[END_REF][START_REF] Taly | Droplets as microreactors for high-throughput biology[END_REF] . The most important of these to date is undoubtedly PCR in emulsion (emulsion PCR or ePCR [START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF][START_REF] Nakano | Single-molecule pcr using water-in-oil emulsion[END_REF] also referred as droplet PCR.

ePCR is based on dividing a normal PCR mixture between the aqueous droplets of a thermostable water in oil emulsion such that there is, in most cases, not more than one template DNA molecule per droplet [START_REF] Nakano | Single-molecule pcr using water-in-oil emulsion[END_REF][START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] . After ePCR, each droplet contains multiple copies of the initial segregated DNA. This method allows to perform millions of single-molecule PCR in parallel.

The first application of ePCR was the evolution of variants of a thermostable DNA poly-merase [START_REF] Ghadessy | Directed evolution of polymerase function by compartmentalized self-replication[END_REF] . Soon after, the use of emulsion droplets to perform a vast number of single molecule PCRs in parallel was reported [START_REF] Nakano | Single-molecule pcr using water-in-oil emulsion[END_REF][START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] and applied in a variety of areas [START_REF] Kelly | Miniaturizing chemistry and biology in microdroplets[END_REF][START_REF] Nakano | Single-molecule pcr using water-in-oil emulsion[END_REF][START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF][START_REF] Shendure | Accurate multiplex polony sequencing of an evolved bacterial genome[END_REF] (2006) have also demonstrated how ePCR can be used to reduce bias in PCR, allowing the efficient amplification of genomic libraries, cDNA libraries and other complex mixtures of genes [START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF] . In ePCR the focus is on individual molecules rather than a pool of different DNAs. This increases the sensitivity compared to standard methods (Figure 1.9). Moreover, in ePCR since there is, in most cases, not more than one template DNA molecule per droplet, the competition between template molecules of different sizes is reduced. Consequently preferential amplification of smaller fragments as well as the occurrence of chimeric fragments5 is prevented [START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF] . As a consequence the products of compartmentalized PCR reflect the original composition of complex mixtures, such as genomic libraries with varying template lengths or G/C content, more closely than conventional PCR [START_REF] Theberge | Microdroplets in microfluidics: An evolving platform for discoveries in chemistry and biology[END_REF] . Although isothermal amplifications in microdroplets have been described [START_REF] Mazutis | Droplet-based microfluidic systems for high-throughput single dna molecule isothermal amplification and analysis[END_REF] , the thermocycling of the emulsions remains a necessary step for the ePCR. Thermostability of the droplets depends on many factors including the oil phase and the surfactant (surface active molecule) used to stabilize the droplets [START_REF] Baret | Surfactants in droplet-based microfluidics[END_REF] .

In addition, the presence of stabilizers such as proteins delivered in bulk like Bovine Serum Albumin (BSA) has also been described to be necessary. The presence of this protein in the aqueous phase prevents the DNA polymerase from becoming trapped and denatured at the oil/surfactant interface of the droplets. It is to note that the addition of BSA also improves the efficiency of the enzymatic reactions in droplets 100 as it prevents the leakage of small compounds from droplets 101 (See Appendix B for a study on the molecular transport by surfactants in emulsions). However, different systems using no surfactant for droplets stabilization have been described, the main limitation of these systems is the necessity to maintain the droplets separated from each other to prevent undesirable coalescence [START_REF] Shen | Digital pcr on a slipchip[END_REF][START_REF] Beer | On-chip single-copy real-time reverse-transcription pcr in isolated picoliter droplets[END_REF][START_REF] Shen | Nanoliter multiplex pcr arrays on a slipchip[END_REF] .

First applications for ePCR have described with the use of multidisperse emulsions created on bulk [START_REF] Kelly | Miniaturizing chemistry and biology in microdroplets[END_REF] . In these systems, the droplets are created by mixing of oil and aqueous phases in presence of surfactants. A wide variety of methods can be used for the emulsification: stirring at high speed [START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF] , vortexing, turax-based homogenization [START_REF] Miller | Directed evolution by in vitro compartmentalization[END_REF] or extrusion [START_REF] Mastrobattista | High-throughput screening of enzymes librairies: In vitro evolution of a betagalactosidase by fluorescence-activated sorting of double emulsions[END_REF][START_REF] Bernath | In vitro compartmentalisation by double emulsions: sorting and gene enrichment by fluorescence activated cell sorting[END_REF] . The droplets size and monodispersity can be adjusted (to a certain extend) by varying the stirring speed (or number of passage through the extruder as well as filter pore size for extrusion based procedures). The temperature also affects the size distribution of the droplets [START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF][START_REF] Zhang | Single-molecule dna amplification and analysis using microfluidics[END_REF] .

ePCR can be performed using target DNA in solution or coupled to beads, in the latter case, the bead will carry thousands to millions of copy of the target DNA. After breaking of the emulsion, the beads can be recovered for further analysis (allowing each clonal amplification of a single-target DNA to be interrogated individually). Such solid phase PCR on beads has been largely explored [START_REF] Daniel | Tumor marker utility grading system: a framework to evaluate clinical utility of tumor markers[END_REF][START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF][START_REF] Shendure | Accurate multiplex polony sequencing of an evolved bacterial genome[END_REF][START_REF] Kojima | Pcr amplification from single dna molecules on magnetic beads in emulsion: application for high-throughput screening of transcription factor targets[END_REF][START_REF] Sepp | Microbead display by in vitro compartmentalisation: Selection for binding using flow cytometry[END_REF] and constitutes the matrix of many next generation sequencing tools 110 (see Appendix A).

An example of a robust system using ePCR coupled to beads is the BEAMing system (beads, emulsion, amplification, magnetics). This strategy transforms a population of DNA fragments into a population of magnetic beads, each carrying thousands of copies of a specific sequence [START_REF] Li | Beaming up for detection and quantification of rare sequence variants[END_REF] . BEAMing has the advantage of being quantitative, meaning that it does not only allow a very sensitive detection of a target sequence (1 mutant DNA molecule in a background of 10,000 wild-type DNA molecules can be detected) but also to precisely quantify its number in comparison to the number of wild-type sequences [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF][START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF] . Although being a well recognized technology [START_REF] Holdhoff | Analysis of circulating tumor dna to confirm somatic kras mutations[END_REF] , BEAMing comprises a multiple step labor intensive workflow (Figure A.7). The estimated error-rate of BEAMing (ignoring the multitemplate beads) is only limited by the error-rate of the polymerase enzyme which amplifies the DNA [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF][START_REF] Li | Beaming up for detection and quantification of rare sequence variants[END_REF] .

Potential limitations of ePCR in bulk created emulsions

The current limitations of using water in oil emulsions to compartmentalize reactions are mostly related to the lack of control on droplet sizes [START_REF] Margulies | Genome sequencing in microfabricated high-density picolitre reactors[END_REF] . In an emulsion, the distribution of drop sizes spans over a wide range (about one decade) (Figure 1.10). The polydispersity of droplet size limits:

• The reliability of the encapsulation of a single DNA-molecule per droplet that can lead to artefactual results

• The possibility of performing quantitative measurements on droplets

Due to such large distribution, the number of target DNA per droplets may vary from one droplet to the other. First, bigger droplets can contain more than one template molecule and should consequently be removed from the analysis. Second, if the droplets are too little compared to the initial predicted size, the fraction of droplets containing any target DNA will be too small. Consequently, in order to have single genes per drops the DNA concentration of the solution must be calculated based on the largest droplet size in the emulsion. Hence, the presence of many empty droplets decreases the overall throughput of the assay. The manipulation the droplets after their formation is another important limitation of the bulk created emulsions. It is possible to deliver hydrophobic substrates, or ligands, through the oil phase into the droplets [START_REF] Griffiths | Directed evolution of an extremely fast phosphotriesterase by in vitro compartmentalisation[END_REF][START_REF] Agresti | Selection of ribozymes that catalyse multiple-turnover diels-alder cycloadditions by using in vitro compartmentalization[END_REF] and water soluble components can be delivered through nanodroplets, or swollen micelles, [START_REF] Bernath | Directed evolution of immunity protein inhibitors of colicin dna-nucleases by in vitro compartmentalization (ivc) and nanodroplet delivery[END_REF] and the pH can be altered (e.g. by the delivery of acetic acid 114 ). Substrates, or ligands, can be photocaged, introduced into the droplets during emulsification and remain inert until irradiated [START_REF] Griffiths | Directed evolution of an extremely fast phosphotriesterase by in vitro compartmentalisation[END_REF] . Droplets from two emulsions can also be fused, thus combining reagents contained in the emulsions [START_REF] Pietrini | Cell-free protein synthesis through solubilisate exchange in water/oil emulsion compartments[END_REF] . However, none of these techniques are as universal and controllable as simply being able to pipette reagents together in the well of a microtitre plate. Finally, it is not possible to measure reaction kinetics in individual droplets in bulk emulsion systems: the screens or selections are based on an end-point assay. Indeed, PCR methods based on bulk emulsions can only include an end-point detection of the amplification [START_REF] Musyanovych | Miniemulsion droplets as single molecule nanoreactors for polymerase chain reaction[END_REF] .

These limitations can be overcome by combining ePCR procedures with microfluidic technologies [START_REF] Kelly | Miniaturizing chemistry and biology in microdroplets[END_REF][START_REF] Taly | Droplets as microreactors for high-throughput biology[END_REF] .

Microfluidic systems

Microfluidics can be described as the study and development of micrometer scale systems which manipulate and control small volumes of fluids [START_REF] Huebner | Microdroplets: A sea of applications?[END_REF] . While in the 1980s only a field of theoretical research, microfluidics was rapidly adapted for life sciences with a single aim: being able to miniaturize multiple aspects of modern biology or chemistry laboratories on a single chip. Also called the Lab on a chip, this technology allows to perform experiments with smaller reagent volumes (thus with a lower cost), in shorter reaction times along with the possibility of parallelizing reactions.

For the use in life sciences, we can divide microfluidics into two categories: Continuous flow microfluidics: Ideal for applications such as centrifugal fluidics, perfusion platforms [START_REF] Casadevall | Droplet microfluidics: recent developments and future applications[END_REF] , chromatography or electrophoresis [START_REF] Dittrich | Lab-on-a-chip: microfluidics in drug discovery[END_REF] .

Segmented flow microfluidics: consists on segmenting reagents within compartments formed by two immiscible fluids, such as emulsion droplets of water-in-oil. This precise technology is called: Droplet-based microfluidics.

In order to be able to use microfluidic systems as a tool one should understand the physical phenomena that dominate the microscale such as laminar flow, diffusion and surface tension:

1. Laminar Flow: Due to the small size of the microchannels the liquid flow is almost always laminar [START_REF] White | Viscous Fluid Flow[END_REF] . As a consequence two or more streams owing in contact with each other will not mix except by diffusion (in contrast to the turbulent flow which is chaotic and unpredictable) (Figure 1.11). As a consequence, when a liquid flows through the channels of a microfluidic chip, the channel walls imply shear forces on the liquid that is directly in contact causing a "parabolic velocity profile" also known as the Taylor dispersion. This phenomena divides the sample into layers of volume elements having spent more (for the fluid in contact with the channels) or less (for the fluid at the center of the channel) time inside the channel. The Taylor dispersion is the major detriment brought by continuous flow microfluidics, along with cross contamination risks and solute surface interactions (Figure 1.11).

2. Diffusion: Diffusion is the process by which a concentrated group of particles in a volume will, by Brownian motion, spread out over time in order to keep the average concentration of particles through the volume constant. Diffusion times are short in microscale and they tend to increase with the contact surface of the liquids 120 . 

Surface tension:

The height at which water will travel through a capillary is directly related to the water's surface free energy and inversely related to the radius of the capillary. Microchannels with dimensions on the order of microns are used, the lengths liquids will travel based on capillary forces alone are significant [START_REF] Beebe | Physics and applications of microfluidics in biology[END_REF] .

Microfluidic systems are being developed for use in several areas, including diagnostics and organic synthesis [START_REF] Ashleigh B Theberge | Microfluidic platform for combinatorial synthesis in picolitre droplets[END_REF] and sophisticated microfluidic array chips containing thousands of compartments separated by valves have been created for high-throughput screening [START_REF] Thorsen | Microfluidic large-scale integration[END_REF] . Commercial microfluidic lab-on-a chip systems already represent a serious competing technology for microtitre plates for certain types of screen.

Microfluidic strategies for dPCR

The development of microfabricated valves and pumps by multilayer soft lithography (MSL) paved the way to the use microfluidic chips in dPCR. They also offered the possibility to design integrated fluidic circuits (IFCs) and to manufacture fluidic chips cost effectively [START_REF] Unger | Monolithic microfabricated valves and pumps by multilayer soft lithography[END_REF] . Thus microfluidic technology has found a number of applications in biological automation [START_REF] Sandra L Spurgeon | High throughput gene expression measurement with real time pcr in a microfluidic dynamic array[END_REF] . The ability to make arbitrary fluidic manipulations at the nanoliter scale has led to the development of many new tools with broad applications. In principle any biochemical and molecular biology application that can be run in a tube can be performed inside a microfluidic chip such as protein cristallisation [START_REF] Carl L Hansen | A robust and scalable microfluidic metering method that allows protein crystal growth by free interface diffusion[END_REF] , single cell sorting and analysis [START_REF] Aaron R Wheeler | Microfluidic device for single-cell analysis[END_REF] , cell culture [START_REF] El-Ali | Cells on chips[END_REF] or whole genome amplification [START_REF] Marcy | Nanoliter reactors improve multiple displacement amplification of genomes from single cells[END_REF] . In order to bridge the gap of miniaturization for dPCR many strategies using microfluidic chips have been described, including arrays of nanoliter [START_REF] Zhang | Single-molecule dna amplification and analysis using microfluidics[END_REF][START_REF] Morrison | Nanoliter high throughput quantitative pcr[END_REF][START_REF] Shen | Nanoliter multiplex pcr arrays on a slipchip[END_REF] to picoliter volumes 128 (Figure 1.13, Figure 1.14) as well as molecular colonies [START_REF] Chetverina | Cloning of rna molecules in vitro[END_REF] or polonies 127 (Figure 1.12).

Fluidigm was the first company to commercialize dPCR in 2006 [START_REF] Baker | Digital pcr hits its stride[END_REF] with two systems: The EP1 machine that performs end-point detection and the BioMark HD system able to perform real-time analysis. The BioMark HD can partition samples into 800 reactions with either 12 or 48 samples per chip. more samples can be run by simply doubling up on chips [START_REF] Baker | Digital pcr hits its stride[END_REF] . The Dynamic Array system was developed for the genotyping of SNPs with the ability to test 48 samples with 48 SNP assays [START_REF] Wang | Performance of nanoliter-sized droplet-based microfluidic pcr[END_REF] . These combine in pair wise fashion to produce 2304 reaction chambers, in a final volume of 6.75 nL (Figure 1.15). The Dynamic Array consists on a chip that uses a carryover slug design. First, the TaqMan ® assay solution is introduced into a flow channel in communication with a reaction chamber. Then the sample mix is flowed through the segment so that the assay solution is displaced into the reaction chamber, and a volume of the sample solution enters the chamber. The chamber is then isolated for the thermal cycling on a standalone PCR thermal cycler for PCR. Data from the reaction is acquired on the BioMark TM System for Genetic Analysis and analyzed using the Fluidigm SNP Genotyping Analysis software, to obtain genotype calls [START_REF] Wang | Performance of nanoliter-sized droplet-based microfluidic pcr[END_REF] .

The Fluidigm Dynamic Array was used by Chan et al., 2009 for the SNP genotyping of DNA extracted from peripheral blood (from archived frozen samples) [START_REF] Chan | Evaluation of nanofluidics technology for high-throughput snp genotyping in a clinical setting[END_REF] and by Spurgeon et al., [START_REF] Sandra L Spurgeon | High throughput gene expression measurement with real time pcr in a microfluidic dynamic array[END_REF] for gene expression measurement.

Life Technologies on the other hand provided two machines for the dPCR; the OpenArray and the QuantStudio 12K Flex that can both perform dPCR and qPCR [START_REF] Baker | Digital pcr hits its stride[END_REF] . The OpenArray machine consists on plates that have 48 arrays with 64 partitions and up to three plates can be held by the machine. QuantStudio holds up to four plates and can also perform TaqMan ® based qPCR assays 57 .

Finally, the "Megapixel" system developed by Heyries et al [START_REF] Heyries | Megapixel digital pcr[END_REF] is a a valve-free microfluidic d PCR device that performs single-molecule PCR reactions in uniform arrays of picolitervolume chambers (Figure 1.16).

Droplet-based microfluidic systems

As mentioned earlier in microfluidic channels the laminar flow has two effects that can be problematic for applications in biology: first, mixing is slow; second, the concentration of reagents is changing continually in the microchannels due to diffusion and the parabolic flow profile [START_REF] Oliver | High-resolution doseresponse screening using droplet-based microfluidics[END_REF] . Additionally, cross contamination from one sample should be considered [START_REF] Song | Microfluidic system for controlling reaction networks in time[END_REF] . A way to overcome these problems is to compartmentalize the reactions inside microdroplets, therefore combining the advantages of the two technology: In-Vitro Compartmentalization (IVC) and microfluidics.

Microfluidic systems enable microdroplets to be generated and manipulated in a very controlled manner. Aqueous microdroplets can be created at up to 10,000 s -1 to form highly monodisperse emulsions (less than 3% polydispersity) [START_REF] Umbanhowar | Monodisperse emulsion generation via drop break-off in a co-flowing stream[END_REF][START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF][START_REF] Anna | Formation of dispersions using flow focusing in microchannels[END_REF][START_REF] Tan | Design of microfluidic channel geometries for the control of droplet volume, chemical concentration, and sorting[END_REF] . Highly monodisperse multipleemulsions can also be created [START_REF] Lorenceau | Generation of polymerosomes from double-emulsions[END_REF][START_REF] Nisisako | Controlled formulation of monodisperse double emulsions in a multiple-phase microfluidic system[END_REF] . The volume of the created droplets is tunable and can be varied by adjusting channel geometry, flow rate, and dispersed-phase viscosity [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF][START_REF] Tan | Design of microfluidic channel geometries for the control of droplet volume, chemical concentration, and sorting[END_REF][START_REF] Beer | On-chip, real-time, single-copy polymerase chain reaction in picoliter droplets[END_REF] .

The most widespread technique to produce microfluidic devices is the soft lithography [START_REF] Xia | Soft lithography[END_REF] , which allows a very rapid prototyping. Channels are produced in PDMS (PolyDiMethylSiloxane) using replica molding with a photoresist (for example SU8) deposited on a silicon wafer. Other materials such as PMMA (Poly methyl metacrylate), glass or SU8 structures can also be used. This technology also enables the creation of complex three-dimensional structures. Recent developments enable the curing of electrodes as microfluidic channels filled by a low melting temperature solder, which improves the basic capabilities of the rapid prototyping method [START_REF] Siegel | Microsolidics: Fabrication of three-dimensional metallic microstructures in poly(dimethylsiloxane)[END_REF] . In these channels, droplet actuation is mainly predetermined by the flow of the droplets along those channels and includes droplet production and reinjection, incubation, splitting, pairwise fusion, fluorescence detection and droplet sorting (Figure 1.17). The droplets flow in series along the channels, driven by syringe pumps and the same type of operation is performed on each droplet.

Microfluidic modules for droplet manipulation can be split in two categories: passive modules and active modules. In passive modules, the flow of droplets is predetermined and controlled solely by the hydrodynamics. Three effects are involved: the mechanical pumping of the liquid, the viscous dissipation and the surface tension. Mechanical pumping is easily achieved using syringe pumps (providing a controlled flow rate) or pressure driven systems (controlled pressure). A summary of additional pumping mechanisms can be found in references [START_REF] Squires | Microfluidics: Fluid physics at the nanoliter scale[END_REF][START_REF] Franke | Microfluidics for miniaturized laboratories on a chip[END_REF] . The interplay of channel geometry and the liquid physical characteristics (viscosity and surface tension of the fluid/fluid interface) controls the response of the fluid to the hydrodynamic forcing. In active modules, external forces such as electric force [START_REF] Abdelgawad | All-terrain droplet actuation[END_REF] or laser induced thermocapillary forces [START_REF] Fradet | Combining rails and anchors with laser forcing for selective manipulation within 2d droplet arrays[END_REF] are used to actuate single droplets or groups of droplets. The combination of passive and active elements provides a high-level of control for the operator to process droplets at high-throughput (more than 1000 droplets per second) and creates a perfect tool to screen large libraries of variants containing small numbers of extraordinary variants [START_REF] Baret | Fluorescenceactivated droplet sorting (fads): efficient microfluidic cell sorting based on enzymatic activity[END_REF][START_REF] Agresti | Ultrahigh-throughput screening in drop-based microfluidics for directed evolution[END_REF] interesting for high-throughput screening experiments. In microluidic chips droplets are produced by co-flowing two immiscible fluids: the instability of the interface between the two fluids leads to droplet production. Three channel geometries are mainly used: T-junctions [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] , steps [START_REF] Priest | Generation of monodisperse gel emulsions in a microfluidic device[END_REF] and Ψ-Junctions (also known as "flow-focusing junction") [START_REF] Anna | Formation of dispersions using flow focusing in microchannels[END_REF] . Already in simple co-flowing cylindrical geometries, several regimes of droplet production are observed depending on the flow conditions and the dynamic response of the interfaces to perturbations [START_REF] Utada | Absolute instability of a liquid jet in a coflowing stream[END_REF] . The dripping regime leads to a monodisperse droplet production with standard sizes of 10 to several hundreds of microns, at rates up to 10 kHz for the smallest droplets. In rectangular channels, the influence of geometry gives another level of complexity [START_REF] Garstecki | Mechanism for flow-rate controlled breakup in confined geometries: A route to mondisperse emulsions[END_REF] by the increased number of parameters (e.g. aspect ratio of the channels) that can be varied. Besides these geometrical parameters, droplet production is controlled by the interfacial properties of the liquid / liquid and liquid / solid interfaces 170 : single droplets are easily produced and the design of microfluidic junction and the control of wetting properties also enables pairs of droplets [START_REF] Frenz | Microfluidic production of droplet pairs[END_REF] or multiple emulsions [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] to be generated (Figure 1.18).

Another emerging droplet handling technology is the "Digital microfluidics (DMF)"6 where picoliter to microliter sized droplets are independently addressed on an array of electrodes coated with a hydrophobic insulator. Through the application of a series of potentials, the droplets can be individually merged, mixed, split and dispensed from reservoirs without the need for networks of channels, pumps, valves or mechanical mixers [START_REF] Choi | Digital microfluidics[END_REF] . DMF has a wide range of applications such as enzymatic reactions [START_REF] Srinivasan | An integrated digital microfluidic lab-on-a-chip for clinical diagnostics on human physiological fluids[END_REF] , immunoassays [START_REF] Ramakrishna S Sista | Heterogeneous immunoassays using magnetic beads on a digital microfluidic platform[END_REF] , proteomics [START_REF] Aaron R Wheeler | Digital microfluidics with in-line sample purification for proteomics analyses with maldi-ms[END_REF] , purification/extraction [START_REF] Abdelgawad | All-terrain droplet actuation[END_REF] and amplification of DNA [START_REF] Chang | Integrated polymerase chain reaction chips utilizing digital microfluidics[END_REF] or cell based assays [START_REF] Barbulovic-Nad | Digital microfluidics for cell-based assays[END_REF] (for a review see reference [START_REF] Choi | Digital microfluidics[END_REF] ). Figure 1.17: Droplet manipulation with microfluidic systems: Microfluidic systems enable microdroplets to be generated and manipulated in a very controlled and sophisticated manner (panel 1-A) [START_REF] Mazutis | Droplet-based microfluidics for protein evolution[END_REF] . Aqueous microdroplets can be created using different channel geometries, including T-junctions (panel 1-B) [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] and the creation of multiple emulsions can be synchronized (panel 1-C) [START_REF] Frenz | Microfluidic production of droplet pairs[END_REF] . It is also possible to add reagents inside droplets using pair wise droplet fusion with (panel 2-A) [START_REF] Frenz | Microfluidic production of droplet pairs[END_REF] or without the help of an electric field [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] or to inject reagents inside droplets via a picoinjector 157 (panel 2-C). Emulsions can be incubated off-chip at various temperatures or thermocycled (panel 3-A) [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . After incubation, the emulsions are reinjected inside microfluidic devices for further analysis (panel 3-B-C). It is also possible to incubate droplets on-chip [START_REF] Courtois | An integrated device for monitoring timedependent in vitro expression from single genes in picolitre droplets[END_REF] , using delay-lines [START_REF] Frenz | Reliable microfluidic on-chip incubation of droplets in delay-lines[END_REF] where the droplets are incubated in a continuous flow or reservoirs to "trap" the droplets for static incubation [START_REF] Huebner | Microdroplets: A sea of applications?[END_REF][START_REF] Courtois | An integrated device for monitoring timedependent in vitro expression from single genes in picolitre droplets[END_REF][START_REF] Christian | Dropspots: a picoliter array in a microfluidic device[END_REF] (panel 4). sion production: (a) highly monodisperse microdroplets can be created by flow focusing and the parallel production of several emulsions can be synchronized [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . Another strategy for droplet production is to use a special channel geometry to create a confinement gradient (b). This strategy has a great potential of parallelization, here an example where the parallelization of 256 emulsion production is shown [START_REF] Remi | 2D droplet microfluidics driven by confinement gradients[END_REF] . Emulsions can be created using a T-junction geometry (c) [START_REF] Thorsen | Dynamic pattern formation in a vesicle-generating microfluidic device[END_REF] . Similarly, microfluidic devices can be designed for the parallelization of T-junction geometries [START_REF] Frenz | Microfluidic production of droplet pairs[END_REF] .

Droplet fusion, coalescence and electrocoalescence

When droplets are not stabilized by surfactants, droplet coalescence is straightforward. On the contrary, when droplets are stabilized by surfactants, the mixing of the reagents initially encapsulated in the different droplets has to be induced by an external force (Figure 1. 19). This forcing can be achieved using wetting patches [START_REF] Fidalgo | Surface-induced droplet fusion in microfluidic devices[END_REF] . In this case a first droplet spreading on a hydrophilic patch is coalesced with another following droplet or a group of several droplets. Alternatively, it has recently been shown that geometrical constraints inducing separation of the droplet after a collision promotes droplet fusion [START_REF] Bremond | Decompressing emulsion droplets favors coalescence[END_REF] . By making use of transient states in the stabilization of the droplet interface by the surfactant, coupled to proper geometrical design of a coalescence module, it was possible to induce the selective fusion of a droplet stabilized by surfactant (re-injected) with a droplet which is not fully stabilized (generated on-chip) [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] . However systems that can be externally controlled are more suited: the operator can induce externally and on-demand fusion of droplet pairs, for example to initiate the reactions only when the transient states linked to the starting or ending of an experiment are over. The use of electric fields is one of the most efficient ways to perform droplet coalescence. Although the electro-coalescence has been described mainly for large number of droplet pairs, it is possible to trigger the electric field on the detection of a specific droplet, which opens the door to selective droplet fusion. Other systems have also been developed, for example using destabilization of the interface between two droplets by local heating with a laser focused in the channels [START_REF] Baroud | An optical toolbox for total control of droplet microfluidics[END_REF] . Fusion of droplet pairs has been an essential part for applications requiring several steps; the development of externally controlled modules for droplet fusion is a key to provide flexibility to the droplet-based microfluidic technology. Addition of tunable amounts of compounds into plugs not stabilized by surfactants have been described, in particular by the group of Prof. Ismagilov 181 . Abate et al. (2010) have also described an interesting, robust and flexible system that can be used for the addition of chosen quantities of reagents in droplets that are stabilized by surfactants [START_REF] Abate | High-throughput injection with microfluidics using picoinjectors[END_REF] . They developed a device called "picoinjector" to add controlled volumes of reagent using electro-microfluidics at kilohertz rates. The authors used a pressured channel to inject controlled volume of reagent into droplets, triggered by an electric field. By adjusting the drop velocity and injection pressure, the injected volume can be tightly controlled with sub-picoliter precision. In addition, by switching the electric field on and off (eventually coupled with fluorescence measurement in the droplet), they performed selective injection, at kilohertz rates. By using several picoinjectors in combination, each separately controlled by an electric field, they also exemplified the serial and combinatorial addition of volumes in droplets.

Droplet content detection

As the microfluidic modules are produced in transparent materials such as glass and PDMS, they are easily interfaced with optical systems, which enable real-time measurement of droplet content as they flow in the channel. Measurement of droplet fluorescence or fluorescence of objects such as beads or cells encapsulated in the droplets can then be performed [START_REF] Baret | Fluorescenceactivated droplet sorting (fads): efficient microfluidic cell sorting based on enzymatic activity[END_REF] in a similar manner as in flow cytometers. More complex operations can also be performed such as confocal microscopy [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] sign of electrostatic charge can be generated by applying a voltage across the two streams. B) In the absence of an electric field the frequency and timing of droplet formation at the two nozzles are independent and each nozzle produces a different-sized droplet at a different frequency; the infusion rates are the same at both nozzles. After the confluence of the two streams, the droplets formed the upper and lower nozzles stay in the respective halves of the stream. Due to the presence of surfactants the droplets do not coalesce even in the case of large droplets that fill the width of the channel (scale bar: 100 µm) [START_REF] Mazutis | Droplet-based microfluidics for protein evolution[END_REF] . C) With an applied voltage of 200 V across the 500 µm separation of the nozzles, the droplets simultaneously break off from the two nozzles and are identical; simultaneous droplet formation can be achieved for unequal infusion rates of the aqueous streams even up to a factor of two difference in volumes. Figure from reference [START_REF] Link | Electric control of droplets in microfluidic devices[END_REF] . Bottom left Panel: Active fusion of un-charged droplets pairs. The droplets are unstabilized and pressed against each other with an electic field, resulting in their coalescence. Right Panel: Passive fusion of droplets. The on-chip produced droplets are half stabilized (with a low concentration of surfactants) are fused pair wise with fully stabilized droplets (high concentration of surfactants) reinjected on chip. The fusion takes place within a zig-zag coalescence region (red ellipse) where the fully stabilized droplets "penetrate" inside the half stabilized ones 156 .

ePCR in microfluidic systems

The ability of the microfluidic systems to generate and manipulate droplets at kHz frequencies is a very interesting feature for the use in ePCR. With the possibility to process a great number of equally sized droplets, microfluidic systems also increase the statistical reliability of ePCR assays. Real-time PCR amplification using fluorescent probes to monitor DNA amplification has been performed directly in droplets inside microfluidic channels [START_REF] Macris Kiss | High-throughput quantitative polymerase chain reaction in picoliter droplets[END_REF] . Onchip thermocycling of droplets has many advantages: it provides a rapid PCR amplification and a better integrity of droplets during PCR amplification, leading to more reliable results despite some reported drawbacks such as the difficulty to adjust the number of cycles once design is done and the high cost of such devices [START_REF] Stedtfeld | Development and experimental validation of a predictive threshold cycle equation for quantification of virulence and marker genes by highthroughput nanoliter-volume pcr on the openarray platform[END_REF] .

Other strategies involve, for example, thermocycling of microchips using conventional PCR instruments where droplets are immobilized in individual compartments [START_REF] Shen | Nanoliter multiplex pcr arrays on a slipchip[END_REF] or densely packed in reservoirs 183 as well as off-chip incubations [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] Another example of procedure is the Single cell genetic analysis (SCGA) where a microdroplet generator creates uniform nanoliter droplets. A PCR reaction is performed on single DNA molecules or cells encapsulated inside droplets, using beads. Droplets (generated at ∼5000 in a 4-hour run) are collected and thermocycled off-chip. DNA targets ranging from 380 to 1139 bp at single molecule concentrations were efficiently amplified and the procedure was used for the genetic analysis of both procaryotic and eucaryotic single cell 186 . The SCGA system has been efficiently scaled up by using arrays of up to 96 parallel generators [START_REF] Zeng | High-performance single cell genetic analysis using microfluidic emulsion generator arrays[END_REF] . In that last work the authors reported the detection of mutant (pathogenic) E. coli O157 cells in a background of normal E. coli K12 cells at up to 1 mutant cell in 105 normal cells (Figure 1.20).

The Aim of this project

The detection of rare mutations in clinical samples where a high background of wild-type DNA from normal cells is present remains a challenge. This is important especially for selecting the patients who will benefit from antibody-based therapies targeting the EGFR receptor. The major factors of resistance to targeted therapies are the activating mutations in KRAS or BRAF genes (Figure 1.21) amongst others 188 .

Figure 1.21: The role of the activating mutations in KRAS and BRAF for the resistance to anti-EGFR treatment: (a) in the case where there is no mutation in the MAPK pathway, the inactivation of the receptor by the antibody blockades the downstream signaling. However, the case of a mutated Ras (a) or mutated Raf (b) protein the downstream signaling is activated regardless the state of the receptor [START_REF] Bardelli | Molecular mechanisms of resistance to cetuximab and panitumumab in colorectal cancer[END_REF] . In the case of colorectal cancers the KRAS and BRAF mutations are known to be mutually exclusive [START_REF] Shigematsu | Somatic mutations of epidermal growth factor receptor signaling pathway in lung cancers[END_REF] .

For example in the before mentioned study from Lièvre et al., (Table 1.3) there is a population of patients (56%) for which no KRAS mutation was detected although they do not respond to the cetuximab therapy. There may be several hypotheses to explain this data: (i) the conventional methods used for the detection of KRAS mutations (the allelic discrimination method used in this study claims 20% (mutant in wild-type) sensitivity) were not sensitive enough therefore some of the mutations were missed, (ii) KRAS mutations may not be the only factors that hinder the response to cetuximab therapy and other mutations may be involved. The way to discriminate between these hypotheses is to screen the patient samples for the detection of other mutations [START_REF] Perkins | Additional value of egfr downstream signaling phosphoprotein expression to kras status for response to anti-egfr antibodies in colorectal cancer[END_REF] and also to use a more sensitive technique for the detection of KRAS mutations (Figure 1 .22).

In this project we have developed a procedure allowing the highly sensitive detection of mutated DNA in a quantitative manner within complex mixtures of DNA (such as DNA extracted from patient plasma or tumor samples or genomic DNA). The developed method 1.8. The Aim of this project 39 uses a TaqMan ® based ePCR in microfluidic systems. The reasons behind this choice is that ePCR fulfills most of the characteristics that an ideal test for the detection of biomarkers should have:

• ePCR uses decreased volumes of reagents. Compared to conventional PCR procedure, performing PCR in a droplet-based format provides a reduction in the amounts of reagents (PCR reagents as well as clinical samples) and shorter reaction times.

• The number and size of the droplets can be tuned according to the needs of the experiment (unlike the microcompartments where a given number of fixed size compartments are available).

• TaqMan ® probes have a widespread use in clinics and can easily implemented in droplet format. With one probe specific for mutated sequences and a second probe specific for wild-type sequences, the dual probe TaqMan ® assay provides the "yes" or "no" readout required for a digital assay.

• The fabrication of highly monodisperse emulsions in microfluidic systems allow to perform quantitative measurements (of mutated sequences over the wild-type background for example) and the droplets can be manipulated at will. We believe the quantitativeness to be an important characteristic.

A strategy was developed for a highly sensitive and quantitative detection of KRAS mutations in genomic DNA (Chapter 2). This method was then adapted for multiplex 7 detection (Chapter 3) and validated by the analysis of plasma and tumor biopsy samples from patients with mCRC (Chapter 4). 1) is KRAS negative (wild-type) and responds to the therapy. The population (2) has a KRAS mutation but below the sensitivity threshold thus no resistance to therapy is observed. In the case of the population (3) more tumor cells bear a KRAS mutation thus a resistance to treatment is observed. The population ( 4) is detected as wild-type by the conventional tests although it is KRAS positive and a resistance to treatment is observed. The population ( 5) is detected as KRAS negative but resists to the treatment because of another oncogenic mutation (and this mutation also can be present at different levels (such as KRAS) above or below the sensitivity of detection thresholds). We hypothesize that some of the patients for which no KRAS mutation was detected but who did not respond to the cetuximab treatment in the study described by Lièvre et al., might belong to the 4 th or 5 th categories (Table 1.3).

Chapter 2. Development of a droplet-based microfluidic method for biomarker detection

Preface

This chapter is adapted from a work published in Lab on a Chip (2011) entitled "Quantitative and sensitive detection of rare mutations using droplet-based microfluidics" [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . The purpose of this paper was to demonstrate an accurate and sensitive quantification of mutated KRAS oncogene in genomic DNA, using droplet-based microfluidics and digital PCR. This work was coauthored with Yousr Skhiri, Jean-Christophe Baret, Delphine Le Corre, Linas Mazutis, Chaouki Ben Salem, Florian Millot, Abdeslam El Harrak, J. Brian Hutchison, Jonathan W. Larson, Darren R. Link, Pierre Laurent-Puig, Andrew D. Griffiths and Valérie Taly.

Abstract

Somatic mutations within tumoral DNA can be used as highly specific biomarkers to distinguish cancer cells from their normal counterparts. These DNA biomarkers are potentially useful for the diagnosis, prognosis, treatment and follow-up of patients. In order to have the required sensitivity and specificity to detect rare tumoral DNA in stool, blood, lymph and other patient samples, a simple, sensitive and quantitative procedure to measure the ratio of mutant to wild-type genes is required. However, techniques such as dual probe TaqMan ® assays and pyrosequencing, while quantitative, cannot detect less than 1% mutant genes in a background of non-mutated DNA from normal cells. Here we describe a procedure allowing the highly sensitive detection of mutated DNA in a quantitative manner within complex mixtures of DNA. The method is based on using a droplet-based microfluidic system to perform digital PCR in millions of picolitre droplets. Genomic DNA (gDNA) is compartmentalized in droplets at a concentration of less than one genome equivalent per droplet together with two

TaqMan ® probes, one specific for the mutant and the other for the wild-type DNA, which generate green and red fluorescent signals, respectively. After thermocycling, the ratio of mutant to wild-type genes is determined by counting the ratio of green to red droplets. We demonstrate the accurate and sensitive quantification of mutated KRAS oncogene in gDNA.

The technique enabled the determination of mutant allelic specific imbalance (MASI) in several cancer cell lines and the precise quantification of a mutated KRAS gene in the presence of a 200,000-fold excess of unmutated KRAS genes. The sensitivity is only limited by the number of droplets analyzed.

Introduction

A complex array of genetic alterations exists in most human cancer cells: deletions, amplications, point mutations and chromosomal rearrangements all play a major role in the development and progression of cancers [START_REF] Vogelstein | Cancer genes and the pathways they control[END_REF][START_REF] Michael R Stratton | The cancer genome[END_REF] . Somatic mutations can, therefore, serve as biomarkers that allow tumor cells to be distinguished from their normal counterparts [START_REF] Diehl | Digital quantification of mutant dna in cancer patients[END_REF] . Mutations within tumor cells and in DNA released by tumor cells into clinical samples, such as blood, lymph, stools or urine can be used to detect cancers [START_REF] Sawyers | Cancer biomarker problem[END_REF][START_REF] Thierry Lecomte | Detection of free-circulating tumor-associated dna in plasma of colorectal cancer patients and its association with prognosis[END_REF] .Furthermore, tumor-specific genetic changes can have a profound impact on clinical decision-making and outcome [START_REF] Li | Replacing pcr with cold-pcr enriches variant dna sequences and redefines the sensitivity of genetic testing[END_REF] .

In order to use tumor-specific somatic mutations as biomarkers for clinical oncology, the mutations must be detected in a large excess of non-mutated DNA from normal cells. The majority of genetic tests are based on the polymerase chain reaction (PCR), which is the most sensitive method for the detection of rare species in a complex sample. Highly sensitive methods have been developed to preferentially enrich mutant sequences present at low concentrations in a background of wild-type DNA in clinical samples and selectivity of up to 10 -9 has been described [START_REF] Coren A Milbury | Pcr-based methods for the enrichment of minority alleles and mutations[END_REF] . However, such assays are qualitative, which has two disadvantages. First, an assay can yield a false-negative result (inadequate sensitivity) because the amount of starting DNA is too low to detect rare mutations. Second, an assay can yield a stochastic false-positive result (inadequate specificity) because, for example, rare random mutations are present in a sample.

Quantitative technologies, however, can overcome these problems. They have the ability to directly measure the number of DNA molecules tested per assay and therefore ensure that the amount of starting material is sufficient to detect rare mutations in the predicted frequency range. Quantification also allows random and pathogenic mutations to be distinguished by establishing a baseline mutant-to-wild-type ratio (the background mutation frequency of human cells). Quantitative assays also allow standard quality control monitoring which is a necessary requirement for routine diagnostic testing [START_REF] Charles | Mutation detection, interpretation, and applications in the clinical laboratory setting[END_REF] . Most quantitative assays are analog in nature: an average signal is acquired from the mutant and wild-type DNA molecules present in the sample and the ratio between the mutant and wild-type signal is an estimate of the mutation frequency [START_REF] Diehl | Digital quantification of mutant dna in cancer patients[END_REF][START_REF] Foy | Emerging homogeneous dna-based technologies in the clinical laboratory[END_REF][START_REF] Whitcombe | Advances in approaches to dna-based diagnostics[END_REF] . However, commonly used analog assays have limited sensitivity. Frequently used techniques like pyrosequencing [START_REF] Carotenuto | Detection of kras mutations in colorectal carcinoma patients with an integrated pcr/sequencing and real-time pcr approach[END_REF][START_REF] Dufort | Pyrosequencing method to detect kras mutation in formalin-fixed and paraffin-embedded tumor tissues[END_REF][START_REF] Ogino | Sensitive sequencing method for kras mutation detection by pyrosequencing[END_REF] or real-time PCR [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF][START_REF] Angulo | A commercial real-time pcr kit provides greater sensitivity than direct sequencing to detect kras mutations: a morphology-based approach in colorectal carcinoma[END_REF] have sensitivities ranging from 1% to 10% for the detection of mutant gDNA diluted in wild-type gDNA (see [START_REF] Athanasios C Tsiatis | Comparison of sanger sequencing, pyrosequencing, and melting curve analysis for the detection of kras mutations: diagnostic and clinical implications[END_REF] for a review).

More precise and sensitive quantification of mutated DNA is possible using digital techniques, which allows the analysis of many individual DNA molecules [START_REF] Diehl | Digital quantification of mutant dna in cancer patients[END_REF] . One of the most important techniques is digital PCR, which is based on the compartmentalization and amplification of single DNA molecules [START_REF] Vogelstein | Digital pcr[END_REF][START_REF] Sykes | Quantitation of targets for pcr by use of limiting dilution[END_REF] . Digital PCR allows the discrete counting of the mutant and wild-type alleles present in a sample. Its sensitivity is only limited by the number of molecules that can be analyzed and the false positive rate of the mutation detection assay. Digital assays are particularly well suited for the analysis of clinical samples like stool or plasma where tumor derived DNA fragments represent only a small fraction of the total DNA [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] and digital PCR has been used for detection of KRAS mutations in various clinical samples [START_REF] Vogelstein | Digital pcr[END_REF][START_REF] Dong | Detecting colorectal cancer in stool with the use of multiple genetic targets[END_REF] .

The original microtitre plate-based digital PCR techniques were, however, both slow and expensive. To address these issues, several miniaturized methods allowing millions of single-molecule PCR reactions to be performed in a single assay have been developed [START_REF] Diehl | Digital quantification of mutant dna in cancer patients[END_REF] . Single-molecule PCR in a polyacrylamide film can be used to generate discrete DNA colonies (polonies) [START_REF] Robi | In situ localized amplification and contact replication of many individual dna molecules[END_REF] . Alternatively, single-molecule PCR reactions can be performed on beads in picotiter plates [START_REF] John H Leamon | A massively parallel picotiterplate based platform for discrete picoliter-scale polymerase chain reactions[END_REF] , or in aqueous droplets in water-in-oil emulsions (BEAMing) [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] . After recovering the beads, hybridization of fluorescently labeled oligonucleotides [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] or single base extension (SBE) with fluorescently labeled dideoxynucleotides 111 is used for sequence differentiation and the beads are analyzed by flow cytometry. The resulting highly sensitive digital procedure has found many applications including single-molecule reverse-transcription PCR [START_REF] Nakano | Single-molecule reverse transcription polymerase chain reaction using water-in-oil emulsion[END_REF] , or detection and enumeration of rare genetic mutations [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] . For example, BEAMing followed by SBE and flow cytometry was used to quantify the level of mutated DNA circulating in the plasma of colorectal cancer patients [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF] been performed by spatial separation of PCR reactions in capillary systems [START_REF] Li | Selective detection of individual dna molecules by capillary polymerase chain reaction[END_REF] . Digital PCR in nanoliter microcompartments defined by pneumatic valves [START_REF] Ottesen | Microfluidic digital pcr enables multigene analysis of individual environmental bacteria[END_REF][START_REF] Fan | Detection of aneuploidy with digital polymerase chain reaction[END_REF] has been applied to various applications including single-cell gene expression analysis 210 , copy-number evaluation [START_REF] Qin | Studying copy number variations using a nanofluidic platform[END_REF] and single nucleotide polymorphism genotyping [START_REF] Tony | Single-molecule detection of epidermal growth factor receptor mutations in plasma by microfluidics digital pcr in non-small cell lung cancer patients[END_REF][START_REF] Oehler | Absolute quantitative detection of abl tyrosine kinase domain point mutations in chronic myeloid leukemia using a novel nanofluidic platform and mutation-specific pcr[END_REF] However, none of these procedures can analyze more than several thousand reactions in parallel. An alternative strategy is to perform digital PCR in aqueous droplets separated by oil in microfluidic systems [START_REF] Macris Kiss | High-throughput quantitative polymerase chain reaction in picoliter droplets[END_REF][START_REF] Beer | On-chip, real-time, single-copy polymerase chain reaction in picoliter droplets[END_REF][START_REF] Pipper | Catching bird flu in a droplet[END_REF][START_REF] Schaerli | The potential of microfluidic water-in-oil droplets in experimental biology[END_REF] . In contrast to classical procedures used to create emulsions, droplet-based microfluidic systems allow the creation of highly monodisperse droplets (less than 1.5% polydispersity) and precise manipulation of the droplets [START_REF] Ashleigh B Theberge | Microfluidic platform for combinatorial synthesis in picolitre droplets[END_REF] . Droplets of microliter to nanoliter volume also allow several thousands of PCR reactions to be performed in parallel [START_REF] Curcio | Continuous segmented-flow polymerase chain reaction for high-throughput miniaturized dna amplification[END_REF][START_REF] Kevin D Dorfman | Contamination-free continuous flow microfluidic polymerase chain reaction for quantitative and clinical applications[END_REF][START_REF] Shen | Digital pcr on a slipchip[END_REF] . However, a further reduction in assay volume and increase in processivity is necessary to perform highly sensitive assays, which require millions of parallel PCR reactions. To analyze millions of reactions, digital PCR can be performed using picoliter droplets, which can be generated and manipulated at kHz frequencies in microfluidic systems. Real-time PCR amplification using fluorescent probes to monitor DNA amplification has been performed directly in picoliter droplets in microfluidic systems [START_REF] Wang | Performance of nanoliter-sized droplet-based microfluidic pcr[END_REF][START_REF] Macris Kiss | High-throughput quantitative polymerase chain reaction in picoliter droplets[END_REF][START_REF] Beer | On-chip, real-time, single-copy polymerase chain reaction in picoliter droplets[END_REF][START_REF] Schaerli | The potential of microfluidic water-in-oil droplets in experimental biology[END_REF] as has reverse-transcription real-time PCR (RT-rtPCR) [START_REF] Beer | On-chip single-copy real-time reverse-transcription pcr in isolated picoliter droplets[END_REF] isothermal amplification of single DNA molecules [START_REF] Mazutis | Droplet-based microfluidic systems for high-throughput single dna molecule isothermal amplification and analysis[END_REF] and DNA amplification using primer functionalized microbeads [START_REF] Kumaresan | High-throughput single copy dna amplification and cell analysis in engineered nanoliter droplets[END_REF] .

In this study, we described the development and validation of a method, based on digital PCR, which allowed the highly sensitive and quantitative detection of mutations in the KRAS oncogene [START_REF] Russo | Prognostic and predictive factors in colorectal cancer: Kirsten ras in crc (rascal) and tp53crc collaborative studies[END_REF][START_REF] Hanlin | Kras mutation testing in human cancers: The pathologist's role in the era of personalized medicine[END_REF] within a large excess of wild-type sequences (Figure 2.1). Using a microfluidic system, single target DNA molecules were compartmentalized in microdroplets together with clinically validated fluorogenic TaqMan ® probes specific for mutated and wild-type KRAS [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] , thermocycled and the fluorescence of each droplet measured. The amplification of mutant DNA gave a green-fluorescent droplet while the amplification of wild-type DNA gave a red-fluorescent droplet and the ratio of mutant to wild-type DNA was determined from the ratio of green to red droplets. This strategy is both highly quantitative and highly sensitive. It enabled the precise determination of mutant allelic specific imbalance (MASI) in several cancer cell lines and the precise quantification of a single mutated KRAS gene in a background of 200,000 unmutated KRAS genes.

Methods

Chemicals and reagents

All solvents, buffers, salt and chemical compounds purchased from commercial sources were used as received unless stated otherwise.

TaqMan probes

The TaqMan ® MGB probes (Applied Biosystems, Life Technologies corp., Villebon sur Yvette, France) and the primers allowing amplification of the KRAS target sequences were previously developed and validated for clinical sample analysis [START_REF] Livre | Kras mutation status is predictive of response to cetuximab therapy in colorectal cancer[END_REF] . The probes specific for mutated sequences are conjugated to the fluorophore 6-FAM (λex 494 nm/λem 522 nm) whereas the probes complementary to wild-type sequence are conjugated to the fluorophore NED (λex 546 nm/λem 575 nm).

Chapter 2. Development of a droplet-based microfluidic method for biomarker detection G13D). gDNA was extracted from cultured cells using a QIAamp DNA mini Kit (Qiagen, Courtaboeuf, France). gDNA was eluted in sterile nuclease free water (Roth, Karlsruhe, Germany). Purified DNA was either used directly, or first nebulized to obtain fragments ranging from 1-5 kb using a Nebulizer Kit (Invitrogen, Life Technologies corp., Villebon sur Yvette, France) following the manufacturer's protocol. DNA was precipitated according to the manufacturers protocol and resuspended in 50 µL sterile nuclease free water. DNA concentration was determined by measuring the absorbance at 260 nm using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, USA).

Cell-lines

The cell lines used in this project are represented in Table 2.1. All cell culture medium were purchased from ATCC and supplemented with 10% Fetal Bovine Serum (GIBCO-BRL) and 1% penicillin/streptomicyn (GIBCE-BRL). Cells were incubated at 37 • C C under a 5% CO 2 atmosphere saturated with water. For passaging cells were trypsinised (0.25% trypsin in PBS, GIBCO-BRL) and a fraction 1/10 of the resulting suspension was seeded into new culture flasks. Subsequently fresh medium was added.

Freezing and thawing of cultured cells

Freezing: Cells were trypsinised and resuspended in culture media. The cells were pelleted with 10min of centrifugation, 300g 4 • C in an Eppendorf centrifuge 5810R and resuspended in the freezing medium (90% Fetal Bovine Serum, 10 % DMSO). The cells were then divided into cryotube aliquots of approximately 1.5 x 10 6 cells and frozen at -80 • C Thawing: Cryotubes were incubated in a water bath at 37 • C until they started to thaw and immediately transfered into a Falcon tube containing 15 mL of warm media (37 • C). The cytotoxic DMSO was removed by centrifugation (300g for 10min at room temperature). Cells were resuspended in fresh medium and seeded. 

Microfluidic device fabrication and operation

Microfluidic structures were designed using a computer assisted drawing program (AutoCAD, Autodesk) and were sent to Selba Tech to be printed as mirrored negative photomasks at a resolution of 25400 dpi. Microfluidic devices were fabricated by patterning channels in poly(dimethylsiloxane) (PDMS) using conventional soft lithography techniques [START_REF] Xia | Soft lithography[END_REF] . According to the device depth SU8 photoresist (MicroChem Corp) was spin coated onto silicon wafers (Siltronix) and patterned by UV exposure (MJB3 contact mask aliner; SUSS MicroTech) through a photolithography mask. After the exposure the silicon wafer was spin coated with the subsequent SU8 developer (MicroChem Corp).

The PDMS was prepared from Sylgard 184 silicone elastomer and curing agent (Dow Corning Corp) as a mixture of 10:1 (w/w). The mixture was degassed under vacuum and poured onto the silicon wafer and placed in a 65 • C invubator for 2 hours for curing. Afterwards the cured PDMS was peeled from the master and input/output ports were punched out with a 0.75 mm Uni Core biopsy punch. The structured side of the PDMS was bonded to a 1 mm thick glass slide using an oxygen plasma (Diener Electronic, Ebhausen, Germany). To decrease the wettability of the aqueous phase on the channel walls a hydrophobic surface coating was applied to the devices by injecting 2% perfluorooctyldimethylsilane (Aldrich, Sigma-Aldrich Chimie S. a.r.l., Lyon, France) in HFE-7100 oil (3M, St Paul, USA). Excess fluorosilane was flushed out with Nitrogen.

Emulsification of TaqMan ® reactions

The aqueous solution containing the PCR mix and gDNA and was placed in a 1 mL polyethylene syringe (Omnifix-F ® , BRAUN, Bad Arolsen, Germany) with a 23G syringe needle and injected into the dropmaker device (Figure 2.2) using 0.56 mm x 1.07 mm polytetrafluoroethylene (PTFE) tubing. Fluorinated oil (HFE-7500, 3M) containing 2% (w/w) EAsurfactant (a PEG-PFPE amphiphilic block copolymer73) was placed in a 1 mL syringe. The aqueous phase was injected at 100 µL/h and the oil phase at 200 µL/h using syringe pumps (PHD 2000, Harvard Apparatus, Les Ulis, France) and 10 pL droplets were generated on-chip by hydrodynamic flow-focusing 147 (a production frequency of 3 kHz).

Thermocycling emulsions

The collection-reinjection tube

The collection-reinjection tube is a common PCR tube with a PDMS plug that allows to thermocycle emulsions inside a regular thermocycler. This device prevents evaporation during thermocycling, facilitates emulsion reinjection and minimizes emulsion manipulation during the procedure (no pipetting of the emulsions, the droplets are direcly collected inside the tube). The device consists of a 0.2 mL or 0.5 mL PCR tube sealed with a PDMS plug (created respectively with a 4 mm or a 8 mm diameter biopsy punch from a 6 mm thick PDMS disk pre-poured in a Petri dish) containing two holes that have been created with a 1 mm biopsy punch (device prepared in clean room) (Figure 2.4). The holes were filled with appropriate tubing (0.56 mm x 1.07 mm PTFE tubing) to ensure proper emulsion collection and then efficient reinjection. The position of the plug inside the tube is determined so that all the emulsion plunges inside the thermocycler well. The vial is filled with oil from the bottom to the top. The second tubing helps the air bubble to come out. It is important at this step to not leave any air inside the tube since the expansion of the air during thermocycle will press the droplets against each other and cause coalescence. 

Optical setup

The optical set-up used is schematized in Figure 2.6. An Axiovert 200 inverted microscope (Carl Zeiss SAS) mounted on a vibration-dampening platform (Vibraplane, Kinetic Systems) was used. Two solid-state lasers (25 mW) of 488 nm (Green) and 532 nm (Blue) wave-length (Newport-Spectraphysics) were fixed on the platform via heatsinks (Newport-Spectraphysics). The beams of the 488 nm and 532 nm lasers were shaped into the 10 x 150 µm wide line and a 20 µm wide spot, respectively. The two laser beams were combined 

On-chip droplet analysis and fluorescence detection

Digital images and videos were captured with a Guppy CCD (Allied Vision) camera and videos were taken using a Phantom v4.2 high-speed camera (Vision Research) mounted on an Axiovert 200 inverted microscope (Carl Zeiss SAS). For the droplet fluorescence analysis, droplets were reinjected in a microfluidic reinjection device and spaced with HFE-7500 oil in a 30 µm wide 25 µm deep channel. Droplet fluorescence was measured in the middle of the channel using the optical setup described in Figure 2.6. For each droplet passing through the channel the fluorencence (as a green or orange peak) and the droplet width (the time it takes for a droplet to pass through the laser beam) was analyzed. The fluorescent signal was then converted from volts (V) to Relative Fluorescence Units (RFU) according to the equation :

RFU = U/G 7.2
, where U is the height of the fluorescence peak measured by PMT voltage output and G the PMT gain input (V) while the exponent 7.2 is given by the PMT manufacturer (Hamamatsu Photonics). The diameter D of the dropelts was determined using the droplet production frequency either with fluorescence analysis or directly using the high-speed camera according to the equation W = F/f where W is the droplet width in picoliters, F is the flow rate in µL/sec and f is the droplet production frequency calculated as the number of fluorescence peaks per second or counted using the high-speed camera.

Confocal microscopy imaging

The emulsion was spread between two 0.17 mm thick microscope coverslips and images were acquired with LSM510 laser-scanning confocal microscope (Zeiss, Jena, Germany) equipped with C-Apochromat 20X (n.a. 0.8) water immersion objectives in multitrack mode. The 6-FAM fluorophore was excited at 488 nm using an argon laser, and the emission spectra were Chapter 2. Development of a droplet-based microfluidic method for biomarker detection recorded in the range 505-550 nm. The NED fluorophore was excited using a helium-neon 561 nm laser and the emission spectra were recorded beyond 585 nm. Images were processed with Zeiss LSM Image Browser, version 4.0SP1, software and with ImageJ 1.42q (National Institutes of Health, USA) to obtain composites

Sensitivity tests

To estimate the sensitivity of the procedure, Genomic DNA from the heterozygous cell-line H1573, which contains a G to C transversion in the second base of KRAS codon 12, was serially diluted into gDNA containing the wild-type KRAS gene from the cell-line SW48.

Both gDNA (H1573 and SW48) were fragmented by nebulization to obtain 1-5 kb fragments. The dilutions were performed from 1/10 to 1/100,000, leading to ratios of mutant/wild-type KRAS alleles from ∼1/20 to ∼1/200,000 (the initial fraction of the mutant allele in the H1573 cell-line is 49%). A 200 µL PCR reaction was set up containing: DyNAzyme detergent-free buffer (Finnzymes, Espoo, Finland); 200µM dNTPs (MP Biomedicals); 0.3 µM forward primer; 0.3 µM reverse primer (Eurogentec, Angers, France); 200 nM of TaqMan ® probe specific of mutant sequence; 750 nM TaqMan ® probe specific of wild-type sequence; 5 units of DyNAzyme II polymerase (5 U/µL, Finnzymes, Espoo, Finland).

The DNA mixtures were diluted to 30 ng/µL, and compartmentalized in 9 pL droplets, together with PCR reagents, primers and TaqMan ® probes specific for both mutant and wild-type DNA. After the thermocycle, droplets were analyzed by on-chip droplet fluorescence detection (Figure 2.1).

Mutant-allelle specific imbalance (MASI) analysis

Genomic DNA extracted from H1573, H358, LoVo, and LS123 heterozygous cell-lines were used for the assessment of mutant to wild-type KRAS alleles. A duplex assay (as described above) was used with 6 µg of gDNA from each cell-line. The droplet sizes were 9 pL for H358, LoVo, SW620 and SW48 cell-lines, and 4 pL for LS123 and H1573 cell-lines. After the thermocycle, the droplets were analyzed with confocal microscopy imaging. The ratio of ratio of mutant to wild-type KRAS alleles (mA%) was determined by counting the number green fluorescent droplets over the number of red fluorescent droplets.

Measures to minimize contamination

To minimize contamination by exogenous DNA, all DNA manipulations prior to amplification were performed in a UV-treated environment (Biocap DNA/RNA hood, Fisher Bioblock Scientific, Illkirch, France). The TaqMan ® probes were aliquoted upon arrival and stored at 20 • C. A new aliquot was used for each set of experiments. Dilutions of PCR reagents and dyes were performed in sterile DNase-, RNase-free, DEPC-treated water (Roth, Karlsruhe, Germany). A new device was used for each set of experiments, going from the more diluted to the more concentrated DNA sample to limit carry-over effects. In addition, all the experiments were carried out using certified DNA-free, sterilized, filtered pipette tips. Disposable tweezers (Roth, Karlsruhe, Germany) were used for microfluidic experiments. All disposables (tweezers, PCR tubes, collection-reinjection devices, tubing, etc.) were UV-irradiated before use. Nebulization of gDNA was performed under chemical hoods in physically separated rooms. 

Results and discussion

Emulsion stability in the collection-reinjection tube

The emulsion stability during thermocycle in the collection-reinjection tube was assessed by comparing the droplet widths before and after thermocycle. A uniform distribution of the droplet width after thermocycle was considered as a sign of a non-coalesced emulsion. The results of this test are represented in Table 2.2, showing that after thermocycling only less then 2% of the droplets coalesced. Same experiment was repeated without adding Fluorescein into the PCR mix and the droplet integrity was evaluated visually by reinjecting the emulsion in a microfluidic reservoir (Figure 2.7). 

MASI analysis by confocal microscopy imaging

A Poisson distribution of gDNA was expected in the droplets and, assuming that the mass of a (haploid) genome equivalent is 3.3 pg, in an emulsion containing 100 µL of aqueous phase each droplet should contain, on average, 0.08 genome equivalents (for the 9 pL droplets) or 0.04 genome equivalents (for the 4 pL droplets). For H358, LoVo, SW620 and SW48 cell-lines the ratio of fluorescent to non-fluorescent droplets was in the range of 0.06 to 0.1, consistent with the expected number of KRAS genes per droplet (0.08) (Figure 2.8 ). For LS123 and H1573 cell-lines this ratio was in the range of 0.03 to 0.04, consistent with the expected number of KRAS genes per droplet (0.04). As expected, with gDNA from the homozygous cell-line containing a wild-type KRAS gene (SW48) all fluorescent droplets were red and with the homozygous cell-line containing a mutated KRAS gene (SW620) all fluorescent droplets were green (Figure Table ). For the four different heterozygous cell-lines containing a mutated and a wild-type KRAS gene (H1573, H358, LoVo and LS123), the fluorescent droplets were either red (due to amplification of a wild-type KRAS gene), green (due to amplification of a mutant KRAS gene), or yellow (due to amplification of a mutant and a wild-type KRAS gene). The MASI determined was in good agreement with the previously published data [START_REF] Soh | Oncogene mutations, copy number gains and mutant allele specific imbalance (masi) frequently occur together in tumor cells[END_REF] (Figure 2.9).

Sensitivity test

To estimate the sensitivity of the procedure, gDNA from the heterozygous cell-line H1573, which contains a G to C transversion in the second base of KRAS codon 12, was serially diluted into gDNA containing the wild-type KRAS gene from the cell-line SW48. Both No literature data were available (NA) for the H1573 cell-line. The cell-lines SW48 and SW620, which are homozygous for wild-type and mutantKRAS, respectively, were used as controls.

gDNA (H1573 and SW48) were fragmented by nebulization to obtain 1-5 kb fragments. The dilutions were performed from 1/10 to 1/100,000 leading to ratios of mutant/wild-type KRAS alleles from ∼ 1/20 to ∼ 1/200,000 (the initial fraction of the mutant allele in the H1573 cell-line is 49%) (Figure 2.10). This allowed to vary the ration of mutant KRAS to wild-type KRAS over five decades while the ratio of droplets containing wild-type KRAS genes over the total number of droplets was kept constant (0.08). Four types of droplets were then generated:

• red-fluorescent droplets: containing wild-type KRAS genes

• green-fluorescent droplets: containing mutant KRAS genes

• non-fluorescent droplets: that do not KRAS genes

• yellow droplets: containing both wild-type and mutant genes as a result of the combination of green and red fluorescence.

As mentioned earlier, it has been shown that the encapsulation of single gene in droplets is described by a Poisson distribution [START_REF] Mazutis | Droplet-based microfluidic systems for high-throughput single dna molecule isothermal amplification and analysis[END_REF] . As such for the encapsulation of k m mutant genes and k wt wild-type genes in a single droplet is given by the product of the Poisson distribution of the two independent random variable k m and k wt (equation (2.1))

P (k m , k wt ) = e -λm λ km m k m ! × e -λwt λ kwt wt k wt ! (2.1)
The statistics of encapsulation are presented in Figure 2.11 for clarity for three different cases (λ wt = 0.8 (a); 0.08 (b) and 0.008 (c)). For high λ wt (Figure 2.11a) the number of yellow droplets have to be evaluated in order to count all the mutant and wild-type genes. When a very low λwt is used (λ wt =0.008), the yellow droplets appear insignificant in the statistics (Figure 2.11 1c). However in this case, the experiment requires the analysis of a majority of empty droplets, which reduces the throughput of the test. Finally for intermediate values (λ wt = 0.08, Figure 2.11b), the yellow droplets represent less than 10% of the mutant droplet and have a minor impact on the analysis. 

Determination of the 95% confidence interval

The mathematical modelisation for the determination of the 95% confidence interval was realized by Dr. Jean-Christophe Baret as follows: When a sub-population of N droplets was analyzed we obtained N r red droplets (wildtype) and N g green droplets (mutant). The rest (N -N r -N g ) were droplets that did not contain target DNA. From these measurements the ratio F = N g / N r was determined and compared to the theoretical value, namely from the dilution of mutant into wild-type genes, F* = N m / N wt . Statistically, the value F differs from F*. In the following we discuss the confidence intervals for the determination of the ratio F* based on the fraction F obtained by droplet counting. Since we randomly pick N droplets, the problem is equivalent to basic opinion polls. The determination of the fraction of red-fluorescent (wild-type) droplets (p wt ) within the 95% confidence interval is:

p wt = N r N ± 1.96 N r N 1 -N r /N N (2.2)
Alternatively, the fraction of green-fluorescent (mutant) droplets (p m ) within the 95% confidence interval is:

p m = N g N ± 1.96 N g N 1 -N g /N N (2.3) 
The 95% confidence interval for the ratio F = pm/pwt is in the general case complicated to determine [START_REF] Motulsky | Intuitive Biostatistics A Nonmathematical Guide to Statistical Thinking[END_REF] . This can be understood qualitatively: if the value 0 is in the confidence interval of the p wt , the confidence interval will diverge to infinity. However, in our case, 0 is not in the confidence interval and with the assumption that the standard error for p wt is smaller than pwt (which is the case for large values of N and pwt ∼ 0.1) then the confidence interval for the ratio can be expressed from the standard errors of p wt and p m 225 (Figure 2.13). This leads to equation (2.4) :

F = p m p wt = F * (1 ± 1.96 1 -N r /N N r + 1 -N -g/N N -g (2.4)
In the case where the number of green (mutant) droplets is much smaller than both the number of red (wild-type) droplets and the total number of droplets, the 95% confidence interval is mainly determined by the smallest population and is in good approximation simply:

F = F * (1 ± 1.96 N g ) (2.5)

Conclusion and perspectives

We demonstrate a droplet-based microfluidic system, based on digital PCR, which enables highly sensitive, specific and quantitative detection of somatic mutations in target genes in gDNA. We used a dual-probe TaqMan ® assay to quantify mutations in the KRAS oncogene.

These probes, previously validated clinically in conventional (bulk) microplate systems [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF][START_REF] Livre | Kras mutation status is predictive of response to cetuximab therapy in colorectal cancer[END_REF] , allow the ratio of mutant to wild-type alleles to be determined from the ratio of green to red fluorescence. They have been developed to detect KRAS mutations within tumoral samples from patients with metastatic colorectal cancer before treatment with anti-epidermal detection growth factor receptor (EGFR) antibodies (Cetuximab ® and Panitumumab ® ). Indeed, the presence of any of these mutations has been found to be one of the most relevant predictive marker of responses to therapy with anti-EGFR antibodies [START_REF] Livre | Genetics: Predictive value of kras mutations in chemoresistant crc[END_REF][START_REF] Laurent-Puig | Beyond the kras test[END_REF] . However, in bulk, the sensitivity of these probes on gDNA is only 10% (1 mutant gene in 10 wild-type genes) [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] and they are not sufficiently sensitive to allow analysis of clinical samples like stool or plasma where tumor derived DNA fragments represent only a small fraction of the total DNA [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] .

However, we show here that by compartmentalizing the same TaqMan ® probes in picol- itre droplets together with, on average, less than one (haploid) genome equivalent of gDNA per droplet, the sensitivity can be improved by at least a factor of ∼ 10 4 : by analyzing ∼ 10 6 fluorescent droplets we could quantify DNA down to 1 mutant KRAS gene in 200,000 wild-type KRAS genes. This level of sensitivity is sufficiently high to enable the detection of circulating DNA from early stage tumors in plasma [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF] . For example, using the BEAMing strategy, it has been reported that for patients with early colorectal cancer, mutant APC (adenomatous polyposis coli) sequences could be detected at levels ranging from 0.01 to 1.7% of the total APC molecules present in plasma [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF] . The sensitivity of the system is only limited by the number of genes that can be analyzed. This is a function of the rate at which droplets can be created and screened ( ∼ 10 6 droplets/hour) and, λ, the average number of target genes per droplet (0.1), i.e. ∼ 10 5 genes/hour. The number of genes analyzed per hour could be increased by increasing λ to 1, thereby maximizing the number of droplets containing single genes, and fitting the number of green, red, yellow and non-fluorescent droplets to a Poisson distribution. Furthermore, the rate limiting step is currently re-injection of droplets for fluorescence measurement, which could be increased, for example by parallelization [START_REF] Schonbrun | High-throughput fluorescence detection using an integrated zone-plate array[END_REF] .

Sensitivity can also be limited by the amount of DNA in patient samples. Indeed, the concentration of free circulating DNA in plasma is generally a few nanograms per milliliter for healthy subjects and can increase significantly in patients with cancer (10 ng to 1,200 ng per mL) [START_REF] Leon | Free dna in the serum of cancer patients and the effect of therapy[END_REF][START_REF] Jahr | Dna fragments in the blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic cells[END_REF][START_REF] Lecomte | Circulating free tumor dna and colorectal cancer[END_REF] . Such DNA concentrations lead to ∼ 3,000-360,000 target genes per mL of plasma. Within this limit, we are already able to accurately detect any mutant DNA within a given sample (if mutant DNA is present within the sample). The target gene could potentially be pre-amplified before compartmentalization in droplets, but this would negate one of the major advantages of this, and other digital amplification techniques, i.e. the sensitivity is not limited by the DNA polymerase error rate. Even if an error occurs in the first cycle of PCR, this will result in a mutant to wild-type ratio of one to three. This translates to a mixed mutant/wild-type signal and can be excluded from the calculation.

Compared to the original microplate-based digital PCR systems, whose use for highly sensitive detection was limited by reagent cost and time, the volume of reagents required (for the same sensitivity) is reduced by 10 6 -fold (reaction volume drops from µL to pL) and the time reduced by ∼ 10 3 -fold (analysis speed is increased from Hz to kHz). Compared to digital PCR in microfluidic systems with compartments defined by pneumatic valves, or in nanoliter volume droplets, the volume of reagents required for each reaction is reduced by ∼ 10 3 -fold (reaction volume drops from nL to pL) and the time reduced by ∼ 10 6 -fold (analysis speed is increased from Hz to kHz). Millions of individual DNA fragments can be analyzed by BEAMing, in which single DNA molecules are amplified by PCR on beads in femtoliter volume droplets in emulsions and then analyzed using flow cytometry [START_REF] Nakano | Single-molecule pcr using water-in-oil emulsion[END_REF][START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] . This digital amplification procedure is highly sensitive and has been used to quantify mutated DNA circulating in the plasma of colorectal cancer patients [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF] . However, in contrast to the droplet-based microfluidic approach described here, BEAMing requires pre-amplification of the plasma DNA [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF][START_REF] Diehl | Beaming up for detection and quantification of rare sequence variants[END_REF] . In addition, BEAMing requires the emulsion to be broken and beads processed to fluorescently tag the different alleles before analysis using flow cytometry. In contrast, with digital PCR in droplet-based microfluidic systems the target DNA is amplified and detected directly in the droplets, and the procedure is performed entirely in disposable, single-use devices, decreasing the time to process each sample, and reducing the risk of cross contamination.

The high sensitivity and precision of digital PCR in droplet-based microfluidic systems should enable the screening and diagnosis of cancer using DNA from easily accessible patient samples such as plasma, urine and stool. Furthermore, it can provide valuable data to aid in clinical management, by allowing the detection of residual disease and relapse, and for personalized medicine. For example, KRAS mutations have been strongly linked to resistance of colorectal tumors to antibody-based treatment targeting the Epidermal Growth Factor Receptor (EGFR). However, it has recently been pointed out that, in colorectal cancer, when the frequency of KRAS mutations in clinical samples is low (less than 20%) some patients still respond to anti-EGFR antibodies [START_REF] Santini | Should oncologists be aware in their clinical practice of kras molecular analysis?[END_REF] . Prospective studies using highly sensitive procedures are needed to evaluate the role of different percentages of mutated alleles in response to anti-EGFR treatment in larger numbers of patients. We believe that the quantitativeness and sensitivity offered by our procedure could allow the identification of reproducible thresholds of KRAS mutations which confer resistance to anti-EGFR drugs which can be used by clinicians to guide their therapeutic strategy [START_REF] Benhaim | Kras mutation detection trap[END_REF] .

We believe that this system has many potential applications. The high sensitivity of the procedure could allow, for example, the detection of infectious diseases or prenatal identification of foetal alleles in maternal blood [START_REF] Li | Replacing pcr with cold-pcr enriches variant dna sequences and redefines the sensitivity of genetic testing[END_REF][START_REF] Bernhard G Zimmermann | Digital pcr: a powerful new tool for noninvasive prenatal diagnosis?[END_REF] . Extensions of the procedure could also find applications in the detection of gene copy number amplifications; a feature associated with susceptibility or targeted treatment resistance in many diseases including cancers [START_REF] Gandhi | Alterations in genes of the egfr signaling pathway and their relationship to egfr tyrosine kinase inhibitor sensitivity in lung cancer cell lines[END_REF] . After the publication of this work in 2011, the publication of similar studies followed [START_REF] Andrew | 1-million droplet array with wide-field fluorescence imaging for digital pcr[END_REF][START_REF] Benjamin J Hindson | High-throughput droplet digital pcr system for absolute quantitation of dna copy number[END_REF] and confirmed its pertinence on sensitivity and quantitativeness.

It should be possible to further simplify the system by using a single integrated microfluidic chip to make droplets, thermocycle, either by thermocycling the entire chip [START_REF] Shen | Digital pcr on a slipchip[END_REF] or by passing the droplets between different temperature zones [START_REF] Macris Kiss | High-throughput quantitative polymerase chain reaction in picoliter droplets[END_REF][START_REF] Schaerli | The potential of microfluidic water-in-oil droplets in experimental biology[END_REF] , and measure droplet Chapter 2. Development of a droplet-based microfluidic method for biomarker detection fluorescence.

Nonetheless, in most of the cases in clinical oncology where very less or no previous knowledge of the tumor genetics is available, the patient samples need to be screened for the presence of multiple mutations. With the strategy described in this chapter such screening would be labor intensive. The multiplexing strategies elaborated for this purpose are described in Chapter 3. 

Preface

This chapter describes the multiplexing methods developed during this project. The first technique comprises multiple steps including passive droplet fusion [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] and was developed as a part of the work included in Chapter 2. The second technique comprises a single step and was first described by Zhong et al., 2011 [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] and relies on a concentration code of mutation specific TaqMan ® probes.

Introduction

Multiplexing is a term used to describe the simultaneous testing for multiple mutations. In clinical analyses, often a very limited knowledge on the mutational status of the original tumor is available. Especially for biomarkers such as KRAS where several mutations exist, a multiplex screening enabling the simultaneous detection of multiple mutations is required. Multiplexing also minimizes the time and sample consumption. With their high throughput nature, droplet based microfluidic technologies are pertinent tools to run several assays in parallel. In order to realize such multiplexing in droplets, a fluorescent labeling is necessary for the discrimination of the different assays or components during the assay readout. The "one target = one fluorophore" strategy allows an easy discrimination of populations but it cannot be used on a large extend while keeping a reasonable number of emission channels, especially in applications such as testing for the mutational status of the KRAS gene where 7 common mutations exist. A way to overcome this challenge is to use increasing concentrations of a certain dye to code for different components inside droplets 239 60 . Another strategy developed by Zhong and co-workers [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] is to use a combination of two fluorophores (those conjugated on TaqMan ® in various amounts for each population tested). In this chapter we explore both strategies. The first strategy, relying on a dye concentration code also uses the recent advances in microfluidic droplet manipulation technology such as the passive droplet fusion [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] to screen for the common KRAS mutations of the 12 th codon in a single experiment. The second strategy, relying on the use of a varying concentration range of fluorophores focuses on an easier experimental setup with a lower dynamic range: not more than four mutations can be screened in a single run in the case of the detection of KRAS mutations due to the low dynamic range of the TaqMan ® probes since the seven targeted mutations are all located within 2 adjacent codons (and 6 are located a single 1 codon), spanning a total of only 5 consecutive nucleotides.

Multiplex droplet PCR using passive droplet fusion

As described in Figure 3.2, in this technique, the TaqMan ® probes are encapsulated as a separate emulsion called the "probe emulsion". Each droplet in the probe emulsion contains a TaqMan ® probe specific for one of the six mutations of the 12 th codon of the KRAS gene or the wild-type sequences. A concentration code of the Dextran Texas Red (DTR) dye was used to distinguish the droplets (Figure 3.1). This emulsion was collected and reinjected in a device where it was fused by on-chip produced droplets containing target DNA and PCR reagents using passive droplet fusion as described in reference 156 (Figure 3.2).

The passive droplet fusion technique does not require the use of electric fields, lasers of specific channel treatment to induce droplet fusion and the fabrication of the microfluidic devices does not require electrode curing or surface patterning. Therefore it was chosen as the fusion technique in this study. Furthermore, Dr. L. Mazutis who developed the passive droplet fusion technique was also working in our group and helped for the troubleshooting process. The fused droplets were collected in a collection-reinjection tube (described in Chapter 2 Methods section) and thermocycled. The thermocycled emulsion was reinjected for on-chip fluorescence analysis as described in Chapter 2.

Methods

The probe emulsion was produced by flow-focusing of seven different aqueous phases with HFE-7500 oil containing 2% (w/w) EA surfactant (obtained from RainDance Technologies), forming 3 pL droplets. The droplets were collected off-chip in a syringe and then re-injected into a microfluidic device (Figure 3.3 where they were spaced by HFE-7500 oil and fused with 9 pL droplets produced on-chip (at 1.7 kHz) with HFE-7500 oil containing 0.5% (w/w) EA surfactant. The 9 pL droplets contained the target DNA; detergent-free buffer, 200 µM dNTPs, 0.3 µM forward primer, 0.3 µM reverse primer (Eurogentec) and 5 units of DyNAzyme II polymerase. 2 µg of DNA from the non-nebulized heterozygous cell line H1573 was used as target DNA. The emulsion obtained after fusion was thermocycled as described in Chapter 2 Methods section.

Results

This method was developed for the simultaneous detection and quantification of the six mutations that can effect the 12th codon of the KRAS gene as well as the wild-type sequence in a single experiment. The method comprised three steps:

1. The production of a "probe emulsion containing seven different types of 3 pL droplets.

Each type of droplets contained a TaqMan ® probe, labeled with 6-FAM, targeting the six most common mutations in codon 12 of the KRAS gene or the wild-type KRAS codon 12. In addition each type of droplets contained a different concentration of the red fluorescent DTR dye. which served as a code to identify the KRAS sequence targeted by the probe in each droplet.

2. Each on-chip produced 9 pL droplets were fused with a single 3 pL droplet.

3. The emulsion obtained after fusion was thermocycled and the fluorescence of each droplet was measured.

As a proof of principle for this strategy we analyzed 12 µg of gDNA from the heterozygous cell-line H1573, which contains a nearly 1 to 1 ratio KRAS genes with a G to C transversion in the second base of codon 12 and wild-type KRAS genes. Using a ∼ 7:2 ratio of 3 pL : 9 pL droplets ∼ 60% of 9 pL droplets were fused with a single 3 pL droplet. Figure 3.4 shows the results obtained with this strategy. Plotting red fluorescence versus droplet width allowed droplets containing the seven different probes to be identified and droplets arising from uncontrolled coalescence to be excluded from subsequent analysis (Figure 3.4a). The apparent droplet width increases with increasing red fluorescence 240 therefore separate width gates were defined for each population. The red and green fluorescence of the gated droplets was then plotted (Figure 3.4b). Two populations of green-fluorescent droplets were identified, corresponding to droplets containing TaqMan ® probes for wild-type codon 12 and the G to C transversion in the second base of codon 12: 7.6% of droplets with the wild-type code were green-fluorescent, 8.0% of droplets with the code for the G to C transversion of codon 12 were green-fluorescent. This corresponds to a mutant allelic fraction (mA%) of 51%, very close to the expected value of 49.3% (Table 2.9). As expected, 1.75% of all other populations contained green fluorescent droplets. 

Multiplex droplet PCR by tuning the TaqMan ® probe concentrations

This technique, developed by Zhong and co-workers from RainDance Technologies (Lexington MA, USA) for the multiplexed detection of the spinal muscular atrophy [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] , uses a concentration code of TaqMan ® probes instead of a concentration code of an external dye. The TaqMan ® probes specific for different mutations are added to the reaction mix at differ- ent concentrations. The endpoint fluorescence measured at the end of a TaqMan ® reaction depends solely on the initial concentration of the TaqMan ® probe. The authors showed that for a fixed occupancy of target DNA molecules per droplet the probe fluorescence intensities varied in direct proportion to probe concentration over a narrow concentration range spanning ∼ 0.15 to 0.4 µM roughly centered about the typical probe concentration of 0.2 µM [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] . Thus the mutation present in the target DNA can be deduced from the end-point fluorescence intensity of the droplets. As such two tests were developed in collaboration with RainDance Technologies: a 4-plex test that screens for the G12R, G12D and G13D KRAS mutations as well as the wild-type sequences and a 5-plex test that screens for the G12C, G12A, G12S and G12V KRAS mutations as well as the wild-type. Together they cover for the 7 most common mutations on the KRAS gene and the wild-type sequences (Table 3.1). Figure 3.6 shows a schematic view of the 4-plex test. 3.4.1 Methods

Microfluidic devices

For the production and reinjection of the emulsions a dropmaker device and a reinjection module such as ones described in Chapter 2 were used.

The assay setup

For both tests (the 4-plex and the 5-plex) a 20X concentrated "assay mix" was prepared containing the TaqMan ® probes at the concentrations described in Table 3.1 along with the forward and reverse primers (16 µM each). For each test, a set of phospho-blockers were used in order to obtain a clean droplet cluster during the data analysis. The 4-plex reaction contains phospho-blockers that specifically recognize and anneal on the mutant sequences screened in the 5-plex text and the 5-plex test contain phospho-blockers that blockade the mutant sequences screened in the 4-plex test. The sequences of the blockers are given in the Table 3.2. The blockers were put in the assay mix at a concentration of 4 µM. The assay mix added to the reaction mix (Table 3.3) at a final volume of 50 µL.

Thermocycle

The thermal cycle differed slightly from the one previously described (Chapter 2). An initial step of 2min at 50 • C was added as well as a ramp of 0.6 • C /second since this allowed a better emulsion quality during thermocycling.

Results

This method was developed for the detection and quantification of the seven most common mutations that effect the KRAS gene as well as the wild-type sequences in two experiments: a 4-plex test (that screens for the G12R, G12D and G13D KRAS mutations as well as the wild-type sequences) and a 5-plex test (that screens for the G12C, G12A, G12S and G12V KRAS mutations as well as the wild-type sequences). As a proof of principle, a mixture of gDNA containing the targeted mutations was tested for each of the tests as well as wild-type gDNA and negative controls that do not contain DNA. The results are shown in Figure 3.7.

To demonstrate the dynamic range of the multiplex procedure, DNA isolated from each of the seven tumor cell-lines was mixed with wild-type DNA to prepare serial dilutions over four logs of mutant concentration. Each dilution was analyzed separately using the appropriate multiplex panel. The results are shown in Figure 3.8 for the 4-plex test and Figure 3.9 for the 5-plex test. The experiment was repeated twice, but the dilution levels were not held constant for each experiment. It was observed that the measured concentration of DNA matched the anticipated concentration over approximately 4 logs of concentration including accurate detection of mutant KRAS alleles with concentration of ca. 0.01%. The lowest measured concentrations of G12R, G12A, G12S, and G13D were not in close agreement with the expected concentrations. In all cases, the measured concentration was higher than anticipated. This is likely due to detection of false positive droplets, which define the limit of detection. The limit of detection is further analyzed on Chapter 4.

Conclusion and perspectives

Two different multiplexing strategies were evaluated for the simultaneous detection of the seven common mutations of the KRAS gene. The first strategy relies on a dye-concentration code in order to distinguish between TaqMan ® probes specific for different mutations that are all conjugated to the same fluorophore (6-FAM). This strategy consisted on four steps:

(i) the production on a mixture of droplets each containing a TaqMan ® probe specific for a mutation and a given concentration of the DTR dye, called the "probe emulsion", (ii) the fusion of the probe emulsion with droplets containing gDNA and TaqMan ® reagents using the passive droplet fusion technique, (iii) thermocycle of the obtained emulsion and (iv) droplet fluorescence analysis.

We have demonstrated that, by one-to-one fusion of drops containing gDNA with any one of seven different types of droplet, each containing a TaqMan ® probe specific for a different KRAS mutation or wild-type KRAS, and an optical code [START_REF] Brouzes | Droplet microfluidic technology for single-cell high-throughput screening[END_REF] (based on DTR dye concentrations), it was possible to screen the six common mutations in codon 12 of KRAS in parallel in a single experiment. This procedure has similarities with that previously developed for microdroplet-based PCR enrichment for large scale targeted sequencing 241 . In the system described here, however, the emulsion libraries comprise droplets which contain different TaqMan ® probes, rather than different primer-pairs, and the fusion of these droplets with droplets containing gDNA and PCR reagents is achieved without the use of external electric fields [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] . However, a coalescence formed by the uncontrolled merging of the droplets was observed. Coalesced droplets appeared on the histogram as additional populations of droplets with abnormal widths (Figure 3.4a) and needed to be eliminated with a data treatment. Only the droplets with expected widths were taken into account (Figure 3.5). This coalescence may be due to intensive manipulation of the droplets (off-chip collection, reinjection, passive fusion, followed by another off-chip collection, thermocycle and another reinjection for the analysis). Since increasing the stability of the droplets by increasing the surfactant concentration would Figure 3.10: A theoretical setup for the multiplexing strategy using a picoinjector: The probe emulsion would be produced as described in Figure 3.1 ans reinjected into a "picoinjection" device and spaced with oil. The picoinjector (represented in blue) would inject genomic DNA and TaqMan ® reagents by merging the droplets with a pressurized channel containing the reagent. In this setup the picoinjection is triggered by an electric field, which is applied by the electrodes (represented in red (+) and black (-). Figure inspired from reference [START_REF] Adam R Abate | High-throughput injection with microfluidics using picoinjectors[END_REF] .

compromise the passive fusion efficiency a change in strategy could be considered [START_REF] Pekin | Picoliter droplet-based digital PCR for the quantitative and sensitive detection of rare mutations and the assessment of DNA integrity[END_REF] .

In a recent work Abate and collaborators introduced a high throughput technique for adding reagents inside droplets that they called "picoinjection" [START_REF] Adam R Abate | High-throughput injection with microfluidics using picoinjectors[END_REF] . They used a picoinjector to add controlled volumes of reagent into reinjected droplets at kilohertz rates. Though still requiring an electrical field, this system bypasses the droplet fusion and can be implemented into our multiplexing strategy to replace the passive droplet fusion (Figure 3.10).

Another modification for the improvement of the multiplexing strategy can be brought at the probe emulsion production level. The device represented in Figure 3.1 has 14 inlets. In our experience, to have the maximum amount of control over the droplet size with a multiple dropmaker device, all the syringes injecting the aqueous phases must be in separate syringe pumps. Thanks to an extension allowing to accommodate up to seven syringes in a singke pump, eight syringe pumps in total were used for the probe emulsion production. In order to optimize this step a different production strategy can be used. It has recently been shown that it is possible to produce highly monodisperse emulsions simply by modifying the channel geometry, without the injection of the oil phase [START_REF] Remi | 2D droplet microfluidics driven by confinement gradients[END_REF] . The main advantage of this system is the decrease of the hydrodynamic interactions between the produced droplets and the nozzles, therefore canceling the need for separate pumps for the control of the droplet sizes of each emulsion. In this case, instead of eight syringe pumps a single pump with an extension would be sufficient for the production of the probe emulsion (Figure 3.11).

The second strategy consists on the tuning of the TaqMan ® probe concentrations for the different mutations and was initially developed by Zhong and co-workers 238 at RainDance Technologies. Using this technique a 4-plex test (screening for the G12R, G12D, G13D mutations and wild-type sequences) and a 5-plex test (screening for the G12A, G12C, G12S, G12V mutations as well as the wild-type sequences) was developed. Unlike the concentration scale realized with the DTR dye (as described previously) it was not possible to screen for the seven mutations and wild-type sequences as a single 8-plex test. This was due to the limited dynamic range of the probes (the droplet population clusters obtained with TaqMan ® probe Figure 3.11: A theoretical setup for the production of the probe emulsion using a confinement gradient: the solutions containing the different TaqMan ® would be deposited in a device where they are pushed through a reservoir containing the carrier oil. The depth of the reservoir is higher than the channels through which the aqueous phase is injected (the top wall of the reservoir is inclined at an angle α as shown in the inner panel). This wedged geometry provides a constant confinement gradient in the reservoir, resulting in droplet formation [START_REF] Remi | 2D droplet microfluidics driven by confinement gradients[END_REF] . Figure inspired from reference [START_REF] Remi | 2D droplet microfluidics driven by confinement gradients[END_REF] . concentrations superior to 0.2 µM did not separate well with the clusters obtained with 0.2 µM clusters). Therefore two multiplex tests (a 4-plex and a 5-plex) that together cover the seven most common mutations in the KRAS gene as well as the wild type sequences were realized. Although two tests are involved, this technique does not require droplet fusion or the preparation of an initial probe emulsion and therefore is faster to perform.

Using both strategies the sensitivity of the tests were limited at 1/10,000 (mutant/wildtype) unlike the duplex strategy described in Chapter 2 where a sensitivity of 1/200,000 was observed. Therefore for the use in clinical tests, the multiplex analysis should be used as a preliminary test for the detection of mutations. In the case if there is a mutation detected by the multiplex analysis, this particular mutation should be targeted in a duplex test.

Chapter 4. Droplet digital PCR for the analysis of rare mutations in plasma and tumor DNA

Preface

This chapter presents the adaptation of the strategies described in Chapters 2 and 4 for the analysis of patient samples. Preliminary results from (i) the analysis of circulating tumor DNA (ctDNA) and (ii) tumor biopsies of patients with mCRC for the detection and quantification of KRAS and BRAF mutations in circulating DNA from plasma1 of patients with colorectal cancer are presented. The study of the mutational status of ctDNA will soon be submitted for publication as a paper entitled "Droplet digital PCR: quantifying free circulating DNA in colorectal metastatic patients" with the following author list: Valérie Taly, Deniz Pekin, Leonor Benhaim, Steve K. Kotsopoulos, Delphine LeCorre, Zhong Qun, Xinyu Li, Ivan Atochin, Hu Gang, J. Brian Hutchison, Darren R. Link, Andrew D. Griffiths, Karine Palier, Philippe Nizard, Hélène Blons, Olivier Bouché, Jean-François Emile and Pierre Laurent-Puig.

The study of the mutational status of tumor biopsies is being prepared for publication with the following author list: D.Pekin, C. Normand, L. Benhaim, O. Bouch, B. Landi, P. Rougier, F. Penault-Llorca, T. Lecomte, D. Le Corre, T. Hor, Z. El Harrak, P. Nizard, V. Boige, P. Laurent-Puig and V. Taly. The droplet microfluidic procedres of both work were realized in RainDance Technologies headquarters (Lexington MA) using their equipment.

Introduction

Somatic genetic alterations have been characterized in most cancers [START_REF] Vogelstein | Cancer genes and the pathways they control[END_REF] . They represent molecular signatures of cancer cell phenotypes and are valuable for prognosis [START_REF] Robert S Negm | The promise of biomarkers in cancer screening and detection[END_REF] and treatment management [START_REF] Sawyers | Cancer biomarker problem[END_REF][START_REF] Laura J Van't Veer | Enabling personalized cancer medicine through analysis of gene-expression patterns[END_REF] . For example, detection of KRAS mutations, which are present in 30-40% of colorectal adenocarcinomas, indicates which patients will fail to respond to therapies targeting EGFR receptors [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF][START_REF] Laurent-Puig | the biological point of view on pharmacogenetics of anticancer agents in colorectal cancer[END_REF] ,and BRAF mutations have been shown to be associated with poor prognosis [START_REF] Bollag | Clinical efficacy of a raf inhibitor needs broad target blockade in braf-mutant melanoma[END_REF] .

The testing of patients for mutations in KRAS has become a part of routine practice in clinical oncology and so far has mostly relied on Formalin-Fixed Paraffin Embedded (FFPE) tumor tissue samples. However, the formalin fixation often causes irreversible damage on DNA and decreases the amount of DNA available for analysis [START_REF] Holdhoff | Analysis of circulating tumor dna to confirm somatic kras mutations[END_REF] . Another attractive strategy is the screening of the patient plasma for the presence of mutations although ctDNA represents only a tiny fraction of the total circulating DNA [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] . Therefore for both strategies accurate, sensitive and quantitative mutation detection methodologies are required [START_REF] Barbara | K-ras mutation in the screening, prognosis and treatment of cancer[END_REF] .

Multiplex picodroplet digital PCR to detect KRAS mutations in circulating DNA

The fact that double stranded DNA could be isolated from plasma or serum was first described by Mandel and Métais in 1948 [START_REF] Mandel | Les acides nucliques du plasma sanguin chez lhomme[END_REF] . This DNA can be originated from normal cells that undergo apoptosis or from tumor cells that undergo necrosis [START_REF] Schwarzenbach | Cell-free nucleic acids as biomarkers in cancer patients[END_REF] . It has also been shown that living cells release DNA. Indeed, Anker et al., reported that DNA was found in the media of cultured cells without a visible cell death [START_REF] Anker | Spontaneous release of dna by human blood lymphocytes as shown in an in vitro system[END_REF] . This DNA is suspected to play a messenger role for the horizontal transfer of tumor information according to the genometas-tasis hypothesis [START_REF] Goessl | Diagnostic potential of circulating nucleic acids for oncology[END_REF][START_REF] Garca-Olmo | Cell-free nucleic acids circulating in the plasma of colorectal cancer patients induce the oncogenic transformation of susceptible cultured cells[END_REF] . We refer to the circulating DNA originated from cancer cells as the circulating tumor DNA (ctDNA). The two types of DNA (originated from tumor cells or normal cells) can be distinguished by the size and quantity of the fragments: the apoptosis produces fragments of 180 bp (or multiples of 180 bp) while necrosis produces longer fragments. The assessment of the DNA integrity can also help to determine the origin of the circulating DNA since the DNA isolated from plasma of cancer patients is less degraded [START_REF] Umetani | Increased integrity of free circulating dna in sera of patients with colorectal or periampullary cancer: direct quantitative pcr for alu repeats[END_REF][START_REF] Ruth E Board | Isolation and extraction of circulating tumor dna from patients with small cell lung cancer[END_REF] than DNA isolated from healthy subjects (a droplet-based dPCR strategy for the assessment of DNA integrity is described in Appendix C.1)

It also has been shown that the circulating DNA is more concentrated in the plasma of cancer patients (13 mg/mL versus 180 ng/mL) [START_REF] Leon | Free dna in the serum of cancer patients and the effect of therapy[END_REF] . But other non-malignant disorders such as myocardial infarction [START_REF] Christine | Elevated cell-free serum dna detected in patients with myocardial infarction[END_REF] , different types of trauma [START_REF] Lo | Plasma dna as a prognostic marker in trauma patients[END_REF] and inflammatory diseases such as rheumatoid arthritis [START_REF] Zhong | Increased concentrations of antibody-bound circulatory cell-free dna in rheumatoid arthritis[END_REF] can also lead to a high concentration of DNA in plasma. A more direct way to distinguish between these two types of DNA is to screen for tumor related mutations. Several studies have reported the detection of mutations (such as KRAS [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF][START_REF] Gautschi | Origin and prognostic value of circulating kras mutations in lung cancer patients[END_REF][START_REF] Chen | K-ras mutational status predicts poor prognosis in unresectable pancreatic cancer[END_REF] or BRAF [START_REF] Board | Detection of braf mutations in the tumour and serum of patients enrolled in the azd6244 (arry-142886) advanced melanoma phase ii study[END_REF] ), micro satellite instability [START_REF] Kakimoto | Microsatellite analysis of serum dna in patients with oral squamous cell carcinoma[END_REF] or epigenetic modifications [START_REF] Cortese | Epigenetic markers of prostate cancer in plasma circulating dna[END_REF][START_REF] Van Der Auwera | The presence of circulating total dna and methylated genes is associated with circulating tumour cells in blood from breast cancer patients[END_REF] in ctDNA.

The evaluation of patient blood samples (i.e. liquid biopsies) for genetic alterations is particularly attractive in order to evaluate response to treatment and to monitor cancer recurrence. Additionally, it can provide real-time assessment of the mutation status without the need for invasive biopsy procedures of metastatic sites [START_REF] Aung | Current status and future potential of somatic mutation testing from circulating free dna in patients with solid tumours[END_REF][START_REF] Higgins | Detection of tumor pik3ca status in metastatic breast cancer using peripheral blood[END_REF] . It also raises the possibility of screening and early diagnosis before a cancer becomes clinically detectable [START_REF] Michael R Stratton | Exploring the genomes of cancer cells: progress and promise[END_REF] . The ctDNA may represent a good alternative to tumor biopsies for the genetic analysis of tumors, especially in the early phase clinical trials or the follow up of patients that are submitted to the targeted therapies. But the detection of tumor related mutations using ctDNA is challenging especially due the presence of background circulating DNA from stroma cells and inflammatory cells implicated in tumor formation [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF][START_REF] Jahr | Dna fragments in the blood plasma of cancer patients: quantitations and evidence for their origin from apoptotic and necrotic cells[END_REF] . The sensitivity is required for such analysis is often above the thresholds demonstrated by the conventional methods [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] . Furthermore, methods with a multiplexing ability are required since none or very few previous knowledge of the mutational status is available 41 .

Multiplex picodroplet digital PCR to detect KRAS mutations in tumor DNA

Formalin-fixed Paraffin-embedded (FFPE) tissue samples are an extremely world wide valuable source of DNA. For example, in the United States, more than 300 million FFPE tissue samples were collected over many decades and connected to patient medical history [START_REF] Michalik | Overcoming poor quality dna[END_REF][START_REF] Lewis | Unlocking the archivegene expression in paraffin-embedded tissue[END_REF] . These archives available through "biobank" organizations or hospitals should be an invaluable resource for discovery of disease-specific biomarkers. The screening of archival FFPE or fresh-frozen biopsy samples from the original primary tumor collected at several stages could give a valuable insight on the progression of the disease. Also, a considerable number of evidence showed that tumors are polyclonal in origin [START_REF] Barbara | K-ras mutation in the screening, prognosis and treatment of cancer[END_REF] predicting that KRAS mutations will be present as subpopulations in most tumors. For the detection of mutations from these subpopulations highly sensitive procedures are needed [START_REF] Holdhoff | Analysis of circulating tumor dna to confirm somatic kras mutations[END_REF][START_REF] Di Fiore | Clinical relevance of kras mutation detection in metastatic colorectal cancer treated by cetuximab plus chemotherapy[END_REF] . Amongst the conventional techniques for the detection of rare mutations, direct sequencing has a sensitivity of 20% (the detection is not reliable if less then 20 mutated molecules are present within 100 wildtype DNA molecules), whereas allele specific PCR has a sensitivity of 10%. More sensitive methods such as Amplification Refractory Mutation System (ARMS) and pyrosequencing and tumor DNA provide a sensitivity of 1% [START_REF] Azuara | Nanofluidic digital pcr for kras mutation detection and quantification in gastrointestinal cancer[END_REF] .

Higher sensitivity can be achieved using digital PCR [START_REF] Vogelstein | Digital pcr[END_REF][START_REF] Sykes | Quantitation of targets for pcr by use of limiting dilution[END_REF] , which is based on the compartmentalization and amplification of single DNA molecules. A DNA sample is distributed among many compartments such that each compartment contains either zero or one copy of the target DNA. After PCR, counting compartments based on the endpoint fluorescence signal of each compartment reveals the number of copies of target DNA present in the original sample. The sensitivity of digital PCR is limited only by the number of molecules that can be analyzed (i.e., the number of compartments) and the false positive rate of the mutation detection assay.

In addition to high sensitivity, the ability to detect multiple mutations in parallel has also been demonstrated using picodroplet-based dPCR [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF][START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] (Chapter 3). For true multiplexing -in which all droplets contain multiple assay components -optimal performance is achieved by minimizing the number of droplets that contain multiple target copies since co-localized targets may not each amplify and/or the endpoint fluorescence signal from a droplet with multiple targets will not be readily discriminated from droplets with other targets. In short, multiplex dPCR with high sensitivity requires the sample DNA to be distributed among the maximum feasible number of compartments (i.e., the sample should be compartmentalized into the smallest feasible droplet volume).

Here we describe a demonstration of multiplex emulsion-based digital PCR applied to detecting mutations in circulating tumor DNA from clinical plasma samples and FFPE or fresh-frozen tumor biopsies. Specifically, we describe the use of picodroplet dPCR for detection and quantification of the seven most common mutations in the KRAS oncogene by applying two assay panels to ctDNA and tumor DNA from patients with metastatic colorectal cancer (mCRC). Results from multiplex dPCR analysis are compared to qPCR characterization of matched tumor samples. Furthermore, for the analysis of the ctDNA results from duplex dPCR (i.e., detection of only one mutation per assay) are compared to the multiplex analysis. The relative merits of multiplex and duplex dPCR for analysis of clinical plasma samples are discussed.

Methods

Patients

Patients with a metastatic colorectal cancer included in the Cetuximab study approved by the Ile-de-France ethical committee number 2 (CPP Ile-de-France 2 2007-03-01-RCB 2007-A00124-49 AFSSAPS A70310-31), were included in our study. All patients signed an informed consent. All patients received an anti-EGFR based therapy: This consisted of either a combination of cetuximab and irinotecan, or a combination of cetuximab with 5 fluorouracil (5FU) and irinotecan-based chemotherapy regimen, or a combination of cetuximab with 5FU and oxaliplatin-based chemotherapy regimen, or a panitumumab monotherapy in 61%, 27%, 7% and 5% of the cases respectively. The seven most frequent mutations on codons 12 and 13 of KRAS [START_REF] Russo | Prognostic and predictive factors in colorectal cancer: Kirsten ras in crc (rascal) and tp53crc collaborative studies[END_REF][START_REF] Hanlin | Kras mutation testing in human cancers: The pathologist's role in the era of personalized medicine[END_REF] and the BRAF V600E mutation were assessed in the primitive tumors as previously described [START_REF] Laurent-Puig | Beyond the kras test[END_REF] 

Tumor sample preparation, storage and DNA extraction

Tumors were flash frozen in liquid nitrogen immediately after resection until further analysis. Each tumor was reviewed by a pathologist and tumor cell content was assessed by Hematoxylin Eosin Safran (HES) staining. Among the 50 tumor samples, 44% contained more than 60% of tumor cells, 24% between 40 and 60%, 14% less than 40% and in 18% the biopsy was too small to allow for tumor cell quantification. DNA was extracted using the QIAamp DNA mini kit (Qiagen, Courtaboeuf, France) according to manufacturer's instructions. DNA concentration was determined by measuring the absorbance at 260 nm using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, USA). Extracted DNA samples were stored frozen at -20 • C before testing.

DNA fragmentation for the fresh frozen tumor samples

Unlike formalin fixation, fresh-freezing techniques do no damage DNA. Therefore DNA extracted from frozen tumor samples is more viscous and needed to be sheared before emulsification. Two techniques of shearing were explored: Covaris shearing and heat fragmentation.

• Covaris shearing: Covaris S2 Adaptive Focused Acoustic instrument was used for the shearing of DNA. Wild-type human genomic DNA (Promega) was used as a control and fragmented to average sizes of 170 bp, 230 bp, 290 bp, 370 bp, and 570 bp. DNA concentration was determined using a Nanodrop ND-1000 spectrophotometer.

• Heat fragmentation: The heat fragmentation technique consists on the heating of the template DNA to 95 • C for 10min. During this process the DNA is denaturated and subjected to single strand breaks resulting in DNA fragmentation [START_REF] Craig | Dna fragmentation simulation method (fsm) and fragment size matching improve acgh performance of ffpe tissues[END_REF]270 .

The heat fragmentation being a single-step method is easier to realize and was therefore chosen as the fragmentation technique for the fresh-frozen tumor samples.

Plasma sample preparation, storage, DNA extraction and quantification

Eight milliliters of blood were collected in two EDTA tubes for each patient at the time of progression and just prior to the start of anti-EGFR therapy. Plasma samples were immediately separated from the cellular fraction by centrifugation at 3000g (4 • C) and stored frozen at -80 • C prior to DNA extraction. Before extraction, plasma samples were centrifuged for 10 min at 3,000g. Plasma DNA was extracted using the QIAmp Circulating Nucleic Acid Kit (Qiagen, Courtaboeuf, France) from 4 mL of plasma according to the manufacturers instructions. Extracted DNA samples were stored frozen at -20 • C before testing. Quantification of plasma DNA was performed for all samples using SYBR GREEN I real-time PCR of the 18S rRNA encoding gene. Reactions were performed in 10 µL comprising 1 µL of extracted DNA, 0.05 µM of forward (5-CGGCTACCACATCCAAGGAA-3) and reverse (5-GCTGGAATTACCGCGGCT-3) primers, and 1x SYBR Green I Master Mix (Applied Biosystems). Amplifications were carried out under the following conditions using an ABI Prism 7700 sequence detection system (Applied Biosystems): One cycle at 95 • C for 15 min, followed by a two-step PCR procedure consisting of 15 s at 95 • C and 30s at 60 • C for a total of 40 cycles. Data were analyzed with SDS2.0 software (Applied Biosystems). A standard calibration curve was used, spanning a DNA input concentration range of 0 pg to 25 ng per microliter (0, 0.25 pg/µL, 2.5 pg/µL, 25 pg/µL, 2.5 ng/µL, 25 ng/µL).

Genomic DNA preparation

The following cell-lines were purchased from the American Type Culture Collection (ATCC, LGC, Molsheim, France): SW48 (ATCC CCL-231, wild-type DNA), H358 (ATCC CRL-5807, c.34G > T, p.G12C ), LS123 (ATCC CCL-255, c.34G > A, p.G12S ) SW620 (ATCC CCL-227, c.35G > T, p.G12V), H1573 (ATCC CRL-5877, c.35G > C, p.G12A), A427 (ATCC HTB-53, c.35G > A, p.G12D) and LoVo (ATCC CCL-229, c.38G > A, p.G13D). The heterozygous cell-line bearing the c.34G > C, p.G12R KRAS mutation was generated by mutagenesis in 292FT cells to express the mutation in question (Didelot, 2012). Genomic DNA was extracted from cultured cells using a QIAamp DNA mini Kit (Qiagen, Courtaboeuf, France). The extracted genomic DNA was fragmented to an average size of 3 kb using the S2 Focused Ultrasonicator (Covaris, Woburn, MA), according to manufacturer's recommended protocol. DNA concentration was determined by measuring absorbance at 260 nm using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, USA). Fragmented DNA controls were used to assess the quantitative detection of each KRAS mutant sequence in each panel of the multiplex assay. Each mutation-specific cell line control was serially diluted and mixed with wild-type human gDNA in order to test the lower limit of mutant detection with the multiplex assay containing the corresponding mutant probe.

Probes and primers design

Seven common KRAS mutations on codons 12 and 13 were assessed as previously described [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] (and Chapter C) . The sequences of the primers, probes and blockers used are described in Figure 4.1. BRAF primers and probes were described elsewhere [START_REF] Benjamin J Hindson | High-throughput droplet digital pcr system for absolute quantitation of dna copy number[END_REF] . The BRAF V600E mutation detection was assessed by allelic discrimination using Taqman ® probes following the same protocol as for the KRAS mutations. Primers and Probes were procured through ABI (Grand Island, NY). Taqman ® probes targeting wild-type and mutant sequences are respectively conjugated to VIC (from ABI, λex 528 nm/ λem 554 nm) or 6-carboxyfluorescein (6-FAM, λex 494 nm/λem 522 nm) fluorophores. 

Multiplex KRAS mutation detection

Two multiplex panels were developed to screen for the seven most frequent mutations and the wild-type sequence of the KRAS gene: a 4-plex panel targeted the G12D, G12R and G13D mutants plus the wild-type sequence and a 5-plex panel targeted the G12A, G12C, G12V and G12S mutants plus the wild-type sequence. The protocol for the 4-plex and 5-plex tests is described in Chapter 3 as well as the microfluidic procedures, droplet production and thermocycling.

On-chip fluorescence analysis

The thermal-cycled emulsion was reinjected into a second microfluidic chip for fluorescence measurements. Droplets were reloaded at a flow rate of 120 µL/h with a droplet reinjection frequency of approximately 5 kHz and spaced by carrier oil flowing at a rate of 300 µL/h. Spacing of the emulsion was necessary since droplets became concentrated during off-chip handling. Indeed, the carrier oil is denser than the aqueous phase and drained down from the emulsion. Fluorescence readout of each droplet was performed by conventional epifluorescence microscopy with a custom microscope. A 20 mW, 488 nm laser source (Cyan; Picarro, Sunnyvale, CA, USA) was expanded 2x and focused by the objective lens (20x/0.45 NA; Nikon, Japan) onto the microfluidic channel. Two band pass filters discriminated the fluorescence collected through the objective lens: 512/25 nm and 543/22 nm for FAM and VIC fluorophores, respectively (Semrock, Rochester, NY, USA). Fluorescence was detected by two H5784-20 photomultipliers (Hamamatsu, Japan) and was typically recorded at a 200 kHz sampling rate with a USB-6259 data acquisition card (National Instruments, Austin, TX, USA). The data traces were smoothed by a seven-point, second-order SavitzkyGolay algorithm before subsequent analysis. In real-time, droplet events were identified as contiguous bursts of fluorescence intensity above a threshold value. The signal-to-noise ratio was generally quite high and the signal levels were consistent from day to day, hence a fixed threshold value was used predominantly; otherwise the threshold was set manually by the operator. The peak fluorescence intensity ("height") and duration of the event ("width") was recorded for each droplet event for both VIC and FAM fluorophores. Concurrent with the fluorescence read out, the droplets were imaged through the same objective lens using backside illumination from an 850 nm LED (TSHG6200; Vishay Semiconductors, Shelton, CT, USA), a short pass filter to separate the optical paths for fluorescence detection and imaging, and a Guppy CCD camera (Allied Vision Technologies, Newburyport, MA, USA). Droplets were imaged with short illumination pulses (5-20 ms) to avoid image streaking. Imaging was only and tumor DNA used to position the channel at the laser spot and to view and/or troubleshoot droplets being reinjected into the detection path.

Data analysis

The droplet event data analysis was performed together with RainDance Technologies using a custom LabView software (National Instruments, Austin, TX, USA) following a sequence of steps:

1. First, short duration fluorescence events arising from electronic or photonic noise or from long duration events arising from coalesced droplets were filtered from the data set based on the duration of the fluorescence burst. Specifically, droplets with a width (full width at half maximum, FWHM) larger or smaller than 15% of the median were removed.

2. All droplet event data from a batch of samples that were produced and thermocycled at the same time were processed together. (Each batch was designed to include at least one positive and one wild-type only or no-template control.) Data from each sample or controls was converted to a 2-dimensional histogram displaying 6-FAM intensity on the x-axis and VIC intensity on the y-axis. The intensity was normalized so that the no-PCR (neg) cluster of droplet events was positioned at a consistent location, and spectral compensation was applied to each sample. (Compensation factors were calculated from the positive control data.

3. The sizes and locations of the wild-type gate and the mutant gate(s) were established by manual selection of the area containing wild-type or mutant clusters in the positive control(s).

4. For each unknown sample, the number of PCR-positive droplet events was counted within each established gated region. For cases in which the count of events corresponding to a mutation was greater than the limit of blank, a qualitative assessment of the data was made to determine if the sample was truly positive for the mutation. Four attributes of the 2-dimensional histogram were considered in this analysis.

• Absence of long-range, relatively disperse droplet event clusters or "streaks" that might interfere with true mutant-positive counts. B. Absence of unlocalized droplet event "noise" throughout the 2-dimensional histogram space.

• Proximity of the counted events within a gated region to the center of the gate.

• Proximity of the counted events to each other (i.e., tightness of the cluster).

5. In some cases, poor quality of the data led to re-processing. For example, the first portion of raw data from reinjection was discarded if this action removed arbitrary clusters or streaks or noise. After reprocessing, actions 3 and 4 were repeated.

6. Assays were judged to be negative if the count within a gated region was less than the upper 95% confidence limit of the false positive rate (i.e., the limit of blank); an assay was inconclusive if the measured count was greater than the upper 95% confidence limit of false positives and the qualitative assessment (from step 4) was "inconclusive;" an assay was positive if the measured count was greater than the 95% confidence interval of false positives and the assessment was "positive." (Note 1: For duplex data, no scoring was used, and as such, determination of positive or negative status was only based on comparison to the limit of blank. Note 2: In cases for which a sample was repeated, the positive/negative call plus the mutant/total DNA ratio are reported for all assays with a definitive conclusion, but inconclusive data is not reported.)

4.3.9.1 Determination of the limit of blank and limit of detection

The limit of blank was determined by measuring the false positive droplet event rate from a pooled collection of wild-type-only control samples. For each assay, the false positive distribution function was determined and a Poisson model was fit to the data. The 95% upper confidence limit from the Poisson model was used to calculate a limit of blank. However, significantly more than 5% of the actual samples exhibit a false positive event count greater than the limit of blank determined by the Poisson model. Therefore, an estimate for the 95% upper confidence limit of the data was estimated from the empirical distribution, and this value was used for identification of positive samples.

Determination of the amount of amplifiable DNA by droplet dPCR

dPCR can be used to determine the fraction of amplifiable DNA of varying intact sizes in patient samples. This provides the researcher or clinician a measure of DNA integrity of patient samples (Appendix C): the number of occurrences (PCR positive droplets) in the wild-type and mutant clusters reveals the quantity of amplifiable DNA fragments that are longer than the amplicons generated in that assay. The theoretical fraction of positive droplets can be estimated as described earlier, and a Poisson distribution of genomic DNA is expected in the droplets. Assuming that the mass of a haploid genome equivalent is 3.3 pg, the number of genome equivalents in 5 pL droplets (from an emulsion containing 25 µL of aqueous phase) can be calculated from the amount of input DNA (6 ng to 1.6 µg).

Results and discussion

Performing multiplex reactions in droplets to detect the seven most frequent KRAS mutations

To enable the simultaneous detection of multiple mutations in a single experiment with low consumption of patient sample, an efficient multiplex assay is required [START_REF] Taly | Biomarker detection in microdroplets[END_REF] . Our procedure is based on using digital PCR in millions of picoliter volume droplets to measure the ratio of mutant to wild-type genes in biological samples. It is derived from the methods described earlier in Chapter probes with a single wild-type (VIC) probe and a single pair of PCR primers in each panel. As shown in Figure 3.7, the concentrations of the probes were tuned to discriminate droplets containing no amplifiable DNA targets, wild-type KRAS DNA, or DNA with a unique KRAS mutation: the 4-plex panel revealed the presence of G12D, G12R or G13D mutations and the 5-plex panel the presence of G12A, G12C, G12S, G12V mutations. In addition, to improve probes discrimination, each reaction test contained non-fluorescent blockers consisting of 3-phosphate oligonucleotides (see Chapter 3 Table 3.2). In short the 4-plex assay contains blockers against mutated KRAS sequences targeted in the 5-plex panels and the 5-plex assay contains blockers against mutated KRAS sequences targeted in the 4-plex panels.

Multiplex analysis of circulating tumor DNA in plasma of patient with metastatic colorectal cancer

When using genomic DNA extracted from tumor cell-lines, fragmentation of template DNA is necessary to decrease viscosity of the solution and allow rapid and stable droplet formation. However, this step was not required for DNA extracted from plasma since it is already degraded into short fragments by nucleases [START_REF] Li | Sensitive digital quantification of dna methylation in clinical samples[END_REF] .

To demonstrate the possibility of detecting and quantifying tumor DNA directly from plasma of patients with mCRC, multiplex analysis of 50 plasma samples was performed. For each patient sample, the expected mutation status was determined by analyzing DNA from their primary tumor using conventional Taqman assay [START_REF] Laurent-Puig | Beyond the kras test[END_REF][START_REF] Didelot | Competitive allele specific taqman pcr for kras, braf and egfr mutation detection in clinical formalin fixed paraffin embedded samples[END_REF] . Twenty-four tumor samples were determined to be mutated in KRAS or BRAF genes. The distribution of mutation types is reported in Figure 4.3. Among the 19 plasma samples for which a KRAS mutation was identified in the primary tumor DNA, 14 were positive for the same mutation in plasma based on the multiplex dPCR assay. Five samples were negative for the expected mutation. One sample was negative for the expected mutation (G12V), but it appeared positive for a different mutation (patient 10, G12C at 17% of total circulating DNA). For this patient, DNA extracted from the corresponding tumor was retested using the multiplex assays and it was found to be positive only for the G12V mutation (Figure 4.3). Among the 26 samples expected to be negative for a KRAS or BRAF mutation, two were positive for a KRAS mutation (one for G13D and one for G12R at 25% and 23% of total circulating DNA, respectively). DNA extracted from the two tumors was retested in the multiplex assays and were negative for all seven KRAS mutations. In addition, the 5 plasma samples of patients with tumors containing BRAF mutations were analyzed with the KRAS multiplex assays and were negative for all seven KRAS mutations.

Duplex analysis of circulating DNA in plasma of patients with metastatic colorectal cancer

To confirm the results from multiplex dPCR, many of the plasma samples were further analyzed using a duplex dPCR approach in which only two molecular targets are detected in each experiment. Figure 4.3 report the duplex dPCR analysis results for these samples, from which the wild-type KRAS allele and one of the seven mutant KRAS alleles. The duplex analyses were completely concordant with the multiplex KRAS analyses except for two samples that were scored negative in the multiplex analysis and positive with the duplex procedure (samples 3 and 15 with 0.17 and 0.04% of mutant sequences respectively) (Figure 4.3). Furthermore, the sample from patient 10 was negative for the tumor mutation (G12V), but was positive for the G12C mutation, which confirms the multiplex analysis. Finally, duplex analysis of circulating DNA from patients 25 and 26, non-mutated in their tumor and mutated in plasma by multiplex analysis, were confirmed the results of the multiplex analysis. In addition to the concordance of mutation identification, the proportion of circulating mutated DNA measured by multiplex and duplex dPCR analyses was highly correlated (R 2 = 0.99, see Figure 4.4). The 5 plasma samples corresponding to patients with BRAF mutated tumors were all tested as positive in the duplex assay (fraction of mutated BRAF DNA ranging from 1 to 23% of the total circulating DNA).

Multiplex analysis of DNA from fresh-frozen and FFPE samples of patient with metastatic colorectal cancer

When using genomic DNA extracted from tumor cell-lines, fragmentation of template DNA is necessary to decrease viscosity of the solution and allow rapid and stable droplet formation. This is also the case for the DNA extracted from fresh-frozen tumor samples. Therefore these samples needed to be submitted to a fragmentation step prior to the droplet formation. Here we tested a heating-based fragmentation method for the shearing of DNA. The heating itself does not shear the DNA but only causes its denaturation. However, the single-stranded DNA is more prone to damages (such as single-strand breaks). Therefore after a denaturation step We performed a multiplex screening of DNA extracted from two types of tumor samples: FFPE tumor samples (Figure 4.9, 4.10 and 4.11) and fresh-frozen tumor samples (Figure 4.12). For the 85 FFPE samples analyzed, a KRAS mutation was detected in 28 cases while the qPCR had only detected 18. In one case (patient 44) an additional mutation (G12R) was detected (Figure 4.10). For the 32 fresh-frozen tumor samples analyzed, a KRAS mutation was found on 22 samples while the qPCR had detected 16 (Figure 4.12).

Conclusion

We demonstrate a quantitative measurement of KRAS or BRAF mutations in 117 tumor samples and 50 plasma samples from patients with metastatic colorectal cancer using multiplex and duplex picodroplet dPCR.

For the 85 FFPE tumor samples, all of the mutations detected by qPCR were also detected by dPCR, showing a mutational concordance of 100%. 10 of the samples showed a KRAS mutation that had not been detected by the qPCR analysis and one of the samples had a different mutation. For the 32 fresh-frozen tumor samples tested, dPCR detected 14 of the 16 expected mutations showing a concordance of 87%. These results reveal that conventional methods such as qPCR can miss some of the existing mutations due to their limited sensitivity (10 to 20 % 222 ). By using the same set of TaqMan ® probes we were able to detect additional mutations.

The mutation status of the 50 patients from whom a plasma sample was collected, was The expected droplet occupancy for wild-type sequences were 1% and 0.01% for mutant sequences. For the Covaris sheared sample an occupancy of 0.75% for the wild-type and an occupancy of 0.0093% for the mutant was observed. For the heat fragmentation the occupancies were 1.32% and 0.012% respectively shoving that the data quality with the heat fragmentation was comparable to the Covaris shearing.

determined from primary tumors at the time of diagnosis, and plasma samples were collected prior to the start of anti-EGFR therapy. Plasma samples from patients with KRAS or BRAF mutated primary tumors showed mutation identity concordance in 74% (14/19) and 84% (16/19) of the cases for multiplex and duplex formats, respectively. One plasma sample contained a KRAS mutation that was different from the primary tumor (17% of G12C measured with the multiplex), leading to an overall concordance of 78% and 89% for multiplex and duplex assays, respectively. The specificity of the multiplex procedure was tested using 26 plasma samples from patients with non-mutated primary tumors and 5 plasma samples from patients with BRAF mutated primary tumors since KRAS and BRAF mutations are said to be mutually exclusive 274 .

Among samples with no known KRAS mutations, all but two were classified as nonmutated by multiplex dPCR analysis. The two incongruent samples were reproducibly positive with a high level of KRAS -mutated DNA (25.1% or 25.2% G13D and 21.6% or 22.9% G12R measured with two independent experiments in the multiplex assays and confirmed with the duplex dPCR assays), rendering the possibility of contamination unlikely. The nonmutated status of these two primary tumors was confirmed using the multiplex procedure. Interestingly, the tumor sample from one patient contained less than 15% tumor cells and the patient demonstrated progressive disease at the first evaluation under cetuximab after being refractory to conventional chemotherapy. The other case was not evaluated for the number of tumor cells due to the small size of the biopsy and the patient was treated with a combination of cetuximab, irinotecan and 5FU as a first line. A tumor response was observed but it could be due to the combination of 5FU and irinotecan.

When compared to the results obtained in Chapter 2 where we used a duplex test, the downside of multiplex dPCR is that the limit of detection for some assays is sometimes degraded by poor discrimination of the endpoint signal from other clusters in a two-dimensional histogram. The limited separation of clusters results in detection of false positives resulting in lower sensitivity. For example, the fluorescence cluster associated with the assay for G12V in the 5-plex KRAS panel is located directly next to the cluster associated with all droplets that do not have a PCR target (i.e., "empty droplets"). As a result, the LOB for G12V is relatively high. We have found that for some assays, duplex dPCR provides more definitive identification, especially for low levels of mutant copies. A potential clinical workflow should be to employ multiplex dPCR for screening and to use duplex dPCR for the targeted quantification of the known specific mutations. Development of targeted therapies has improved cancer patient survival, but the efficacy of therapies is often compromised by the emergence of resistant mutations [START_REF] Bozic | Dynamics of targeted cancer therapy[END_REF] . The use of "liquid biopsies" for initial treatment decisions offers multiple advantages. First, analysis of circulating DNA from plasma (or other fluids such as serum, urine, lymph, etc.) obviates reliance on invasive biopsies or tissue archives, which may be more difficult to obtain or poor quality [START_REF] Yost | Identification of high-confidence somatic mutations in whole genome sequence of formalin-fixed breast cancer specimens[END_REF] . Furthermore, circulating tumor DNA is likely to be a homogeneous representation of all tumor DNA, which could enable detection of cancer subclones that would otherwise be missed due to tumor heterogeneity [START_REF] Richardson | Beaming up personalized medicine: mutation detection in blood[END_REF] . In addition to the quality of molecular analysis at diagnosis, the simplicity of multiplex dPCR should improve patient follow-up by facilitating serial blood testing for: (i) evaluating the efficacy of treatment by monitoring the quantity of circulating tumor DNA, (ii) detecting the selection of mutant subclones before clinical resistance 277 and (iii) detection of disease recurrence.

Chapter 5

Conclusion

The aim of this work was to elaborate a procedure allowing the highly sensitive detection of mutations in a quantitative manner within complex mixtures of DNA and to validate this method by the detection of rare mutations in ctDNA or DNA extracted from tumor samples for the use in several applications:

• The analysis of tumors en-masse for biomarkers is limited by the intra-tumor heterogeneity because the characteristics of the most abundant cell-type might not necessarily predict the characteristics of a mixed population [START_REF] Marusyk | Intra-tumour heterogeneity: a looking glass for cancer?[END_REF] .The use of a highly sensitive and quantitative methodology for the analysis of genetic variations could be very useful for the detection of minority populations that are suspected to confer drug resistance. At the same time, given the link between a high degree of genetic heterogeneity and poor prognosis, a measure of heterogeneity by itself may also be useful as a prognostic marker [START_REF] Marusyk | Intra-tumour heterogeneity: a looking glass for cancer?[END_REF] .

• For the analysis of ctDNA, sensitive methods that are able to screen for the presence of multiple mutations with a limited amount of material are needed [START_REF] Joseph | Biomarkers in cancer staging, prognosis and treatment selection[END_REF] . A such strategy can be used for diagnosis and for the detection of cancer recurrence during the patient follow up.

This technique can also be adapted for the detection of biomarkers other than point mutations, such as DNA methylation or DNA integrity and amplifiable DNA quality (see Appendix C).

We first developed a droplet-based microfluidic system, based on digital PCR, which enables highly sensitive, specific and quantitative detection of somatic mutations of target genes in gDNA by using a dual-probe TaqMan ® assay to quantify mutations of the KRAS and BRAF oncogenes with a sensitivity that can reach up to 1 mutated molecule detected within 200,000 wild-type molecules [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . We have also demonstrated that a multiplexed detection was possible with our technique. We developed a first multiplexing procedure using passive droplet fusion [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] . By one-to-one fusion of drops containing gDNA with droplets that contain a TaqMan ® probe specific for a different KRAS mutation or wild-type KRAS, and an optical code [START_REF] Brouzes | Droplet microfluidic technology for single-cell high-throughput screening[END_REF] (based on DTR dye concentrations), it was possible to screen the six common mutations in codon 12 of KRAS in parallel in a single experiment. A second multiplexing technique that was used in this project was developed by Zhong and co-workers [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] and adapted for the simultaneous detection of KRAS mutations in collaboration with Rain-Dance Technologies (Lexington MA). Two multiplex tests (a 4-plex and a 5-plex) that together cover the seven most common mutations in the KRAS (codon 12 and 13) gene as well as the wild-type sequences were realized. The concentrations of the probes were tuned to discriminate droplets containing no amplifiable DNA targets, wild-type KRAS DNA, or DNA with a unique KRAS mutation. This multiplexing strategy was used for the analysis of tumor samples from patients with colorectal cancer and for the screening of circulating tumor DNA (ctDNA) from plasma samples of patients with metastatic colorectal cancer (Chapter 4). With these studies we demonstrated that (i) the droplet dPCR analysis of the tumors is more sensitive compared to the qPCR analysis which can miss some of the existing mutations (ii) the droplet dPCR analysis of the blood plasma samples can obviate the reliance on invasive biopsies or tissue archives, which may be more difficult to obtain or poor quality 273 (Figure 5.1). Furthermore, circulating tumor DNA is likely to be a homogeneous representation of all tumor DNA, which could enable detection of cancer subclones that would otherwise be missed due to tumor heterogeneity 276 (Figure 5.2).

Figure 5.1: The blood plasma analysis: The conventional testing for biomarkers of resistance to anti-EGFR therapy (mutations in the KRAS oncogene) relies on the analysis of the archival biopsies of the initial tumor (obtained at the time of diagnosis). However, it has been shown (also in this study, see Chapter 4) that mutation status of biomarkers may change between primary tumor and recurrence [START_REF] Richardson | Beaming up personalized medicine: mutation detection in blood[END_REF] . Instead of invasive techniques such as a new biopsy from the tumor (especially in the metastatic stage of the disease this may result on the additional spreading of cancer cells) plasma samples (liquid biopsies) may be used for the screening of KRAS mutations. We have demonstrated (see Chapter 4 that our the droplet dPCR procedure has the required sensitivity to perform such analysis.

The study described in Chapter 4 reveals that mutations that have been missed by conventional analysis can be detected by the higher sensitivity of the droplet-based dPCR.

The strategy developed in this work reduces the required reagent volume by 10 6 -fold and the required time is reduced by ∼ 10 3 -fold, compared to the original microplate-based digital PCR systems. When compared to the digital PCR in microfluidic systems with compartments defined by pneumatic valves, or in nanoliter volume droplets, the volume of reagents required for each reaction is reduced by ∼ 10 3 -fold (reaction volume drops from nL to pL) and the time reduced by ∼ 10 6 -fold (analysis speed is increased from Hz to kHz). Unlike BEAMing [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF][START_REF] Diehl | Beaming up for detection and quantification of rare sequence variants[END_REF] our strategy does not require pre-amplification of the DNA or the breaking of the emulsions and beads for the fluorescent tagging prior to the flow-cytometry analysis. We believe that this system has many potential applications beyond clinical oncology.

We believe that in order to find a widespread use in clinics a strategy for the detection of biomarkers should be sensitive, quantitative and reliable but also it must be simple in use without the requirement of sophisticated material or a highly specialized personnel. As with microfluidic chip-based dPCR or with droplet-based dPCR the aim of the new technologies is not only to provide the highest performance (for means of sensitivity, multiplexing and quantitativeness) but also to offer a simple work-flow. On-chip dPCR technologies offer a limited number of fixed volumed compartments (those initially present on the chip) while the compartments offered by the droplet-based technologies depend solely on the volume of sample and the size of the droplets. Many vendors already offer dPCR platforms of on-chip or droplet-based dPCR (Figure 5.3).

The on-chip thermocycling of droplets in microfluidic systems has already been demonstrated [START_REF] Macris Kiss | High-throughput quantitative polymerase chain reaction in picoliter droplets[END_REF][START_REF] Andrew | 1-million droplet array with wide-field fluorescence imaging for digital pcr[END_REF] and novel droplet manipulation systems [START_REF] Fradet | Combining rails and anchors with laser forcing for selective manipulation within 2d droplet arrays[END_REF][START_REF] Choi | Digital microfluidics[END_REF] offer full control on droplets in microfluidic systems. We consider that the goal of dPCR becoming the new state of the art in common clinics can be reached with the unification of the two main platforms as a microfluidic on-chip droplet dPCR strategy where the reactions occur in microdroplets and the emulsification, thermocycling and fluorescence analysis steps are all performed on a single microfluidic chip. And we believe that this goal will be reached very soon.

Introduction

Le Cancer est une maladie progressive où un génome normal acquiert des altérations comme des délétions, mutations ponctuelles (SNP) ou des réarrangements chromosomiques qui résultent en une transformation maligne [START_REF] Vogelstein | Cancer genes and the pathways they control[END_REF] . Ces altérations génétiques, n'étant présentes que dans les cellules tumorales, peuvent servir de biomarqueurs spécifiques [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] pour la détection précoce des cancers, pour l'évaluation du pronostic de la maladie et pour le choix de traitement [START_REF] Robert S Negm | The promise of biomarkers in cancer screening and detection[END_REF] .

Les mutations dans le gène KRAS sont parmi les altérations les plus fréquentes dans les cancers (30% de tous les cancers humains représentent des mutations dans le gène RAS 279 ), elles apparaissent très tôt dans le processus de cancérisation 42 et sont associées à l'absence de réponse aux traitements basés sur l'utilisation des anticorps ciblant le récepteur du facteur de croissance épidermique (EGFR) [START_REF] Livre | Kras mutation status is predictive of response to cetuximab therapy in colorectal cancer[END_REF] .

L'usage des biomarqueurs en routine en oncologie clinique requiert des méthodes hautement sensibles et spécifiques, capables de détecter ces biomarqueurs au sein d'échantillons cliniques [START_REF] Diehl | Digital quantification of mutant dna in cancer patients[END_REF] . La méthode la plus communément utilisée en clinique pour la détection de biomarqueurs est la discrimination allèlique par sondes TaqMan ® . La méthode de TaqMan ® a un seuil de détection minimal de l'ordre de 20% de copies d'ADN mutées au sein d'un excès de copies non-mutées [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] alors que dans le cas d'un cancer précoce, le taux d'ADN tumorale circulant (ADNtc) dans le sang et les autres fluides représente moins que 0,01% de l'ADN circulant total [START_REF] Diehl | Analysis of mutations in dna isolated from plasma and stool of colorectal cancer patients[END_REF] . Ces sondes sont des structures oligonucléotidiques complémentaires aux séquences d'ADN recherchées. Elles sont attachées à un fluorophore à l'extrémite 5' et à une molécule quencheur à l'extrémité 3' qui empêche la fluorescence émise par le fluorophore d'être détectée. A l'étape de la dénaturation de l'ADN les sondes TaqMan ® reconnaissent Figure 6.3: Sensibilité de la méthode: Pour évaluer la sensibilité de la méthodes, des dilutions en série de 10 -1 à 10 -5 de l'ADNg portant la mutation KRAS G12A dans de l'ADNg KRAS non muté ont été réalisées. L'axe y représente la mesure expérimentale de la fraction des gouttes fluorescentes vertes correspondant aux gènes KRAS mutés (Ng) sur la fraction des gouttes fluorescentes vertes correspondant aux gènes KRAS nonmutés (Nr) et l'axe x représente le taux de gènes mutés (Nm) sur le taux de gènes non-mutés (Nwt) dans les dilutions. Dans une expérience idéale, Ng/Nr est équivalent à Nm/Nwt (la ligne en pointillé). l'intervalle de confiance 95% est représenté en orange pour l'analyse de N = 10 6 gouttes quand Nm/Nwt = 0,1. Tous les points expérimentaux (x) tombent dans l'intervalle de confiance 95%. Cadre intérieur : résultats pour l'analyse de 2. 10 4 gouttes.

les séquences cibles et s'hybrident dessus. Lors de l'amplification l'enzyme Taq polymerase rencontre la sonde hybridée sur l'ADN et la dégrade avec son activité 5'3' exonucléase. Ceci éloigne le fluorophore du quencheur et la fluorescence émise par le fluorophore peut être détectée.

La détection directe et quantitative des mutations dans l'ADN circulant par un protocole simple et avec une haute sensibilité et spécificité n'est pas réalisable avec les technologies actuelles [START_REF] Joseph | Biomarkers in cancer staging, prognosis and treatment selection[END_REF] . Par ailleurs, la détection de ADNtc est souvent basée sur la détection d'un biomarqueur connu. Afin d'augmenter la pertinence clinique, des tests capables de cribler les mutations avec le minimum de connaissance préalable sont requises. Cela est réalisable avec des procédures multiplexes qui sont capables de réaliser plusieurs réactions en parallèle.

Les systèmes de microfluidique en gouttes offrent la possibilité d'individualiser les molécules d'ADN cibles dans des micro gouttes d'émulsions d'eau-dans-de l'huile et de manipuler ces gouttes dans des canaux microfluidiques. En combinant ces systèmes avec les méthodes de TaqMan ® classiques nous avons développé une nouvelle stratégie réalisant des millions de réactions de PCR en parallèle sur des molécules uniques. Cette technique est capable de détecter une minorité de séquences mutantes dans un large excès de séquences non-mutées. La capacité d'encapsuler les molécules d'ADN individuellement et analyser des molécules uniques permet de réaliser des tests quantitatives et la sensibilité de la procédure n'est limitée que par le nombre de gouttelettes analysées (Figure 6.1).

Résultats

Développement de la méthode

Nous avons développé cette stratégie sur le modèle de l'oncogène KRAS nous avons utilisé de l'ADN génomique (ADNg) avec des mutations KRAS connues, provenant des lignées cellulaires. Ainsi nous avons pu déterminer la sensibilité de la méthode et la possibilité de réaliser des tests quantitatives tels que le déséquilibre allèlique (Mutant Allele Specific Imbalance -MASI) (Figure 6.2) (Pekin et al., Lab on a Chip 2011).

La sensibilité de la méthode pour la détection des mutations faiblement représentées a été déterminé par des dilutions en série de l'ADN génomique (ADNg) extrait de la lignée cellulaire H1573 (portant une mutation KRAS G12A hétérozygote) dans de l'ADN non mutée (extrait de la lignée cellulaire SW48) en allant de 1 molécule d'ADN muté pour 20 molécules d'ADN non-mutées jusqu'à 1 molécule d'ADN mutée pour 200 000 molécules nonmutées. Les résultats obtenus sont représentés dans la Figure 6.3 démontrant une sensibilité de 0,0005% pour notre méthode (Pekin et al., Lab on a Chip 2011), alors que la sensibilité de la méthode TaqMan ® conventionnelle est de l'ordre de 20% 35 . La corrélation entre les quantités d'ADN mutant théorique et les quantités mesurées expérimentalement démontrent que notre méthode est quantitative même pour les hautes dilutions.

Validation de la méthode

La première application de notre stratégie que nous avons appelé "duplex", capable de cribler un échantillon pour la présence d'une mutation connue et pour la présence des séquences nonmutées (comme contrôle positif) a été utilisée pour le criblage des échantillons de patients de cancer colorectal au stade IV (inclus dans l'étude CETRAS, approuvé par la comité éthique de l'le-de-France (CPP Ile-de-France 2 2007-03-01-RCB 2007-A00124-49 AFSSAPS A70310-31). Ce type de test est particulièrement utile pour la détection des récidives où la mutation portée sur la tumeur primaire est connue. 24 échantillons ont été testé et la mutation du tumeur primaire a été retrouvé dans 21 de ces échantillons démontrant une concordance de 87%.

Développement d'une procédure permettant d'identifier des mutations multiples avec un nombre limité d'expériences

Afin de pouvoir être utilisée pour le diagnostique précoce des cancers, une méthode doit être non seulement sensible mais aussi capable de cribler la présence de plusieurs mutations en un nombre limitée d'expériences (tests dites multiplexes). Pour l'adaptation de notre méthode en multiplexe nous avons testé deux stratégies : d'abord en utilisant la fusion passive des micro gouttes [START_REF] Mazutis | A fast and efficient microfluidic system for highly selective one to one droplet fusion[END_REF] , puis tout simplement en variant les concentrations des sondes TaqMan ® dans les micro gouttes 238 pour le criblage en parallèle des sept mutations les plus fréquentes de l'oncogène KRAS (Figure 6.4). En appliquant la première stratégie de multiplexe nous avons démontré la possibilité de cribler un échantillon d'ADN pour la présence des six mutations du codon 12 du gène KRAS ainsi que les séquences non-mutées. L'ADN extrait de la lignée cellulaire H1573 (portant la mutation KRAS G12A hétérozygote -une transversion de G vers C dans la deuxième base du codon 12 également appelée 122GC) a été soumis à cette procédure et l'amplification des gènes mutées G12A ainsi que l'amplification des gènes non-mutés a pu être détectée en Nous avons utilisé la deuxième stratégie de multiplexe pour le criblage des échantillons de plasma provenant des patients du cancer colorectal, pour la présence des sept mutations du gène KRAS (six sur le codon 12 et une sur le codon 13). 19 échantillons ont été analysées et la mutation du tumeur primaire a été retrouvé dans 14 de ces échantillons démontrant une concordance de 78%.

Détermination de la qualité de l'ADN

La qualité de l'ADN est un paramètre qui définit la distribution de taille de fragments et la fraction d'ADN amplifiable par PCR au sein d'un échantillon. L'ADN extrait des tissus frais ou fraichement congelés est typiquement composé d'une large fraction des fragments longues avec peu de modifications chimiques, contrairement à l'ADN isolé des échantillons enveloppés dans du paraffine (Formalin Fixed Parraffin Embedded -FFPE) qui est souvent très fragmenté et dégradé. Ces altérations proviennent lors du processus de fixation dans du formole de ces échantillons et les conditions de stockage qui suivent [START_REF] Srinivas | Trends in biomarker research for cancer detection[END_REF] . Les études récentes suggèrent que les tumeurs relâchent des fragments d'ADN plus larges que les cellules normales [START_REF] Schwarzenbach | Cell-free nucleic acids as biomarkers in cancer patients[END_REF] . Cela est due au fait que les cellules normales subissent l'apoptose tandis que les cellules tumorales subissent du nécrose. Ceci montre que l'intégrité de l'ADN dans le plasma peut également servir en tant que biomarqueur de cancer. Nous avons adapté notre méthode pour la détermination de la qualité de l'ADN.

La stratégie de détermination de la qualité d'ADN a été validée en analysant l'ADNg humain de 3 kbp relativement intacte (non dégradé). Deux sondes TaqMan ® conjuguées 

Conclusion

En combinant les systèmes de détection de mutations conventionnels et les systèmes de microfluidique en gouttes nous avons développé une stratégie hautement sensible pour la détection de biomarqueurs dans des mélanges d'ADN complexes. Notre méthode présente une sensibilité de 0,0005% permettant de détecter jusqu'à une molécule d'ADN KRAS mutée dans 200 000 molécules non-mutées. Cette sensibilité dépasse celle des méthodes utilisées en clinique (1%) et est suffisante pour la détection de l'ADN tumorale circulant (qui représente moins que 0,01% de l'ADN circulant total) [START_REF] Sawyers | Cancer biomarker problem[END_REF] . Dans notre méthode les molécules d'ADN sont encapsulées individuellement au sein des gouttes. Ceci permet de réaliser des analyses quantitatives. Ainsi nous pu déterminer le déséquilibre allèlique (MASI) de plusieurs lignées cellulaires portant des mutations KRAS. Nous avons validé notre méthode sur de l'ADN extrait du plasma des patients atteints de cancer colorectal métastatique dont la mutation portée sur le tumeur primaire était connue, avec une concordance de 87% Nous avons ensuite adapté notre stratégie pour réaliser des tests multiplexes, cette stratégie a été validée par l'analyse des échantillons de patients de cancer colorectal inclus dans l'étude CETRAS avec une précision de 78%. Les mutations KRAS sont associées à l'absence de réponse à ces traitements (en particulier le Cetuximab et le Panitumumab). Pourtant il existe des patients non-répondants pour lesquels aucune mutation du gène KRAS n'a été identifiée. Nous avons procédé en l'analyse des échantillons de tumeurs provenant d'un groupe de patients dont l'état mutationelle a déjà été déterminé par des méthodes classiques afin de déterminer si les patients résistants et ne présentant apparemment pas de mutations sont en réalité apparu comme non muté à cause du peu de sensibilité des méthodes actuelles ou si ces patients présentent une altération génétique au niveau d'un autre biomarqueur. Ces analyses consistant au criblage des échantillons d'ADN extrait des tumeurs en multiplex est en cours. specific for the targeted mutation and one specific for the wild-type sequences (often serving as a positive control).

• Competitive Allele Specific TaqMan (CAST) PCR (Applied Biosystems):

The CAST technology consists on three assays: a mutant allele assay for the detection of mutant sequences, a wild-type allele assay for the detection of wild-type sequences and a reference gene assay, which detects a mutation-free region. The sensitivity of the qPCR tests using CAST technology are described to be ∼1% 272 (Figure A.2).

• Scorpion Amplified Refractory Mutation System (Scorpion ARMS): ARMS technology relies on the fact that an efficient PCR amplification cannot be obtained if the 3'end of the amplification primer is not hybridized to the target DNA. A selective amplification is thus obtained by using a primer specific for the targeted mutation [START_REF] Newton | Analysis of any point mutation in dna. the amplification refractory mutation system (arms)[END_REF] . The ARMS technique often uses Scorpion probes that are primers conjugated to a fluorophore. The probe is held in a hairpin loop configuration by complementary stem sequences at the 5' and 3' ends. The Scorpion probes enable the detection of single-base mutations [START_REF] Kimura | Detection of epidermal growth factor Bibliography receptor mutations in serum as a predictor of the response to gefitinib in patients with non-small-cell lung cancer[END_REF] with a fluorescence analysis (Figure A.3).

A.3 Ligation

• The LigAmp Technique: LigAmp is a procedure developed by Shi and collaborators (Shi et al., 2004) [START_REF] Shi | Ligamp for sensitive detection of single-nucleotide differences[END_REF] for the sensitive detection and quantification of single-base mutations. It consists on a two-step conversion of the single-base differences into more distinctive molecules that could be easily detected (Figure A.4). In their work Shi et al., were able to detect KRAS mutations at a sensitivity of 0.01%..

• Molecular Invertion Probes (MIP): uses oligonucleotide probes that have of two complementary segments separated by a linker region so that once they hybridize to 

A.4 Enzymatic cleavage

• Restriction Fragment Length Polymorphism (RFLP): detects mutations that alter a restriction enzyme recognition site therefore digestion by the restriction enzyme destroys wild-type sequences while mutant sequences remain intact and are amplified by PCR to a point where they can be detected. Although this approach has proved to be enormously useful and created a massive literature it has a relatively slow workflow and is limited only to the detection of mutations that alter or create a restriction site [START_REF] Newton | Analysis of any point mutation in dna. the amplification refractory mutation system (arms)[END_REF] . Also one principal limitation of the sensitivity of RFLP/PCR is the efficiency of the restriction digest which does not always approach completeness [START_REF] Parsons | Genotypic selection methods for the direct analysis of point mutations[END_REF] . There is often a background of PCR-induced mutations created by the amplification of uncut wild-type sequences [START_REF] Parsons | Genotypic selection methods for the direct analysis of point mutations[END_REF] .

• Invader ® assay: provided by Third Wave Technologies uses two oligonucleotides that can hybridize to DNA; the Invader oligonucleotide is complementary to the sequence 3' of the targeted SNP and ends with a non-matching base overlapping the SNP, the other nucleotide is allele-specific and contains (i) additional non-overlapping nucleotides at the 5' and (ii) a fluorescent label at its 5' end. Hybridization of the two oligonucleotides lead to the formation of a 3D structure recognized by the thermostable flap endonuclease (FEN) enzyme which cleaves the allele-specific oligonucleotide releasing the fluorescent label. This results in the generation of a detectable fluorescent signal. The Inplex by Third Wave Technologies combines the Invader system with a multiplexed PCR in 384 well microfluidic card system to perform 100-200,000 assays [START_REF] Ragoussis | Genotyping technologies for genetic research[END_REF] .

A.5 Other methods Bead Chip. The Array Matrix arranges fiber optic bundles in a format called Array of Arrays TM . Each fiber optic bundle contains 50,000 fibers of 5µm size and the format is compatible with 96-well microtiter plates. The core of each fiber is etched in a nanowell that can accommodate 3 µm silica beads, each of which have been coated with several hundred thousand oligonucleotides of a particular sequence [START_REF] Fan | Beadarray-based solutions for enabling the promise of pharmacogenomics[END_REF] . In the BeadChip format several microarrays are arranged on silicon slides that have an electronic system supporting the self assembly of beads. In both formats a fluorescent signal is attached to the individual bead types that can be read via the Bead Array Reader developped by Illumina. The performance of the assay for genotyping was evaluated by designing assays to validate the technologies invlved in the international HapMap project and a call rate of 99.5% and a concordance of 99.9% was observed [START_REF] Fan | Beadarray-based solutions for enabling the promise of pharmacogenomics[END_REF] .

• Co-amplification at lower denaturation temperature (COLD)-PCR: is a form of PCR that selectively amplifies minority alleles. An intermediate annealing temperature used during the PCR cycle allowing the cross-hybridization of mutant and wild-type alleles, creating hetero-duplexes that denature at a lower temperature and are selectively amplified during a PCR reaction that uses a lower denaturation temperature (Tm) [START_REF] Li | Sensitive digital quantification of dna methylation in clinical samples[END_REF] . The COLD-PCR is used to increase the sensitivity of other already existing PCR based methods. For example for the detection of KRAS mutations the COLD-PCR showed a 10 to 20 fold improvement in the sensitivity of RFLP assay [START_REF] Li | Sensitive digital quantification of dna methylation in clinical samples[END_REF] .

A.6 BEAMing

The BEAMing (Beads, Emulsion, Amplification and Magnetics) method was invented by Vogelstein and it involves multiple steps one of which is the ePCR [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF][START_REF] Diehl | Beaming up for detection and quantification of rare sequence variants[END_REF] . The target DNA is compartmentalized in aqueous droplets of a water-in-oil emulsion with PCR master mix and magnetic beads bearing oligonucleotides (one of the primers is covalently linked to the beads, the other one can be fluorescently labeled and is free in solution) that will allow a specific target sequence to be amplified. The emulsion is created by shaking at high frequency. At this point, most of the droplets contain a single DNA as well as a single bead. During the thermocycle this bead becomes coated with multiple copies of the original targeted sequence. The emulsion is then broken and the beads recovered thanks to their magnetic properties. Hybridization of fluorescently labeled oligonucleotides or single base extension (SBE) with fluorescently labeled dideoxynucleotides is then used for sequence differentiation and the beads are analyzed by flow-cytometry [START_REF] Diehl | Detection and quantification of mutations in the plasma of patients with colorectal tumors and[END_REF]231 (Figure A.8). The resulting highly sensitive digital procedure has found many applications including single-molecule reverse-transcription PCR [START_REF] Nakano | Single-molecule reverse transcription polymerase chain reaction using water-in-oil emulsion[END_REF] , high-throughput screening of transcription factor targets detection and enumeration of rare genetic mutations [START_REF] Kojima | Pcr amplification from single dna molecules on magnetic beads in emulsion: application for high-throughput screening of transcription factor targets[END_REF] . The detection limit, determined by the error rate of the DNA polymerase used for the pre-amplification of the sample DNA, was one mutant DNA molecule in a background of 10,000 wild-type DNA molecules (see http://www.inostics.com/ for the company website).

A.7 Next generation sequencing technologies

The use of limiting dilutions and template compartmentalization has also paved the way to the next-generation sequencing platforms such as the Polonator, SOLiD from Applied Biosystems or 454 pyrosequencing from Roche technology. Some of these platforms are summarized in 126 Appendix B. Dynamics of molecular transport by surfactants in emulsions for example rely on the controlled release of the encapsulated material 295 such as drug delivery systems [START_REF] Pierre | Perfluoroalkylated amphiphiles with a morpholinophosphate or a dimorpholinophosphate polar head group[END_REF] , to applications such as emulsion polymerisation or to cell physics [START_REF] Mathai | Functional analysis of aquaporin-1 deficient red cells. the colton-null phenotype[END_REF] . The stability of droplets is an old problem linked to the ageing of emulsions [START_REF] Julian | Nanoemulsions versus microemulsions: terminology, differences, and similarities[END_REF] . In the case of a cream, a mayonnaise or a pharmaceutical formulation, all droplets of the sample contain the same material and ageing is linked to the transport of the dispersed phase through the continuous phase or through the bilayers that can form between droplets [START_REF] Abdou R Thiam | From stability to permeability of adhesive emulsion bilayers[END_REF] . With the recent applications of droplet emulsions for biotechnological applications, the paradigm for emulsion ageing has slightly shifted. In the case of storage of a chemical compound library or a library of single genes in droplets, all droplets contain different molecules, possibly at different concentrations [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF][START_REF] Ashleigh B Theberge | Microfluidic platform for combinatorial synthesis in picolitre droplets[END_REF][START_REF] Brouzes | Droplet microfluidic technology for single-cell high-throughput screening[END_REF][START_REF] Baret | Unravelling more of cell genomics : lets use the micro and nanotools[END_REF][START_REF] Oliver | High-resolution doseresponse screening using droplet-based microfluidics[END_REF] . It then becomes important to understand and control the ageing of such emulsions by the exchange of the solute.

The fine control of droplet actuation and of droplet size distribution, and the accessibility of short timescales (∼ms) in microfluidic emulsification difficult to achieve in bulkemulsification makes it appealing as a new tool to quantitatively study the physics and physical chemistry of interfaces and emulsions [START_REF] Baret | Kinetic aspects of emulsion stabilization by surfactants: a microfluidic analysis[END_REF][START_REF] Bremond | Decompressing emulsion droplets favors coalescence[END_REF][START_REF] Surenjav | Discrete microfluidics: Reorganizing droplet arrays at a bend[END_REF][START_REF] Abdou R Thiam | Breaking of an emulsion under an ac electric field[END_REF][START_REF] Abdou R Thiam | Adhesive emulsion bilayers under an electric field: from unzipping to fusion[END_REF][START_REF] Bremond | Propagation of drop coalescence in a two-dimensional emulsion: A route towards phase inversion[END_REF] .Studies on solute exchange have already been performed in bulk emulsions [START_REF] Julian | Nanoemulsions versus microemulsions: terminology, differences, and similarities[END_REF][START_REF] Paul | The kinetics of solubilisate exchange between water droplets of a water-in-oil microemulsion[END_REF][START_REF] Chidambaram | Effect of nonionic surfactant on transport of surface-active and non-surface-active model drugs and emulsion stability in triphasic systems[END_REF] , but these studies do not capture the microscopic details of the exchange at the single droplet or interface level. Such insights are now accessible by the microfluidic control of droplets [START_REF] Abdou R Thiam | From stability to permeability of adhesive emulsion bilayers[END_REF][START_REF] Abdou R Thiam | Adhesive emulsion bilayers under an electric field: from unzipping to fusion[END_REF][START_REF] Bai | A double droplet trap system for studying mass transport across a droplet-droplet interface[END_REF] , but the understanding of collective dynamics in populations of droplets is still lacking [START_REF] Courtois | Controlling the retention of small molecules in emulsion microdroplets for use in cell-based assays[END_REF] .

In the present article, we address the dynamics of molecular exchange between droplets in a mixed emulsion. We measure experimentally the relaxation of concentration differences in an emulsion (produced in microfluidics) initially containing droplets with two different concentrations of a fluorescent dye and make the link between the microscopic exchange between two adjacent droplets and the macroscopic kinetics (at the scale of the emulsion). We study the case of a water in fluorinated oil inverse emulsion as it represents the most promising system for biotechnology applications [START_REF] Baret | Surfactants in droplet-based microfluidics[END_REF] . Fluorinated oils are used to circumvent the exchange of molecules between droplets since organic compounds are highly insoluble in these oils: 310 the chemical stability of encapsulation is improved compared to mineral or organic oils.

B.4 Materials and methods

B.4.1 Chemicals

Resorufin sodium salt, fluorescein sodium salt, rhodamine 101 inner salt, and sulforhodamine 101 were purchased from Sigma-Aldrich. Solutions were prepared by dilution in 1 Phosphate Buffer Saline (PBS), obtained by a 10-fold dilution in Millipore water of a PBS solution (10, Roth). Bovine Serum Albumin (BSA) was purchased from Acros Organics (Albumin bovine, fraction V).

B.4.2 Surfactant

We used droplets of water in fluorinated oil (HFE-7500, 3M) stabilised against coalescence by a block-copolymer surfactant, see Fig. B.1(a). The surfactant was prepared from the commercially available carboxylic acid Krytox 157-FSH (Dupont) and Jeffamine polyetheramines (ED 600, Huntsmann). We used surfactant solution prepared from two different batches and referred to in the following sections as KryJeffa (1) and KryJeffa(2). The synthesis scheme was based on the synthesis described in Holtze et al. [START_REF] Holtze | Biocompatible surfactants for water-in-fluorocarbon emulsions[END_REF] . The background count rate of the pure oil is given by the horizontal full line. The grey area represents the standard deviation for 10 measurements. At low surfactant concentrations, below 0.02%, the scattered count rate is in the oil background. Above 0.02%, the count rate of the diffused light is quasi-linear (exponent 1.13). Inset: the radius of reverse micelles measured by correlation of the scattering signal is slightly increasing around = 80 nm up to 120 nm at 5%. The first concentration for which a correlation is obtained is 0.02%, although in some runs, at 0.02% the background is too large to obtain a proper correlation. Combining both methods leads to a CMC measurement in the range of 0.020.04% w/w.

B.4.3 Surfactant characterizations

To characterize our system, the surface tensions at different surfactant concentrations were measured for the KryJeffaHFE mixtures using the pendant droplet method (DataPhysics OCA). Equilibria are reached after a time of the order of several minutes to several hours, depending on surfactant concentration for droplets of volumes of ∼1 to 20 µL. Using Dynamics Light Scattering (Malvern Zetasizer), we measured the scattered intensity of the surfactant solution as a function of concentration. We used the automatized optimised mode for signal acquisition and rescaled the data by the corresponding gain provided by the manufacturer. From the scattered intensity, we deduced the Critical Micellar Concentration (CMC) of the surfactant. The size of the scattering objects was obtained by the time-correlation of the scattered signal. The two methods lead to a value of CMC of the surfactant in HFE-7500 in the range of 0.02-0.04% (Fig. B.1(b) and (c)). The DLS measurements also showed an increase of the scattering signal corresponding to an increase of the number of objects with 128 Appendix B. Dynamics of molecular transport by surfactants in emulsions the surfactant concentration (quasi-linear relationship), with a weak change in the size of the reverse micelles at higher concentrations (from a radius of 80 nm to 120 nm over 3 decades in concentration).

B.4.4 Microfabrication

Microchannels with a depth of 60 µm were produced with standard soft-lithography techniques of replica molding of a SU-8 master in polydimethylsiloxane [START_REF] Xia | Soft lithography[END_REF] . The PDMS stamp was then bound to glass after oxygen plasma activation and hydrophobized using a commercial coating agent (Aquapel, PPG Industries). A collection vial was prepared using a 1 mL plastic syringe (BBraun) cut at both ends with a scalpel. Two cylindrical PDMS blocks cut from a crosslinked PDMS slab were prepared: in one PDMS cylinder, one hole was punched with a Harris Unicore biopsy punch (0.75 mm diameter) to allow a connection with Teflon tubing. Two holes were punched in the second cylinder. Both cylinders were then used to close both ends of the vial.

B.4.5 Chip connection

All flow rates were controlled by Nemesys syringe pumps (Cetoni GmbH). The bottom of the collection vial was connected to the outlet of the droplet production device at one hole and to a syringe at the second one. The syringe was actuated by the syringe pumps to either push or withdraw liquid (control pump). The top of the collection vial was connected back to the chip. In a preliminary phase the collection vial was filled with oilsurfactant solution (Fig. B.2(a)).

B.4.6 Droplet production, collection and reinjection

Droplet-based microfluidic systems were used to produce a monodisperse emulsion. Droplets of resorufin in PBS solutions (0 µM and 10 µM) were produced by flow focusing of the aqueous phase in fluorinated oil (HFE-7500) by using two parallel nozzles. The droplets contained a fluorescein concentration used to encode the droplet type (150 nM and 50 nM). The measurement of the fluorescein fluorescence provided a way to determine whether the droplets initially contained 0 µM or 10 µM resorufin, even after the resorufin had equilibrated and the concentration in all droplets was identical. The oil flow rate was 100 µL min -1 (except when BSA is used, the oil flow rate being increased to 200 µL min -1 ), and each aqueous flow rate was 50 µL min -1 corresponding to a droplet volume of 0.3 nL. Droplets were stabilised against coalescence by the surfactant at concentrations ranging from 0.1% (limit of emulsion stability) to 5% (w/w). No coalescence was observed on chip. As demonstrated in a previous study [START_REF] Baret | droplets and emulsions: very high-throughput screening in biology[END_REF] , preventing droplets from touching each other after generation increases emulsion stability. Therefore, we designed the channels with an incubation line of about 1 centimeter to increase droplet stability. During the stabilization time of the whole system, the control pump (CP) (Fig. B.2(b)) was set up to infuse and the droplet flows towards the outlet. When the system was stabilised, CP was set to withdraw with a flow rate tuned to stop the flow at the outlet of the collection vial. The emulsion was collected in the vial. After a few minutes (typically 5 minutes), a volume of about 500 microlitres of emulsion was stored in the vial (∼10 6 droplets). The production of the droplets was stopped; CP was set to infuse (typically at 1 µL min -1 ). The droplets were then flowing out of the collection vial towards the reinjection part of the chip where the fluorescence readout took place (typically at 10100 droplets per second). The delay time between the time the first droplet was produced and the time the first droplet was measured is typically 5 minutes.

B.4.7 Fluorescence measurement

The fluorescence signal of each droplet was measured as it was flowing through the microfluidic channel using a laser-induced fluorescence setup equipped with a 473 nm and a 532 nm laser (DragonLaser) and a photomultiplier tube (PMT, Hammamatsu) in a system similar to the one described in Baret et al. [START_REF] Baret | Quantitative cell-based reporter gene assays using droplet-based microfluidics[END_REF] For each droplet, we recorded the maximum fluorescence intensity in the green (fluorescein signal) and orange (resorufin signal) colors. We define the relative fluorescence unit as the measured voltage (U, from the PMT) rescaled by the Gain G as: RFU = U/G 6.8 . The exponent 6.8 depends on the PMT type, has been checked experimentally and corresponds to the data of the manufacturer. We recorded in real-time the droplet intensity as a function of time using a FPGA board (cRIO, National Instruments) controlled by a homemade Labview routine. The measurement of the maximum of the signal is optimized for fast processing with our FPGA board (up to several thousands of droplets per second processed in real time) but is sometimes sensitive to noise levels and laser instabilities, leading to small variations in the measurements (of maximum 10 percent). The single point measurement provided a tool to measure the kinetics of equilibration of the emulsion.

B.4.8 Data processing

Data were post-processed with homemade scripts using the standard toolbox in Matlab. From the signals, we first analysed the green fluorescence to distinguish the two populations of droplets. We checked that fluorescein signals were constant at the timescale of our experiments. The orange fluorescence of both populations was then fitted by Gaussian distributions to obtain the means m 1 and m 2 of each droplet population. In the linear regime of fluorescence (as is the case here), the fluorescence was proportional to the dye concentration. Therefore, the value m 2 -m 1 is proportional to the difference of concentration of the dye. By rescaling the data by the initial value, we obtained a measurement of the concentration difference rescaled by the initial concentration: c/c 0 = (m 2 -m 1 )/(m 2 -m 1 )0. This parameter equal to 1 at the beginning of the experiment and to 0 when the concentrations are equilibrated -provided means to compare experiments performed for different dyes and different initial dye concentrations.

B.4.9 Experimental results

We performed the exchange experiments with resorufin. Two populations of monodisperse droplets (0. over a few hours for C = 0.5%w/w. Starting from two distinct populations of droplets, the equilibrium was reached after several hours. The average value of the fluorescence signal of the two populations was constant throughout the measurement, indicating that the dye is preserved (no chemical modification or bleaching). This also indicates that the dye mainly remains in the aqueous compartments. We observed that the initial dye concentration did not significantly impact the timescale of the process which justifies the rescaling of the concentration difference by the initial concentration c 0 (Fig. B.4(b)). In addition, the droplet size was not changing over the timescale of the experiments and no transport of water was observed between the droplets: the transport of water is prevented by the high concentration of salts in the PBS buffer which was the same in all droplets [START_REF] Abdou R Thiam | From stability to permeability of adhesive emulsion bilayers[END_REF][START_REF] Bremond | Propagation of drop coalescence in a two-dimensional emulsion: A route towards phase inversion[END_REF] .

We performed the experiments for several surfactant concentrations above the CMC of the surfactant in HFE-7500. In contrast to other systems where the exchange is linked to bilayer formation 299 , our system shows the importance of the surfactant remaining in the continuous phase in the transport process. We observed that no bilayers formed at any of these surfactant concentrations; therefore, our results suggest that reverse micelles behave as nanocontainers, increasing the solubility of the compound in the continuous phase [START_REF] Chidambaram | Effect of nonionic surfactant on transport of surface-active and non-surface-active model drugs and emulsion stability in triphasic systems[END_REF] . The rescaled experimental data fit with an exponential decay only in the early time kinetics (Fig. B.4(a)). This exponential decay is not maintained at a longer timescale (closer to equilibrium), where a power-law behaviour is experimentally observed. In the region where the power-law is obtained, the fluorescence distributions of both populations overlap. Notably, we can still measure the mean of each population due to the coding by fluorescein.

We also observed that the chemistry of the molecule influences the rate of exchange. As an example, fluorescein exchange is barely detectable over 24 hours. The exchange rates of sulforhodamine and dextran Texas Red are also barely measurable on the timescale of the experiments while rhodamine 101 is fully exchanged within minutes. This confirms previously published results [START_REF] Woronoff | New generation of amino coumarin methyl sulfonate-based fluorogenic substrates for amidase assays in droplet-based microfluidic applications[END_REF] indicating that addition of sulfonate groups increases the chemical stability of the encapsulation. We also show that the timescale τ e depends on the presence of Bovine Serum Albumin (BSA) in the droplet. The decrease of exchange by bovine serum albumin has been previously reported in mineral oils [START_REF] Courtois | Controlling the retention of small molecules in emulsion microdroplets for use in cell-based assays[END_REF] . Here we measured an 18-fold decrease of the exchange rate of resorufin by adding BSA in the droplet at a concentration of 25 mg mL -1 and the exchange rate was still proportional to the surfactant concentration (Fig.

B.4(b)).

One hypothesis, proposed previously for mineral oil emulsions, is that BSA acts as a barrier against exchange at the surface of the droplet 309 . We performed the following experiment to test this hypothesis and clarify the role of BSA in the control of the exchange. All droplets contained the same resorufin concentration but the BSA (25 mg mL -1 ) was present in only one type of droplet (Fig. B.4(c) and (d)), those droplets being encoded with a 150 nM fluorescein code (droplets containing no BSA contain 50 nM fluorescein). We measured the variation of the resorufin fluorescence signal as a function of time. In this experiment, we also observed the exchange of resorufin leading to an a priori counter-intuitive result: the difference in fluorescence is increasing during incubation (with a timescale of the order of 20 The concentration of resorufin in the droplets containing BSA is 15-fold larger than that in the droplets containing no BSA. Our experimental results clearly contradict the assumption that BSA creates a thin viscoelastic layer at the interface of the droplets acting as a kinetic barrier. If the BSA only acts as a barrier to exchange, the chemical potential of the resorufin in the droplets being initially at equilibrium, the fluorescence signal should remain constant. The timescale of the exchange process is similar to the timescale of exchange previously measured for the corresponding surfactant concentration (2%) which indicates that the mechanism of transport by the surfactant is not affected by the presence of BSA. Finally, the ratio between the equilibrium fluorescence of the two droplet populations matches quantitatively the decrease of exchange rate obtained in Fig. B.4(b). In this particular case, BSA is efficiently used to extract and concentrate resorufin.

B.4.10 Modelling

The experimental results shown in Fig. B.4(a) display a decay slower than exponential. For the quantity of interest, i.e. the difference between the mean values of the two subpopulations ∆c/c 0 , the system dimension affects the late kinetics with the power law c/c 0 ∼ t -3/2 (Fig.

B.4(a)

). We developed a model to describe the exchange and explain the collective dynamics in the emulsion.

We consider now an ensemble of droplets separated by a porous membrane of thickness L 315 . For simplicity, let us consider droplets arranged on the nodes of a three dimensional square lattice. The droplet on the node (k,l,m) contains molecules in a solvent at the concentration c k,l,m and exchanges molecules with its first 6 neighbours only (4 neighbours in 2 dimensions, as displayed in Fig. B.5, and 2 neighbours in 1 dimension). The area of contact between the compartments is s (a fraction of the droplet surface area S ) and the volume of the compartment is V (Fig. B.5). The difference in resorufin chemical potential between the two compartments is responsible for the molecular flow with a flux J along each axis proportional to the concentration difference between neighbours δc as described for membranes or bilayers: [START_REF] Abdou R Thiam | From stability to permeability of adhesive emulsion bilayers[END_REF][START_REF] Bruno | Diffusion and membrane permeability[END_REF][START_REF] Saparov | Desformylgramicidin: a model channel with an extremely high water permeability[END_REF] . J = -P δc J is expressed in mol/s/m 2 , the concentrations in mol/m 3 and the permeability P has the dimension of a speed (m/s). In this case the mass balance and Fick's law leads to a discrete version of the heat equation:

∂c ∂ t = ∆c, (B.1)
where ∆ is a discrete Laplacian and t = t/τ is the dimensionless time with τ = V /(P s). For periodic boundary conditions, the eigenvalues of the discrete Laplace operator are in three dimensions:

λ p,q,r = -4 × sin 2 π p N x + sin 2 π q N y + sin 2 π r N z
(for 0 ≤ p, q, r < N -1) and the eigenvectors

V p,q,r (k, l, m) = ω k p ω l q ω m r with ω p = exp(2iπp/N x )
Due to the special form of the eigenvectors, the time evolution of the ensemble of N droplets is analytically expressed in the Fourier space as: F(c) = F(c i )e λp,q,r t where c i is the initial distribution and F denotes the Discrete Fourier Transform. Since Eq. B.1 is linear, we subtract in the following the mean value of concentration and normalize them to 1 to represent concentrations between -1 and 1, defining two subpopulations of droplets.

The smallest eigenvalue of the Laplace operator is -12 (in three dimensions) corresponding to the fastest decaying mode. The smallest eigenvalue is -8 in two dimensions, -4 for one dimension and -2 for a single droplet pair. It corresponds in all dimensions to an eigenmode of perfectly alternating array, where an empty droplet is surrounded solely by filled droplets and vice versa. An alternated three dimensional packing would equilibrate following an exponential decay with a time scale τ /12. All other configurations decay more slowly.

The relaxation kinetics towards a uniform concentration depends on the excitation of the eigenmodes in the initial conditions. Experimentally, the mixing of droplets in the incubation vial leads to a random distribution of droplet positions. To investigate the effect of the disorder, we solved Eq. B.1 for a completely random and uncorrelated initial condition. The scaling law can then be recovered analytically. Since the value of the initial concentrations is 1 or -1 depending on the subpopulation, ∆c/c 0 is proportional to the scalar product of c by c i . Using Parseval's theorem, this scalar product can be computed in the Fourier space. In 3-d, we have: ∆c c 0 ∝ p,q,r |F(n 0 )| 2 e λp,q,r t

Appendix B. Dynamics of molecular transport by surfactants in emulsions

Due to the completely random initial condition, all the modes are statistically excited with the same weight (which is an unusual initial condition) and ∆c/c 0 ∝ p,q,r e λp,q,r t. At long time, only the modes with the smaller eigenvalues remain, so that

λ p,q,r ∼ -4π 2 ((p/N x ) 2 + (q/N y ) 2 + (r/N z ) 2 )
and the sum can be extended to +∞. For large systems, we can use a continuum approximation, and

∆c c 0 ∼ +∞ 0 +∞ 0 +∞ 0 e -4[(πp/Nx) 2 +(πq/Ny) 2 +(πr/Nz) 2 ] tdpdqdr
which scales as t -3/2 (in 3d). Figure B.1(e) shows a summary of the model data in the three dimensional case and the corresponding asymptotic regimes. Our model can also be solved in 1-d and 2-d cases and for any set of initial conditions using similar schemes. Similarly, we also recover analytically that ∆c/c 0 scales in 1-d like as t-1/2 , and in 2-d as t-1 . At short-times, an argument similar to the one at large time-scales leads to ∆c/c 0 ∼ p,q,r e λp,q,r t. Expanding the exponential close to 0 leads to ∆c/c 0 ∼ 1 -λ t, where λ is the average value of the eigenvalues, which is equal to -6 in three dimensions (-4 in two dimensions and -2 in one dimension). Therefore the early time kinetics in a random initial distribution is an exponential decay two times slower than the exponential decay of the fastest mode (the alternating case) of the corresponding dimension.

In summary, the relaxation of the chemical potential at the emulsion level is a function of the initial distribution of the droplet in the packing. The maximum rate is obtained for an alternating packing and corresponds to the rate of exchange at the droplet pair level (corrected by the number of nearest neighbours). The early time kinetics of a random distribution is twice slower but has the same order of magnitude, while alternatively, the rate of exchange of an emulsion made of two layers would equilibrate with a much longer time-scale, that can be several orders of magnitude longer. These results are generic and do not rely on the exact description of the exchange mechanism at the droplet level.

B.5 Discussion

Our experiments show how the packing and the random organisation of the droplets affect the kinetics of equilibration of the emulsion. A single time-scale controls the exchange and we measured how this time-scale is influenced by surfactant concentration, the chemistry of the molecules to be transported and presence of additives such as BSA in the dispersed phase. We want here to relate our experiments to models of membrane permeability [START_REF] Saparov | Desformylgramicidin: a model channel with an extremely high water permeability[END_REF][START_REF] Bruno | Diffusion and membrane permeability[END_REF][START_REF] Bremond | Exploring emulsion science with microfluidics[END_REF] .

When the rate-limiting step is diffusion in the membrane (case I of Zwolinksi et al. [START_REF] Bruno | Diffusion and membrane permeability[END_REF] ), the membrane permeability is expressed as P = KD/L 318 , K being the partition coefficient of the dye between the reservoir and the membrane, D the diffusion coefficient of the dye and L the membrane thickness. One of the control parameter is therefore the partition coefficient between the compartment and the membrane. Non-fluorinated organic molecules, such as resorufin, are typically highly insoluble in fluorinated oils similar to those used for the continuous phase in this study 310 . We have not been able to directly measure the partition coefficient between the aqueous phase and the oil, or the oil-surfactant mixtures as, (i) the optical properties of the dye seem to differ in water and in oil and (ii) the presence of surfactant makes such bulk measurement technically challenging. Furthermore, performing an experiment with BSA in half of the droplets provided a means to indirectly address the role of the partition coefficient. Starting from droplets which all have an identical concentration of resorufin, but where half of the droplets contained 25 mg/mL of BSA, the concentration of resorufin in the two populations diverged until, at equilibrium, there was 15 fold higher concentration of resorufin in the droplets containing BSA than in those containing no BSA. Therefore adding BSA provides a means to modify the parameter K without modifying the dye or the continuous phase. Exchange experiments performed with 25 mg/mL BSA in all droplets and with resorufin in only half led to a decrease of exchange rate by a factor of about 18 which matches quantitatively the corresponding decrease of K. Our experiments are therefore consistent with a diffusion-limited permeability model. This mechanism is also consistent with the results obtained with other dyes showing a decrease of exchange when sulfonated groups are added 314 : if the solubility in the aqueous phase increases, the rate of exchange decreases.

The decrease of solute exchange mediated by BSA has here been quantitatively measured with fluorinated oils, but was previously reported for non fluorinated oils [START_REF] Courtois | Controlling the retention of small molecules in emulsion microdroplets for use in cell-based assays[END_REF] . One of the initial explanation for the effect of BSA is the creation of a protein layer at the inner surface of the droplets which provides a barrier in a capsule-like manner as suggested earlier for mineral oils [START_REF] Courtois | Controlling the retention of small molecules in emulsion microdroplets for use in cell-based assays[END_REF] . This layer would decrease the permeability of the medium between the droplets [START_REF] Yampolskaya | Proteins at fluid interfaces: adsorption layers and thin liquid films[END_REF] . In this case, the rate-limiting step would be the diffusion through the BSA layer (case II or III of Zwolinksi et al. [START_REF] Bruno | Diffusion and membrane permeability[END_REF] ). However with such picture one would not expect that (i) the surfactant concentration plays a role in the presence of BSA and that (ii) starting from equilibrated concentrations, the final state shows a concentration difference. Our experiments show unambiguously that BSA acts on the solubility of the dye (a thermodynamic property) rather than on kinetic parameters such as energy barriers. The quantitative link between the equilibrium concentration ratio of resorufin in aqueous droplet with and witout BSA and the exchange rate with BSA is consistent with a model of porous membranes where the permeability is controlled by partition coefficient between the aqueous phase (the droplets) and the continuous phase (fluorinated oil containing surfactant). We speculate that the change in partition coefficient of resorufin caused by BSA may be due to the remarkable capacity of serum albumins to bind a structurally diverse set of small molecules, including many drugs [START_REF] Peters | All about albumin: Biochemistry, genetics and medical applications[END_REF] . The binding of resorufin, or other solutes, to BSA could potentially increase solubility in the aquous phase and/or decrease solubility in the oil/surfactant phase.

Recently the permeability of a bilayer membrane has been linked to its fluidity [START_REF] Abdou R Thiam | From stability to permeability of adhesive emulsion bilayers[END_REF] . In our case, the surfactant does not form bilayers and the micelle concentration in the oil phase plays a significant role in the transport, the exchange rate being proportionnal to micelle concentration. It indirectly shows that the solubility in the continuous phase is increasing linearly with surfactant concentration. Therefore the likely mechanism for transport is through the solubilisation of the dye molecule into the reverse micelles (above the CMC, the free surfactant concentration is constant) which can act as relatively large (∼ 100 nm diameter) carrier of molecules between droplets. The shape and size of the micelles could also be an important control parameter in the transport and further experiments investigating the structure of these micelles would be of interest.

Finally, for a given emulsification system, the time-scale τ = V /(P s) controls the exchange, with a prefactor corresponding to the number of nearest neighbours. We anticipate that the area controlling the transport is proportional to the droplet area R 2 . However, in the case of bilayers, there is no reason to assume that P also scales with the droplet size. Therefore τ probably has a linear dependence with the droplet size τ ∼ R/P and we expect that a decrease of droplet size will increase the rate of exchange. On the contrary, when no bilayers are formed P integrates a geometric parameter such as the droplet-droplet distance and the scaling will be different. Further experiments investigating these scalings will be of interest. The link between the exchange rates in the different dimensions is determined by the physical details of the membrane between droplets. Microfluidic experiments provide a means to control droplets to study isolated pairs or generate controlled packing in 1d or 2d and 3d. By measuring the exchange kinetics in the different dimensions and varying the number of nearest neighbours, it will be possible to extract microscopic information on the membrane (for example what is the exact description of P and s).

Microfluidic systems have a huge potential to address the remaining open questions by the possible on-chip control of packing geometries, droplet spacing or sizes for a deeper understanding of such transport phenomenae. We plan as a next step to study the effect of the packing geometry on the dynamics of the relaxation as well as the effect of targeted or random droplet rearrangements: Inducing re-ordering of droplets while diffusion occurs might lead to interesting kinetics -especially when the droplet reshuffling can be controlled [START_REF] Surenjav | Discrete microfluidics: Reorganizing droplet arrays at a bend[END_REF] . Microfluidics will provide, in the future, a very powerful platform for the study of such transport problems by the possible control of droplet packing and lateral ordering of the droplets [START_REF] Surenjav | Discrete microfluidics: Reorganizing droplet arrays at a bend[END_REF][START_REF] Abbyad | Sickling of red blood cells through rapid oxygen exchange in microfluidic drops[END_REF][START_REF] Abbyad | Rails and anchors: guiding and trapping droplet microreactors in two dimensions[END_REF] . Finally, the mechanisms involved in this study are generic (a diffusive process) and could potentially be applied to a better control of collective effects in droplet population, for example, in active emulsions [START_REF] Toiya | Diffusively coupled chemical oscillators in a microfluidic assembly[END_REF][START_REF] Thutupalli | Bilayer membranes in micro-fluidics: from gel emulsions to soft functional devices[END_REF] , to control signaling in cell populations (chemotaxis, quorum sensing) entrapped in different ecological niche (here the droplets), or to design new systems for screening compounds by affinity. The ability to control the transport by additives selectively encapsulated in specific droplets in the emulsion would also open the door to applications for separation.

B.6 Conclusions

In summary, microfluidics provides the tools to produce calibrated emulsions and to analyse millions of droplets at very high-throughput. We have measured experimentally the equilibration of the chemical potential of chemicals in an emulsion initially composed of two sub-populations of different dye concentrations. We measured the exchange timescale for a three dimensional packing of randomly mixed droplets. We observed that the exchange timescale in a random packing is controlled by the number of reverse micelles in the continuous phase and relates to a classical description of porous membranes through partition coefficient between the dispersed and continuous phase. We showed that -due to the disorder in the initial condition -the macroscopic kinetics are not a simple exponential decay but a power-law and that the initial conditions have a major influence on the behavior of the system. We also showed how the initial distribution of droplets can affect the time-scale of the exchange. The early time kinetics in a mixed emulsion is only twice slower than the maximum rate, obtained for a perfectly organized alternating packing. Most of the important physics of the relaxation is contained in our simple model: the equilibration process is a classical diffusion process through a Laplace equation from which emerge a dimension-dependent power-law. The transport -as a passive process -leads to equilibration of concentration and can be modulated by additives such as BSA. Selective transport is obtained by controlling the BSA encapsulation in some droplets to concentrate the compound of interest, leading to a versatile control of chemicals in emulsions.

C.2 Abstract

Assessment of DNA integrity and quantity remains a bottleneck for different high-throughput molecular genotyping technologies including next-generation sequencing. In particular, DNA extracted from paraffin embedded tissues, a major potential source of tumor DNA, is subject to a wide range of quality leading to unpredictable sequencing data. We describe a picoliterdroplet-based digital PCR method enabling the simultaneous detection of DNA integrity and amplifiable DNA quantity. With a multiplex assay, we demonstrate the detection of four different target lengths (78, 159, 197 and 550 base pairs). Assays were validated using human genomic DNA fragmented to sizes ranging from 170 base pairs to 3 kilobases. Sensitivity of the technique was validated with DNA quantities as low as 1 ng. Twelve DNA samples extracted from paraffin-embedded lung adenocarcinomas tissues were evaluated. One sample contained no amplifiable DNA. Among the eleven other samples, the fraction of amplifiable DNA was found to be between 0.05% and 10.1% for 78 base pair fragments and not higher than 1% for longer fragments. Four samples were chosen for enrichment and next generation sequencing. The sequencing data quality was in agreement with the DNA integrity test. Specifically, DNA with low integrity yielded sequencing results with lower levels of coverage and uniformity and higher levels of false positive variants detected. The development of DNA quality assays will enable researchers to down-select samples or process more DNA to achieve reliable genome sequencing with the highest possible efficiency of cost and effort and to avoid waste of precious samples.

C.3 Introduction

The assessment of DNA integrity and quantity in a sample remains a bottleneck for different molecular genotyping technologies including next generation sequencing. In particular, DNA extracted from the formalin-fixed paraffin-embedded (FFPE) tissue samples, a major potential source of tumor DNA [START_REF] Michalik | Overcoming poor quality dna[END_REF][START_REF] Lewis | Unlocking the archivegene expression in paraffin-embedded tissue[END_REF] , is subject to a wide range of fragmentation and damage, leading to unpredictable data quality [START_REF] Yost | Identification of high-confidence somatic mutations in whole genome sequence of formalin-fixed breast cancer specimens[END_REF] . DNA quality (or DNA integrity) is a loosely-defined metric that describes the size distribution of fragmented DNA and the fraction of DNA than can be amplified by PCR. DNA isolated from FFPE tissue samples is often highly fragmented and chemically degraded. These alterations occur during tissue collection, fixation process, and storage of samples [START_REF] Srinivas | Trends in biomarker research for cancer detection[END_REF] . The fixation processing introduces damage through chemical modification of bases, denaturation of double-stranded DNA, and cross linking of cytosine residues [START_REF] Ben-Ezra | Effect of fixation on the amplification of nucleic acids from paraffin-embedded material by the polymerase chain reaction[END_REF][START_REF] Williams | A high frequency of sequence alterations is due to formalin fixation of archival specimens[END_REF] .

Traditional tools for measuring DNA quantity are UV absorbance, gel electrophoresis, and intercalating dye assays. None of these tools measure the amount of amplifiable DNA specifically, and each of these tools has additional limitations [START_REF] Richard A White | Digital pcr provides sensitive and absolute calibration for high throughput sequencing[END_REF] . UV absorbance does not enable detection of DNA fragment length. Capillary gel electrophoresis enables measurement of DNA fragment length distribution, but it requires a relatively large amount of DNA. Intercalating dye assays require calibration. The current gold standard for measuring both DNA quality and quantity is to use a quantitative PCR (qPCR) assay. But qPCR has a number of drawbacks, including the need for assay calibration with standards that are similar in quality to the sample being evaluated. This leads to an iterative process or a need for multiple calibration curves [START_REF] Richard A White | Digital pcr provides sensitive and absolute calibration for high throughput sequencing[END_REF] . Also, qPCR requires running multiple assays to accurately evaluate different lengths of DNA within a sample. For this reason the assays are often designed in a multiplexed format [START_REF] Umetani | Increased integrity of free circulating dna in sera of patients with colorectal or periampullary cancer: direct quantitative pcr for alu repeats[END_REF][START_REF] Van Beers | A multiplex pcr predictor for acgh success of ffpe samples[END_REF][START_REF] Wang | Dna degradation test predicts success in whole-genome amplification from diverse clinical samples[END_REF][START_REF] Walker | Human dna quantitation using alu element-based polymerase chain reaction[END_REF][START_REF] Swango | A quantitative pcr assay for the assessment of dna degradation in forensic samples[END_REF][START_REF] Siwoski | An efficient method for the assessment of dna quality of archival microdissected specimens[END_REF] but bulk-phase multiplex PCR can be limited by poor compatibility of multiple assays in the same volume. Finally, measurement of the absolute amplifiable DNA concentration and relative fragment length distribution is limited to the precision of any qPCR assay, which is typically 10-50% (given by the coefficient of variation, a measure of precision) [START_REF] Rutledge | Mathematics of quantitative kinetic pcr and the application of standard curves[END_REF][START_REF] Karlen | Statistical significance of quantitative pcr[END_REF][START_REF] Allen White | Digital pcr provides absolute quantitation of viral load for an occult rna virus[END_REF] .

Broad adoption of an alternative sample pre-testing workflow hinges on three factors: The assay should be inexpensive compared to the ultimate genomic analysis, consume a small fraction of the sample and finally, be predictive of the data quality from downstream genomic analyses. Digital PCR (dPCR) enables accurate quantification of amplifiable DNA using only a small amount of sample (i.e., 100s of copies) and multiple amplicon lengths can be measured simultaneously without requiring any calibration standard. This technology relies on the compartmentalization of a sample into a large number of discrete volumes containing less than one copy of template DNA, on average [START_REF] Taly | Biomarker detection in microdroplets[END_REF][START_REF] Pohl | Principle and applications of digital pcr[END_REF][START_REF] Vaninsberghe | Should genetic testing go digital?[END_REF] , and it addresses the limitations of traditional or qPCR methods [START_REF] Richard A White | Digital pcr provides sensitive and absolute calibration for high throughput sequencing[END_REF] . Following amplification, fluorescence enhancement of target-containing compartments allows counting of the absolute number of target molecules present in the compartmentalized sample by using intercalating dyes, Taqman ® or other qPCR probes. This approach has been demonstrated in microwell plates [START_REF] Vogelstein | Digital pcr[END_REF] , bulk emulsion droplets [START_REF] Dressman | Transforming single dna molecules into fluorescent magnetic particles for detection and enumeration of genetic variations[END_REF] , microfluidic compartments [START_REF] Ottesen | Microfluidic digital pcr enables multigene analysis of individual environmental bacteria[END_REF][START_REF] Shen | Digital pcr on a slipchip[END_REF] and nano-or picoliter-scale droplets produced by microfluidics [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF][START_REF] Benjamin J Hindson | High-throughput droplet digital pcr system for absolute quantitation of dna copy number[END_REF][START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] .

Recent progress in dPCR technology includes the demonstration of multiplex dPCR in picoliter droplets, whereby five or more DNA targets can be quantified (i.e., number of copies counted) in a single assay [START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] . In addition to detecting multiple targets simultaneously, a significant advantage of using picoliter volumes for dPCR is the ability to quantify targets across a relatively large range of input DNA concentration [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . Hence, multiplex dPCR using picoliter droplets is well-suited for an assay to detect DNA quantity and quality.

We describe the development and application of a multiplex dPCR assay panel to measure the quality of a DNA sample, including the DNA fragment length distribution and the amount of PCR amplifiable DNA (Figure C.1). This type of assay is valuable for assessing the quantity and integrity of DNA samples before committing potentially sensitive or precious samples to expensive and/or sample-consuming genome analysis tools, such as sequencing. Briefly, using droplet-based microfluidic technology, DNA is emulsified in picoliter-droplets at less than one target molecule per droplet with four Taqman assays in a multiplex format. The droplets are then thermal cycled and the fluorescence of each droplet is measured [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF][START_REF] Zhong | Multiplex digital pcr: breaking the one target per color barrier of quantitative pcr[END_REF] . Each assay is designed to generate an amplicon of a specific fragment length to measure the amount of amplifiable DNA at each target size. Assays are encoded using one of two different fluorophores with varying probe concentrations to distinguish endpoint fluorescence. This strategy is both quantitative and highly sensitive even with low quantities of DNA. The efficiency of the procedure is demonstrated using human genomic DNA samples that have been fragmented to sizes ranging from 170 base pairs to 3 kilobases, demonstrating accurate detection of fragment sizes and quantification of amplifiable DNA. The accuracy of detection was also shown using as little as 1ng of genomic DNA. Finally, The procedure was validated by analyzing twelve DNA samples extracted from FFPE tissues of lung adenocarcinomas. The results of this DNA quality assay were verified by next generation sequencing [START_REF] Michael | Sequencing technologies -the next generation[END_REF] of four samples that were assessed as low, medium or high quality based on the dPCR assay. assessment of DNA integrity 

C.4 Materials and methods

C.4.1 Tumor DNA extraction

Twelve paraffin embedded tissues from lung adenocarcinoma were obtained from Hotel Dieu hospital (Paris, France), according to French law. Each tumor block was reviewed by pathologist (AL) and three slides of 20 µm were cut and the tumor cell content assessed by Hematoxylin Eosin Safran (HES) staining. All but two samples contained more than 60% of tumor cells. The remaining two samples contained 30% and 40% of tumor cells respectively. DNA was extracted using QIAamp DNA mini kit (Qiagen). DNA concentration was determined using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific).

C.4.2 DNA quality assay reactions

All primers and TaqMan ® probes were designed with the Custom TaqMan ® Assay Design Tool from Applied Biosystems Inc. (ABI). 12.5 µL TaqMan ® Universal Master Mix (Life Technologies) was mixed with the assay solution containing: 0.75 µL 40 mM dNTP Mix (New England BioLabs), 0.5 µL 25 mM MgCl2, 2.5 µL Droplet Stabilizer (RainDance Technologies), 2.5 µL 10x DNA quality Assay Mix (8 µM of forward and reverse primers and probes concentrations as described in Supplementary Table 1) and a minimum of 1 ng target DNA template to a final reaction volume of 25 µL.

C.4.3 Fragmented DNA samples

Using the Covaris S2 Adaptive Focused Acoustic instrument, wild-type human genomic DNA (Promega) was fragmented to average sizes of 170 bp, 230 bp, 290 bp, 370 bp, and 570 bp. Nebulization (Life Technologies) was used to generate 3 kb fragmented controls. DNA concentration was determined using a Nanodrop ND-1000 spectrophotometer. Fragmented 100-ng DNA controls were used to assess specificity of each biomarker in the DNA quality assay. C.1). To overcome the fact that the genetic alterations are highly variable from one tumor to another one, we chose different markers from different chromosomal arm (INTS2 17q23.2; SPINT1 15q15.1; MOCS2 5q11.2; PRP8 17p13.3) in order to avoid systematic errors (gain or loss). An amplification or a homozygous deletion, which can be occurred in one of the markers would lead to an incoherent result which can be easily detectable (ie. amplification of 550 bp with an absence of amplification of the 197 bp fragments). All reagents, probes and primers are combined in a multiplex reaction with the sample DNA prior to droplet formation. However, by limiting the amount of input DNA, we ensure that predominantly one or zero target molecule is present within each droplet (25). As previously demonstrated, endpoint fluorescence intensity can be tuned by the concentration and nature of the Taqman probe, which enables identification and counting of droplets containing each unique amplifiable target.

The amplification of the SPINT1 (78 bp) fragment results in a strong fluorescence signal on the VIC channel due to relatively high concentration of the VIC probe specific for the SPINT1 gene, whereas amplification of the MOCS2 (197 bp) sequences yields a weaker signal on the VIC channel due to the lower concentration of the VIC probe specific for the MOCS2 gene. Similarly, amplification of the INTS2 (159 bp) sequences yields a strong fluorescence signal on the FAM channel due to the higher concentration of the 6-FAM probes specific for the INTS2 gene whereas amplification of the PRP8 (550 bp) sequences gives a weaker signal on the FAM channel due to the lower concentration of the 6-FAM probes specific for the PRP8 gene.

When fragmented genomic DNA is analyzed with this multiplex PCR assay, fluorescence signals fall into one of five possibilities. In addition to the cluster corresponding to empty droplets (no amplifiable molecule for any of the four targeted sequences inside), there are four additional clusters, corresponding to the four targets appearing in a Moreover, when analyzing a triplicate of this experiment, the observed proportions of droplets in each cluster were: 0.58% ± 0.01 (SPINT1 cluster, 78 bp); 0.50% ± 0.03 (INTS2 cluster, 159 bp); 0.57% ± 0.01 (MOCS2 cluster, 197 bp) and 0.53% ± 0.04 (PRP8 cluster, 550 bp) relative to the total number of droplets. These values correspond to the expected representation of each cluster (0.60%) for a sample in which most of the DNA is amplifiable and not highly fragmented or chemically damaged. In these experiments, the use of limiting dilution of sample DNA ensures single copy amplification within defined Poisson criteria as described earlier [START_REF] Pekin | Quantitative and sensitive detection of rare mutations using droplet-based microfluidics[END_REF] . Assuming that the mass of a haploid genome equivalent is 3.3 pg, an emulsion of 5 pL droplets prepared from a 25 µL sample containing 100 ng of DNA has an average DNA "loading" or "occupancy" of 0.006 genome equivalents per droplet. The equal representation of each cluster demonstrates that each fragment is detected with equal efficiency and is thus an indication of the performance of this assay. 

C.5.2 Evaluation of the DNA quality assay

DNA control samples were fragmented by focused ultrasonication to simulate the wide range of fragmentation that can be anticipated for clinical DNA samples and tested with our assay. We progressively sheared 3 kb genomic DNA to prepare five highly fragmented control samples. Determining the number of PCR-positive droplets for each cluster enables quantitative assessment of the available target size range present in each test sample, as well as the degree to which each target size is amplified by PCR. Figure C.2f shows that the quantitative dPCR measurement of the fraction of amplifiable fragments matches the prediction, which is based only on the size distribution, reported in Figure C.2a. Specifically, the fragment size distribution was used to calculate the fraction of amplifiable targets as a function of fragment length by assuming that fragmentation points are randomly distributed throughout the DNA. The measured amplifiable fraction at each length is consistent with the fraction expected only from the fragment length distribution, which confirms that physical shearing of DNA is likely to only fragment the DNA without additional chemical degradation. Therefore, even for the highly sheared control samples, the PCR-amplifiable fraction is only dependent on the fragment length distribution.

In addition to being quantitative over a wide range of integrity levels, a DNA quality test must be accurate with very low amounts of starting DNA and the measured quality must be independent of input quantity. To demonstrate feasibility of the assay with very low amounts of sample DNA (as expected in FFPE samples and/or with precious samples), four different amounts (1 ng, 5 ng, 10 ng, 50 ng and 100 ng) of a control sample fragmented to 370 bp were prepared and assessed by the DNA quality assay (Figure C.3). The number of droplets present in each of the four different clusters was counted and expressed as the fraction of the expected number of droplets for a non-degraded sample (as determined from the amount of control DNA as described above). Figure C.3 provides evidence that the measurement of DNA integrity is not dependent on the quantity of DNA processed. Furthermore, the DNA quality assay yields an accurate and precise measurement of DNA fragment length distribution from an input of 1 ng or less of amplifiable DNA.

C.5.3 DNA integrity evaluation of patient samples

Twelve lung adenocarcinoma FFPE tissues were assessed by the droplet digital PCR assay. All FFPE samples had an elevated level of "noise" (fluorescence data not associated with specific cluster locations) in the 2D histograms when compared to the control samples (Figure C.4).

The noise in the patient samples interferes with quantification of the 550-bp assay component. In all cases, we can estimate that the level of true positives associated with the 550-bp amplicon is very low because the amount of amplicons at the next largest size (197 bp) is very low.

The FFPE samples have 0.05% to 10.1% (mean values from two experiments) of the expected amount of amplifiable DNA for the 78-bp target. The expected amount of amplifiable DNA is given by the theoretical occupancy in each cluster calculated from the quantity of input DNA. Among the twelve samples, two samples did not present any droplets in the 159-bp or the 197-bp assays, indicative of highly fragmented DNA (n • 8 and n • 12). For these two samples, the fraction of droplets in the 78-bp cluster was also the lowest with 0.05 and 0.5% of the expected number of droplets (calculated by assuming a non-degraded sample). Moreover, in addition to these samples, six others did not present any droplets in the 550-bp cluster for at least one of the replicate experiments (samples n • 4, 7, 5, 6, 10 and 2). For the remaining samples, 0.2 to 0.45% of the expected number of droplets were detected could provides an opportunity to increase the amount of input DNA if necessary without being wasteful of precious samples. For example, the DNA quality assay revealed that samples n • 9, n • 6, and n • 8 contained 4.8%, 3.25%, and 0.5% of the amplifiable copies of DNA with a length of 78bp, respectively (mean of the two values obtained from two separates experiments, Table C.5). One could thus compensate by proportionally increasing the amount of starting material. However, what may be of more importance to genomics researchers is the high number of low prevalence mutations found in sequencing reads of low quality samples. Information regarding the sample quality may be a significant factor when used to exclude samples from further analysis if it is confirmed that chemical damage, impurities or other factors that cannot be overcome by increasing the starting amount of DNA will result in misleading and ambiguous sequencing results. For the three samples that were successfully sequenced, the KRAS and EGFR mutations previously characterized by allelic discrimination were correctly identified by sequencing (Table ??).

C.6 Conclusions and perspectives

We demonstrated a digital PCR procedure, employing droplet microfluidics technology, which enables the evaluation of DNA quality in biological samples. We used a multiplex assay to measure the amount of amplifiable DNA with four target lengths (78, 159, 197 and 550 base pairs) that are relevant for genotyping analysis. We validated the procedure using artificially fragmented human genomic DNA to mimic different levels of sample degradation. Moreover, we used this procedure for analysis of FFPE samples of lung adenocarcinoma tumor tissues and correlated sequencing results for a subset of samples for the DNA quality assessment. DNA extracted from FFPE tissue samples is often poor quality due to chemical degradation during the fixation process [START_REF] Srinivas | Trends in biomarker research for cancer detection[END_REF] . In some cases, while a sample may be relatively intact, other DNA damage or the presence of PCR inhibitors may compromise sample quality enough to render such samples poor candidates for further costly processing and time-consuming analysis. The DNA quality assay provides three levels of information with regard to DNA integrity: (1) the DNA fragment length distribution, (2) the amount of amplifiable DNA, and (3) the qualitative level of non-specific fluorescence from droplets, which corresponds to poor quality samples. Finally, the assay procedure is simple and no calibration is required. It requires a very small amount of input DNA, but it is robust within a range of input DNA concentration. This is particularly important for FFPE samples that contain a wide range of amplifiable material. The potential value of this application further motivates the development of a robust and reliable method for assessing DNA quality and quantity. Combined with screening for tumor markers within plasma of patients (Chapter 4), an assay for DNA integrity might also be highly value as a cancer biomarker 248 used for diagnostics and patient follow-up.
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Figure 1 . 1 :

 11 Figure 1.1: Napoleon Bonaparte suffered from vague abdominal symptoms, perhaps due to chronic gastritis which preceded his familial gastric cancer. Figure and caption from reference 9 .

Figure 1 . 2 :

 12 Figure 1.2: Examples of genetic alterations that can lead to tumorgenesis: Figure from reference 22 .

Figure 1 . 3 :

 13 Figure 1.3: The RAS/MAPK signalization pathway: The ligand dependent activation of the EGFR receptor leads to a downstream signal transduction via the RAS/MAPK pathway resulting in the cell growth, proliferation, survival, invasion and inhibition of apoptosis. Targeted therapies using monoclonal antibodies (such as cetuximab or panitumumab) specifically blockade the EGFR receptor to inhibit the downstream cellular effects. Inner panel: The Ras switch; in the inactive state, Ras binds a GDP molecule. When the cell surface receptor binds its ligand molecule, guanine nucleotide exchange factors (GEFs) stimulate the exchange of the GDP molecule with a GTP molecule and the Ras switch becomes active and mediates a signaling cascade to downstream cellular effector pathways. The inactivation of the switch is ensured by the Ras mediated hydrolysis of the GTP molecule by GTPase activating proteins (GAPs).

Figure 1 . 4 :

 14 Figure 1.4: Mechanism of a mutated Ras. Panel (a) shows a normally functioning Ras switch, only activated with the signal coming from the ligand-bound cell surface receptor. Panel (b) shows a mutated Ras switch with hindered GAP activity, resulting on a continually active Ras switch.

Figure 1 . 5 :

 15 Figure 1.5: A graphical representation of the relationship between sensitivity and specificity: Moving the chosen cut-off (dashed line) to the left-hand side increases sensitivity with the risk of increasing the number of false positives. Moving the chosen cut-off to the right-hand side increases specificity of the test with the risk of increasing the number of false negatives (Figure inspired from 40 ).

Figure 1 . 6 :

 16 Figure 1.6: Digital PCR: The DNA undergoes limiting dilution into a set of aliquots. Each aliquot is screened for the presence (+) or absence (-) of the loci of interest. Figure modified from 61

Figure 1 . 7 :

 17 Figure 1.7: Example of Poisson distribution: Example of the distribution of the probability that a compartment contains k target molecules depending on the average number of molecule per compartment ( λ =n/N where n is the total number of target molecules in the sample and N the number of compartments used in the experiment).

Figure 1 . 9 :

 19 Figure 1.9: Comparison between classic PCR (left) and ePCR (right) with the example of a dual-probe Taqman ® assay: in this example, a biological sample composed of a mixture of wild-type (red)and mutant (green) DNA (here 1 mutant DNA for 999 wild-type DNA) is submitted either to a classic bulk procedure (left) or to a digital procedure such as the emulsion PCR (right). The global analysis will give an averaged signal avoiding the detection of the rare sequences whereas in ePCR the template DNA is encapsulated inside microdroplets so that each droplet does not contain more than one target DNA molecule. Each target DNA is analyzed independently and by counting of the number of green and red droplets, it is possible to determine the proportion of mutant and wild type DNA in the tested sample. Such procedure thus lead to an absolute value and the results are quantitative. The sensitivity depends only on the number of compartments (individual molecules) that can be analyzed within an experiment. Figure from reference 56 .

Figure 1 . 10 :

 110 Figure 1.10: Comparison between a bulk created emulsion and an emulsion created with a microfluidic chip: Panel A shows an emulsion created on bulk (image from reference 105 ) where droplets are polydisperse. Panel B shows an emulsion created using a microfluidic chip. The droplets are stored and imaged within a microfluidic reservoir, rectangle structures are PDMS pillars (image from Pekin et al. -unpublished).
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 111 Figure 1.11: The effects of the laminar flow: (a) The laminar flow inside a microchannel causes a parabolic flow profile also called the Taylor dispersion. The particles at the middle of the flow are faster then those at the channel walls rendering the fluid a mixture of particles having spent different times-on chip. (b) Two streams flowing in contact will not mix except by diffusion. As the time of contact between two streams increases, the amount of diffusion between the two streams increases. Figure modified from references 120,121

Figure 1 .

 1 Figure 1.12: Polony amplification: A library of linear DNA molecules with universal priming sites is PCR amplified in a polyacrylamide gel. A single template molecule gives rise to a polymerase colony or polony. Figure modified from reference 127 , caption from reference 127 .

Figure 1 . 13 :

 113 Figure 1.13: Schematic diagram of solid-phase PicoTiter Plate T M PCR: The cylindrical structures symbolize individual PicoTiterPlate T M wells. Gray spheres symbolize beads with immobilized primers. Forward (red) and reverse (blue) primers are shown in 5' -3' orientation as indicated by arrows. Synthesized sequences complementary to the forward and reverse primers are shown as dark red (forward complement) and dark blue (reverse complement) bars. Single stranded template DNA is shown as a purple line Fluorescently labeled hybridization probes are shown as green bars. Figure modified from reference 128 .

Figure 1 . 14 :

 114 Figure 1.14: The SlipChip system: (a) off-set view that shows the preloaded wells of the bottom plate, the ducts of the bottom plate, and the wells of the top plate. (b) View of the device available to the user, in which the top and bottom plates are aligned. (c) and (d) Loading of a single sample through the overlapping ducts of the bottom plate and wells of the top plate. (e) Slipping of the top plate relative to the bottom plate disconnects the sample wells of the top plate from the ducts of the bottom plate, and then exposes the sample wells to the wells of the bottom plate containing reagents. (f ) The red well schematically shows a reaction taking place after mixing and incubation.Figure and caption from reference 129 .

  Figure and caption from reference 129 .
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 115116 Figure 1.15: The Dynamic Array (Fluidigm) chip: The chip has the ability to test 48 samples with 48 SNP assays. These combine in pair wise fashion to produce 2304 reaction chambers, in a final volume of 6.75 nl. The integrated fluidic circuit (IFC) is a network of fluid lines, N anoF lex valves and chambers. The NanoFlex valves are made of an elastomeric material which deflects under pressure to create a tight seal and are used to regulate the flow of liquids in the IFC. Individual samples are pipetted into the sample inlets and genotyping TaqMan ® assays are pipetted into the detector inlets. During the loading and mixing process, pressure is applied to the fluid in the sample inlets and the fluid is pushed into the sample fluid lines. At the same time the fluid in the assay inlets is pushed into the assay fluid lines. Mixing of the two fluids is prevented by the closed interface valve 130 . Figure assembled using reference 131 .

  Figure and caption from reference 132 .

  Figure from reference 56 .
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 118 Figure 1.18: Some examples of droplet creation strategies and their adaptation for parallel emul-

  on droplets. See Chapter 2 Figure 2.6 for the description of an optical set-up for droplet fluorescence detection.

Figure 1 . 19 :

 119 Figure 1.19: Droplet fusion: Top Panel: Active fusion of charged droplets. A) Droplets having opposite

Figure 1 . 20 :

 120 Figure 1.20: Droplet thermocycling: (a) The continuous flow PCR chip described by Kiss et al. ? . The thermocycling is realized on-chip in a continuous flow (a close up of the droplet producing module of the device is shown on the left panel). Pink-shaded regions of the chip are maintained at 95 °C, and non-shaded regions at 67 °C. The regions highlighted in yellow correspond to the interrogation neckdowns, where the fluorescence of the droplets is measured (below: optical image of uniform droplets in the downstream channel and flowing through one of the neckdowns). (b) On-chip high-density static PCR, where a bifurcating channel geometry is used to halve droplets at each junction (left panel) 183 . Grayscale image and magnified insets of microfluidic chamber containing 1 million droplets in 11 cm 2 chamber (scale bar: 2 cm) immediately after droplet generation (scale bar: 100 µm in inset) and fluorescence image after 40 PCR cycles for digital PCR quantification. (scale bar: 500 µm in inset).

Figure 1 . 22 :

 122 Figure 1.22: A hypothetical explanation for the patient response to cetuximab therapy: The y axis represents the quantity of cells that bare a mutation (arbitrary). The green populations bear KRAS mutations at different quantities and the red populations bears another mutation. The black dashed line represents the sensitivity of the conventional methods used in clinics and the orange dashed line represents the sensitivity threshold above which the tumor presents a resistance to cetuximab. The population (1) is KRAS negative (wild-type) and responds to the therapy. The population (2) has a KRAS mutation but below the sensitivity threshold thus no resistance to therapy is observed. In the case of the population (3) more tumor cells bear a KRAS mutation thus a resistance to treatment is observed. The population (4) is detected as wild-type by the conventional tests although it is KRAS positive and a resistance to treatment is observed. The population (5) is detected as KRAS negative but resists to the treatment because of another oncogenic mutation (and this mutation also can be present at different levels (such as KRAS) above or below the sensitivity of detection thresholds). We hypothesize that some of the patients for which no KRAS mutation was detected but who did not respond to the cetuximab treatment in the study described by Lièvre et al., might belong to the 4 th or 5 th categories (Table1.3).

Figure 2 . 1 :

 21 Figure 2.1: Overview of the system: an aqueous phase containing the gDNA, PCR reagents and TaqMan ® probes specific for the wild-type and mutant genes is emulsified within a microfluidic device. Light micrographs of drop production, mixing, and collection are shown (scale bars 60 µm). The concentration of gDNA is such that there is, on average, less than one (haploid) genome equivalent per droplet. The emulsion is collected and thermocycled. During DNA amplification, the TaqMan ® probes are cleaved and the corresponding fluorophores are released. TaqMan ® probes specific for the mutant sequence carry a 6-FAM fluorophore (λex 494nm/λem 522nm) and TaqMan ® probes specific for the wild-type sequence carry a NED fluorophore (λex 546nm/λem 575nm). Thus the amplification of mutant DNA gives green-fluorescent droplets while the amplification of wild-type DNA gives red-fluorescent droplets. The emulsion is then reinjected onto a microfluidic chip, the droplets are spaced by oil, and the fluorescent signal of each droplet is analyzed. A light micrograph of re-injection and spacing is shown (scale bar 60 µm).
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 2248223 Figure 2.2: The dropmaker device: The device contains one inlet for the oil, one inlet for the aqueous phase, a flow focusing connexion (top left panel) and a mixing module (top right panel). The bottom panel represents a light micrograph showing the drop production, the mixing and droplet collection (Scale bar 60 µm).

Chapter 2 .Figure 2 . 4 :

 224 Figure 2.4:The collection-reinjection tube: A common 8 mm biopsy needle is used to punch plugs from previously prepared PDMS, cured 10:1 (a) and a 1 mm biopsy needle is used to punch 2 holes in the plug for the in/out tubings (b). The plug is then inserted into a 0.5 mL PCR tube by pushing with a syringe plunger (c). A tubing, connected to a syringe filled with oil, is inserted from one of the holes on the PDMS plug to the bottom of the tube and a second tubing is inserted from the other hole to the end of the PDMS plug (d). The vial is filled with oil from the bottom to the top. The second tubing helps the air bubble to come out. It is important at this step to not leave any air inside the tube since the expansion of the air during thermocycle will press the droplets against each other and cause coalescence.

2

 2 Emulsion stability tests in the collection-reinjection tubeIn order to test the stability of emulsions thermocycled in the collection-reinjection tube 10 pL droplets containing PCR mix (except for the gDNA) and 1 µM Fluorescein were produced using fluorinated oil (HFE-7500, 3M) containing 2% (w/w) EA surfactant (obtained from RainDance Technologies). The droplet width was measured and recorded during production. The droplets were thermocycled in a collection-reinjection tube. After the thermocycle the droplets were reinjected inside a microfluidic reinjection module (Figure2.3) and the droplet width was again measured. The same experiment was repeated without adding Fluorescein into the PCR mix and the droplet integrity was evaluated visually by reinjecting the emulsion in a microfluidic reservoir (Figure2.5).

Figure 2 . 5 :

 25 Figure 2.5: Microfluidic reservoir for the visual assessment of the emulsion stability

Chapter 2 .

 2 Development of a droplet-based microfluidic method for biomarker detection using a dichroic beam splitter (LM01-503-25; Semrock Inc.) and guided to the side camera port of the microscope via a series of periscope assemblies (Thorlabs GmbH). The laser light was reflected up into an LD Plan Neofluar 40x/0.6 microscope objective (Carl Zeiss SAS) and focused in the microfluidic channel. A Phantom v4.2 high-speed digital camera (Vision Research) was mounted on the top camera port of the microscope to capture digital images during droplet production, fusion and reinjection. A 562/40 BrightLine ® bandpass filter (Semrock Inc.) positioned in front of the camera protected the cameras sensor from reflected laser light. Light emitted from fluorescent droplets was captured by the objective and channeled back along the path of the laser into the system of periscope assemblies. The emitted light was separated from the laser beam by a 488 nm/532 nm/638 nm-wavelength transmitting dichroic beam splitter (Di-T488/532/638-25x36x5.0; Semrock), filtered through the two notch filters (NF01-488-25 and NF01-532U-25; Semrock) and split between two photomultiplier tubes (PMTs) by a single-edge dichroic beam splitter (FF562-Di02-25x36; Semrock). Transmitted light passed through a bandpass filter F1 (FF01-617/73-25; Semrock) to the Orange (resorufin) PMT (H5784-20; Hamamatsu Photonics KK). Reflected light passed through another bandpass filter F2 (FF01-510/20-25; Semrock) to the Green (fluorescein) PMT (H5784-20; Hamamatsu Photonics KK). The signal output from the PMT was analysed using a PCI-7831R Multifunction Intelligent data acquisition (DAQ) card (National Instruments Corporation) executing a program written by in LabView 8.2 (FPGA module, National Instruments Corporation), which allowed the identification of droplets by peaks in fluorescence, as well as the width of each droplet. The data acquisition rate for the system was 100 kHz.

2. 4 . Methods 53 Figure 2 . 6 :

 45326 Figure 2.6:The optical setup as described in reference[START_REF] Baret | Fluorescenceactivated droplet sorting (fads): efficient microfluidic cell sorting based on enzymatic activity[END_REF] 
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 2728 Figure 2.7: Emulsion stability in the collection-reinjection tube: A PCR mix containing detergentfree buffer, primers, dNTPs and DNA polymerase was emulsified and collected inside a collection-reinjection tube. After thermocycling droplets were reinjected inside a microfluidic reservoir. The scale bars correspond to 100 µm.

Figure 2 . 9 :

 29 Figure 2.9: MASI analysis of cell-lines: Mutant Allelic Specific Imbalance (MASI) analysis. Variationsin the ratio of mutant to wild-type KRAS alleles (mA%) were determined in four heterozygous cell-lines (H1573, H358, LoVo, and LS123) and compared with literature data obtained by DNA sequencing (DNA seq.), restriction fragment length polymorphism (RFLP), sub-cloning or cDNA sequencing (cDNA seq.)[START_REF] Livre | Genetics: Predictive value of kras mutations in chemoresistant crc[END_REF] . No literature data were available (NA) for the H1573 cell-line. The cell-lines SW48 and SW620, which are homozygous for wild-type and mutantKRAS, respectively, were used as controls.
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 2210 Figure 2.10: The protocol for the sensitivity test: A ten-fold serial dilution of genomic DNA extracted from the KRAS mutant H1573 cell-line was realized inside genomic DNA from KRAS wild-type SW48 cell-line from 1/10 (mutant/wild-type) to 1/100,000. Since the H1573 cell-line is a heterozygous mutant this corresponded to a serial dilution of 1/10 to 1/200,000. Each step was submitted to the droplet-based microfluidic PCR procedure and analyzed separately. The dilutions from 1/20 to 1/20,000 were performed as duplicates and the 1/200,000 dilution was performed in triplicate.

Figure 2 . 11 :

 211 Figure 2.11: Probabilities of occurrence of red, green, empty and yellow droplets for different values of λwt and a constant ratio λm / λwt: The background color shows the resulting fluorescence of the droplets. Droplets containing no gene appear black, wild-type gene red and mutant gene green. When one or more mutant genes are coencapsulated with one or more wild-type genes the droplet appears yellow. See equation (2.1) for the details of the calculations. From a) to c) the occupancy is decreasing resulting in a decrease of the occurrence of yellow droplets.

Chapter 2 .

 2 Figure2.12: Determination of the sensitivity: Experimental measurement of the fraction of greenfluorescent droplets containing mutant KRAS (Ng) over the number of red-fluorescent droplets containing wild-type KRAS (Nr) as a function of the ratio of mutant (Nm) to wild-type (Nwt) genes. In an ideal assay, Ng/Nr is equal to Nm/Nwt (dashed line). The 95% confidence interval (orange area) for the analysis of N = 10 6 droplets when Nwt/N = 0.1 is shown. All the experimental points (x) obtained in duplicate (except for the 1/200 000 which was in triplicate) for the different dilutions fall into this 95% confidence interval. The dotted line corresponds to the point where a measured Nm = 0 falls in the 95% confidence interval. Inset: higher ratios of mutant to wild-type genes, statistically relevant data are obtained by the analysis of a smaller subset of droplets. The experimental points (x) are plotted as a zoom and compared to the 95% confidence interval (orange area) determined from the analysis of N = 2.10 4 droplets analyzed experimentally.

Figure 2 . 13 :

 213 Figure 2.13: 95% confidence intervals determined from the measurement of N droplets: N = 10 3 , 10 5 and 10 7 (Nwt / N = 0.1 for all cases). For a given ratio of mutant to wild-type genes, F*, the ratio of the number of green droplets over the number of red droplet is equal to F* if an infinite number of droplets is analyzed (dashed lines). The 95% confidence interval (orange region) is a function of the number of droplets N analyzed (Equation (2.5)). As expected, the accuracy of the measurement of the dilution increases with the number of droplets analyzed.
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Figure 3 . 1 :

 31 Figure 3.1: The probe emulsion: (a) a probe emulsion was generated including seven different types of droplets. Each type of droplet contained a TaqMan ® probe specific for a mutation in the 12 th codon of the KRAS gene or wild-type KRAS, and Dextran Texas Red (DTR) dye. Seven different concentrations of the DTR dye were used to distinguish the seven different types of droplets. (b) the AutoCAD design of the device used for the generation of the "probe emulsion" with a 10 vs 20 µm nozzle and a depth of 20 µm.
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 3233 Figure 3.2: The different steps of the multiplexing PCR using passive droplet fusion: (a) the probe emulsion is produced using a multiple droplet maker device and collected off-chip. (b) the probe emulsion is reinjected on a passive fusion device and each droplet is fused with on-chip droplets containing genomic DNA. The obtained emulsion is collected off-chip and thermocycled (inner panel). The thermocycled emulsion is reinjected for fluorescence analysis. The sketched histogram represents droplet clusters appearing according to the Dextran Texas Red code and the expected green fluorescent droplet clusters. (scale bars: 100 µm)

Figure 3 . 4 :

 34 Figure 3.4: Parallel multiple mutation analysis: The emulsion obtained after fusion of the probe emulsion with droplets produced on-chip containing target gDNA was reinjected for fluorescence analysis. For each droplet, in the red channel, the peak width (droplet size) and maximum peak fluorescence (DTR code) were recorded, and in the green channel, the maximum peak fluorescence (TaqMan ® probe signal) was recorded (a). The seven droplets containing the probes targeting six different mutations of the KRAS gene (121GC, 122GA, 121GA, 122GC, 122GT) and the probe targeting the wild-type KRAS (WT) were identified. Panel (b) shows a histogram where red fluorescent signal is plotted versus the green fluorescent signal. The probe targeting the 122GC mutation (carried in the H1573 cell-line) and the probe targeting the wild-type sequences gave a green fluorescent signal as expected.The emergence of the additional populations was concluded to be due to uncontrolled droplet coalescence and needed to be eliminated from the analysis. The graphs contain 50 000 bins (500 for the RFU red axis and 100 for the width axis)

Figure 3 . 5 :

 35 Figure 3.5: Parallel multiple mutation analysis: (a) Plotting red fluorescence versus droplet width (time for droplet to pass through the laser spot in ms) allowed identification of the droplets containing the 7 different probes and gating (black boxes) to eliminate artefactual data due to uncontrolled droplet coalescence while thermocycling or non-fused droplets from the probe emulsion (27% of droplets gated). (b) The data from the gated droplets were replotted as red fluorescence versus green fluorescence. Greater than 98% of all green fluorescent droplets (red box) corresponded to droplets containing TaqMan ® probes for mutant DNA bearing a heterozygous KRAS mutation of G to C transversion on the second base of codon 12 (122C) and dropletscontaining TaqMan ® probes for wild-type DNA (WT) at a nearly equal ratio (mA% ∼ 51%). The graph in (a) contains 50 000 bins (500 for the RFU red axis and 100 for the width axis) and the graph in (b) contains 150 000 bins (500 for the RFU red axis and 300 for the RFU green axis). The color code indicates the number of droplets per bin.
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 4713136 Figure 3.6: The 5-plex test: An aqueous phase containing PCR reagents and gDNA is emulsified as described previously (Chapter 2). The TaqMan probes specific for the 4 screened mutations and the TaqMan probe specific for the wild-type sequences are present at varying concentrations in the aqueous phase (see Table3.1). After the thermocycle the end-point fluorescence of the droplets depends on the initial concentration of the TaqMan probe, therefore allowing the amplification of the target sequences.
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 37 Figure 3.7: The multiplexing strategy: (a) the 2-D histogram obtained with the 4-plex assay-mix and a cell-lines mixture containing the G13D, G12R, G12D mutations and the wild-type DNA. (b) the 2-D histogram obtained with the 5-plex assay-mix and a cell-lines mixture containing the G12A, G12V, G12S, G12C mutations and the wild-type DNA.
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 38 Figure 3.8: Sensitivity of the 4-plex strategy: Experimental measurement of the fraction of greenfluorescent droplets containing mutant KRAS over the number of red-fluorescent droplets containing wild-type KRAS as a function of the ratio of mutant to wild-type genes for the G12R, G12D and G13D mutations of KRAS (codon 12 and 13) are shown. The R 2 values are 0.99 (G12R), 0.99 (G12D) and 1 (G13D).
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 39 Figure 3.9: Sensitivity of the 5-plex strategy: Experimental measurement of the fraction of greenfluorescent droplets containing mutant KRAS over the number of red-fluorescent droplets containing wild-type KRAS as a function of the ratio of mutant to wild-type genes for the G12S, G12V, G12C and G12A mutations of KRAS (codon 12 and 13) are shown The R 2 values are 1.
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 418536 Figure 4.1: The list of the primers amd probes used for the multiplex and duplex assays

2 and Chapter 3 .

 3 It involves three distinct steps: (i) All reagents, probes and primers are combined as a multiplex reaction with the sample DNA prior to droplet formation. The mixture of sample DNA, PCR reagents, primers and sequence-specific Taqman ® probes is emulsified in a fluorinated carrier oil containing a fluorosurfactant to generate 5 million precisely-sized 5-pL droplets. The emulsion is thermal cycled (ii) to perform PCR amplification and probe hydrolysis when an amplifiable target is present. Finally, (iii) the endpoint fluorescence signal(s), VIC (red fluorescence) and/or 6-FAM (green fluorescence), from each individual droplet are measured. By limiting the amount of input DNA, we ensure that predominantly one or zero target molecules are contained within any droplet prior to PCR. As previously demonstrated, the endpoint fluorescence intensity can be tuned by the and tumor DNA concentration and nature of the Taqman probe, which enables identification and counting of droplets containing each unique amplifiable target (Chapter 3). The different populations of droplets appear as distinct clusters in a 2-D histogram (Figure3.7).Assays for each of the targeted KRAS mutations were assembled into two multiplex panels (a 4-and 5-plex dPCR assay) by mixing mutation-specific VIC and/or 6-FAM Taqman ®

Figures 4 .

 4 5 and 4.6 report the findings from this analysis 2 . Based on qPCR analysis, amplifiable DNA concentrations in plasma samples varied from 10 to 3500 ng/mL of plasma (mean: 30.2 ± 48.1 ng/mL). Digital PCR analysis revealed mutant concentrations ranging from 0.16% to 43%. The total quantity of circulating plasma DNA does not correlate with the quantity of mutated DNA (Figure4.2).

Figure 4 . 2 :

 42 Figure 4.2: The fraction of KRAS or BRAF mutant DNA (%) (vertical axis) is not correlated to the quantity of total circulating DNA (horizontal axis).

Figure 4 . 3 :

 43 Figure 4.3: Comparison of KRAS and BRAF mutations in primitive tumors and the corresponding plasma samples: plasma samples were analyzed by duplex dPCR for the presence of wild-type and mutant DNA (one of the 7 most frequent KRAS mutations or the V600E BRAF mutation) and by multiplex dPCR analysis (for the presence of all 7 KRAS mutations). Samples presenting dPCR results that do not match the tumor characterization are highlighted in yellow and indicated in bold. NM: Non-mutated. ND: not detected. Neg.: all plasma samples with non-mutated tumors except samples 25 and 26.

Figure 4 . 4 :

 44 Figure 4.4: Comparison between duplex and multiplex droplet based strategies: Panel a: Multiplex analysis of DNA isolated from plasma sample of patient 7 (∼ 550 ng) with metastatic colorectal cancer reveals 0.54% of G12D mutant alleles. Panel b: Duplex analysis of DNA isolated from plasma sample of patient 7 (∼700 ng) with metastatic colorectal cancer reveals 0.58% of G12D mutant alleles

Figure 4 . 5 :

 45 Figure 4.5: Results of the analysis patient plasma DNA samples n o 1 to 32 by droplet digitalPCR: the results are expressed as the percentage of mutant DNA over total DNA (total of mutant and wildtype DNA for the same oncogene). Pink highlight: negative sample (no evident cluster / within 95% UCL (upper confidence limit) of noise from negative controls); green highlight: positive sample; yellow highlight: inconclusive sample (no cluster evident / measurement greater than the 95% UCL of the negative controls) and Outlines / italic text = mutation expected from tumor characterization.

Figure 4 . 6 :Figure 4 . 7 :

 4647 Figure 4.6: Results of the analysis of patient plasma DNAsamples n o 33 to 58 by droplet digital PCR:The results are expressed as the percentage of mutant DNA over total DNA (total of mutant and wildtype DNA for the same oncogene). Pink highlight: negative sample (no evident cluster / within 95% UCL (upper confidence limit) of noise from negative controls); green highlight: positive sample; yellow highlight: inconclusive sample (no cluster evident / measurement greater than the 95% UCL of the negative controls) and Outlines / italic text = mutation expected from tumor characterization.

Figure 4 . 8 :

 48 Figure 4.8: Comparison between the Covaris and heat fragmentation on data quality: 135 ng of heterozygous gDNA bearing the G13C KRAS mutation was fragmented using Covais shearing (a) and heat fragmentation (b).The expected droplet occupancy for wild-type sequences were 1% and 0.01% for mutant sequences. For the Covaris sheared sample an occupancy of 0.75% for the wild-type and an occupancy of 0.0093% for the mutant was observed. For the heat fragmentation the occupancies were 1.32% and 0.012% respectively shoving that the data quality with the heat fragmentation was comparable to the Covaris shearing.

Figure 4 . 10 :

 410 Figure 4.10: Mutational status of the FFPE tumor samples 116 to 270:green highlight: when the found mutation matched the expected mutation, blue highlight: when a previously undetected mutation is found with dPCR

Figure 4 . 100 Chapter 4 .

 41004 Figure 4.12: Mutational status of the fresh-frozen tumor samples: green highlight: when the found mutation matched the expected mutation, blue highlight: when a previously undetected mutation is found with dPCR.

Figure 5 . 2 :

 52 Figure 5.2: Tumor heterogeneity: Due to the heterogeneity of the tumor tissue, biopsy samples may not represent the real mutational status of the tumor while plasma samples give a more accurate analysis.

Figure 6 . 1 :

 61 Figure 6.1: La stratégie: Le milieu réactionnel (contenant les sondes, l'ADN cible et tous les composants nécessaires pour la réalisation d'une réaction de PCR) est injectée au sein d'un dispositif microfluidique. L'émulsion est collectée et thermocyclée dans une machine PCR classique. Pendant l'amplification des séquences cibles, les sondes TaqMan ® sont clivées : l'amplification d'une séquence mutée libre le fluorophore 6-FAM (λ ex 494 nm, λ em 522 nm) donnant une goutte fluorescente verte, tandis que l'amplification d'une séquence non-mutée libère le fluorophore Ned (λex 546 nm, λem 575 nm) donnant une goutte fluorescente rouge. Les gouttes sont ensuite réinjectées dans un dispositif microfluidique et la fluorescence de chaque goutte est analysée.

Figure 6 . 2 :

 62 Figure 6.2: Determination de MASI : L'ADN extrait des lignées cellulaires (a) SW48 (ne porte pas de mutation KRAS ); (b) SW620 (mutation KRAS G12V homozygote); (c) H358 (mutation KRAS G12C hétérozygote); LS123 (mutation KRAS G12S hétérozygote); LoVo (mutation KRAS G13D hétérozygote); H1573 (mutation KRAS G12A hétérozygote) ont été soumis à notre procédure. Une image de microscopie confocale est représentée pour chaque lignée, la barre d'échelle est 100 µm.

Figure 6 . 4 :

 64 Figure 6.4: La stratégie multiplex utilisant différentes concentrations de sondes: Un milieu PCR contenant l'ADN cible a été encapsulé en présence des sondes TaqMan ® conjuguées à un fluorophore 6-FAM spécifiques aux mutations criblées et une sonde TaqMan ® conjuguée à un fluorophore VIC spécifique aux séquences non-mutées (a). L'émulsion collectée est thermocyclée (b). Suite au thermocycle les gouttes sont réinjectées pour l'analyse de fluorescence (c). La différence de concentration des sondes portant le fluorophore 6-FAM permet de les distinguer. Panel (d) montre les résultats d'un test 4-plex obtenus à partir d'un mélange d'ADN génomique de obtenu à partir de l'ADN extrait des lignées portant les mutations KRAS G12R, G12D et G13D et le Panel (e) montre les résultats d'un test 5-plex obtenus à partir d'un mélange d'ADN contenant les mutations G12V, G12A, G12S et G12C.

Figure 6 . 5 : 111 Figure 6 . 6 :

 6511166 Figure 6.5: La stratégie de l'analyse de la qualité de l'ADN: Un milieu PCR contenant l'ADN cible et des sondes TaqMan ® spécifiques des gènes aux longueurs différentes encapsulé (a) . L'émulsion est thermocyclée (b) et réinjectée pour l'analyse de la fluorescence (c). Panel (d) montre l'analyse de l'ADNg 3kbp intacte.

Figure A. 1 :

 1 Figure A.1: Schematic representation of a dual probe TaqMan ® assay: Left: in this example the probe targeting mutant KRAS sequences bears a green fluorescent fluorophore whereas the probe targeting the wild-type sequences bears a red fluorescent fluorophore. If the target sequences are present the probes bind on the DNA. Right: during the PCR reaction the DNA polymerase enzyme (orange) cleaves the probe with its 5'-3' exonuclease activity. The probes do not bind to DNA and remain intact.

Figure A. 2 :Figure A. 3 :

 23 Figure A.2: Competitive Allele Specific TaqMan technique: (a) The mutant allele assay detects specific or multiple mutant alleles. An allele-specific primer detects the mutant allele. A Minor Groove Binding (MGB) blocker oligonucleotide suppresses the wild type allele. (b) Wild-type allele assay detects the wild type alleles. An allele-specific primer detects the wild type allele, and an MGB blocker oligonucleotide suppresses the mutant allele. (c) Gene reference assay detects the gene in which the target mutations reside within a locus-specific pair of forward and reverse primers amplify a mutation free region of the target gene. Figure modified from reference 283 .

Figure A. 4 :

 4 Figure A.4: LigAmp system:The assay includes two steps. In Step 1 two oligonucleotides are hybridized to a DNA template and ligated to one another. Each contains a region specific to the target gene (represented on blue) and a M13 tail (represented in purple). The downstream oligonucleotide matches both mutant and wild-type DNA whereas the upstream oligonucleotide matches only the mutation at its 3' end so in the case of a wild-type DNA this oligonucleotide mispairs with the DNA. If both oligonucleotides are perfectly hybridized they are ligated. The upstream oligonucleotide also contains a region of unique foreign DNA (for example lacZ) that serves as the binding region for a probe in the qPCR reaction. In the second step the M13 tails allow the amplification of the ligated product in a subsequent universal quantitative PCR (qPCR) detection reaction. Figure modified from reference 285 .

Figure A. 5 :

 5 Figure A.5: Molecular inversion probes: (a) The structure of the unreacted probe (top) and inverted probe (bottom): H1 and H2: regions of homology to target genomic DNA (unique to each probe); P1 and P2: PCR primer regions (common to all probes) for the amplification of successfully reacted probes; X1 and X2: cleavage sites (common to each probes) for the release of the circularized probe from genomic DNA and for post amplification processing; Tag: a universal detection tag sequence, one of 16,000 for array detection of amplified probe. (b) Enzymatic probe inversion: (1) A mixture of genomic DNA, probes, thermostable ligase and polymerase is brought to annealing temperature. Two sequences targeting each terminus of the probe hybridize to complementary sites in the genome, creating a circular conformation with a single nucleotide gap between the termini of the probe. (2) Unlabeled dATP, dCTP, dGTP or dTTP respectively is added to each of the reactions. In reactions where the added nucleotide is complementary to the single base gap DNA polymerase fills the gap and (3) DNA ligase closes the gap to form a covalently closed circular molecule. (4) Exonucleases are added to digest the excess of linear probes or the probes in reactions where the added nucleotide was not complementary to the gap. The reactions are then heated to inactivate the exonucleases. (5) Uracil-N-glycosylase is added is added to release probes from DNA. (6) Thermal cycling and amplification of the circularized probes (Figure from reference 287 ).
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  Figure A.6: Restriction fragment length polymorphism assay: (a) a mutation altering a restriction site is targeted by the restriction enzyme. (b) the enzymatic cleavage of the wild-type and the mutant sequences forms fragments of different lengths. (c) agarose gel electrophoresis is used do reveal the size distribution of the fragments. Figure inspired from reference 289 .

Figure A. 7 :

 7 Figure A.7: Accessing the genetic diversity of a DNA population by BEAMing: (1) Streptavidin coated magnetic beads displaying biotinylated oligonucleotides (Primer 1) and single template molecule are emulsified with all components needed for DNA amplification (polymerase, dNTPs and a second flanking primer, Primer 2). Red and green templates represent two DNA molecules with sequences differing by one or more nucleotides. (2) After thermocycling, the beads are coated with thousands of identical copies of the original target DNA molecule. (3) The emulsion is then broken and the beads purified using a magnet. After denaturation of DNA, the beads are incubated with fluorescently labeled oligonucleotide probes (represented in red and green) specific of the different template sequences. (4) Beads coated with the different target sequences are now distinguishable by Flow cytometry (red and green regions) and can be quantified within the population. The gray region represents beads that failed to hydridize a probe. Beads that hybridized to both probes would constitute a third (blue) population, not represented here. FL1: fluorescent channel 1; FL2: fluorescent channel 2 (Figure from reference 56 ).

Figure A. 8 .A. 7 . 123 Figure A. 8 :

 871238 Figure A.8: Strategies using emulsion PCR with beads: (a) Polonator: bead-DNA complexes are encapsulated within droplets of a water-in-oil emulsion. After the PCR reaction the droplets contain beads covered with several thoudans copies of the same template sequence. The beads are recovered by breaking the emulsion and they can be chemically attached to a glass slide or deposited into PicoTiterPlate wells. (b) Roche/454's Titanium platform for Pyrosequencing: the DNA is attached on beads and amplified by ePCR as shown in (a). Fallowing the amplification the emulsion is broken and the beads are recovered into individual PicoTiterPlate wells. Additional beads covered with sulphurylase and luciferase, are added. The light generated by the enzymatic cascade is recorded as a series of peaks called a flowgram 55 . (c) The Ion Torrent platform: uses a high density array with each well holding a different DNA template. Beneath the wells a ion sensor system is placed. dNTPs are separately introduced to the wells and each time the DNA polymerase incorporates a base a H + ion is released and detected by the system 290 . (d) The SOLiD platform: the DNA is sheared and ligated with oligonucleotide adapters that are linked to 1 µm magnetic beads that are decorated with complementary oligos. The DNA is amplified by ePCR (a) and beads are recovered on glass slide that is placed into a fluidics cassette within sequencer where it is processed 291 .

Figure B. 1 :

 1 Figure B.1: Surfactant solutions (a) The surfactant used in this study is a Krytox-Jeffamine block-copolymer (x + z 3.6, y 9.0, n = 3540) solubilized in fluorinated oil (HFE-7500). (b) The fluorinated oil is used for its low ability to solubilize organic compounds. (c) Equilibrium surface tension for the waterHFE interface in the presence of the surfactant at different concentrations. We checked the reproducibility of the synthesis with two batches of surfactant (+ and ). (d) Dynamic Light Scattering on the oilsurfactant solution.The background count rate of the pure oil is given by the horizontal full line. The grey area represents the standard deviation for 10 measurements. At low surfactant concentrations, below 0.02%, the scattered count rate is in the oil background. Above 0.02%, the count rate of the diffused light is quasi-linear (exponent 1.13). Inset: the radius of reverse micelles measured by correlation of the scattering signal is slightly increasing around = 80 nm up to 120 nm at 5%. The first concentration for which a correlation is obtained is 0.02%, although in some runs, at 0.02% the background is too large to obtain a proper correlation. Combining both methods leads to a CMC measurement in the range of 0.020.04% w/w.

Figure B. 2 :

 2 Figure B.2: Experimental setup. (a) Sketch of the devices used for the controlled production of emulsions with two populations of droplets containing two different fluorophore concentrations with zooms on the parts of interest. The chip is made of two parts, the production unit (black) and the reinjection unit (red). In the production unit, the aqueous phase is injected in holes A1 and A2. B is not used here. C is the oilsurfactant inlet. The droplets flow towards the outlet D. At the outlet D, the droplets are collected in the vial (b). The arrows indicate that liquid can be pumped into (reinjection mode) or out (filling mode) of the vial from the Control Pump (CP). For reinjection, the droplet flows from the inlet E to the outlet G. F is an additional oil inlet used to space droplets. (c) Sketch of the laser-induced fluorescence setup for single droplet measurement on 2 colors. (d) Details of the optical components.

  (Fig. B.2(b) and (c)). The laser spot size was a few microns in diameter, much smaller than both the droplet and the channels (typically 100 microns). The optical filters and dichroics were purchased from AHF, and the mounts and optical accessories were from Thorlabs. Fig. B.3(a) shows a typical time trace of the droplets as they flow through the laser.

  From the raw data, we generated the time distribution of the fluorescence by binning typically 2000 droplets (Fig. B.3(b)). We generated color plots corresponding to the time evolution of the histogram (Fig. B.3(c)).

  Figure B.3: Fluorescence measurement and analysis. (a) Signals measured on the PMT at droplet production. Droplets containing 10 M of resorufin (droplets 1,2,5,7 and 8) are encoded with a high concentration of fluorescein (150 nM). The droplets initially containing no resorufin (3, 4 and 6) are encoded with a low fluorescein concentration (50 nM). (b) Histogram of resorufin fluorescence at different reinjection times for C = 0.5%w/w of KryJeffa(1). The histograms are obtained from about 2000 droplets each. (c) Full time histogram (colorplot) of the orange fluorescence recorded over ∼8 hours for a mixed emulsion of resorufin in HFE-7500 with C = 0.5%w/w of KryJeffa(1)-surfactant showing the equilibration of resorufin chemical potential. (d) Measurement of the concentration difference of the two populations of droplets for increasing surfactant concentrations. The kinetics are faster for larger surfactant concentrations.

  Fig. B.3(d) shows the time variation of the concentration difference over several hours of incubation. The rate of the equilibration increases with the surfactant concentration. All the experimental data collapse on a single master curve (Fig. B.4(a)) using a single timescale e for each concentration, indicating a similar process for the exchange at all concentrations above the CMC. τ is inversely proportional to the surfactant concentration (Fig. B.4(b)) over almost two orders of magnitude in surfactant concentration.

Figure B. 4 :

 4 Figure B.4: Rescaling of the exchange kinetics. (a) rescaling of the experimental data by the timescale τ and comparison with our exchange model in the 3-d case with 6 neighbours (full line). At large timescales, the kinetics follows a power-law with an exponent -3/2 (dashed line). The increase observed at the end of certain runs are artefacts corresponding to the reinjection of the last droplets from the vial. (b) Timescale τ of the exchange as a function of surfactant concentration C with 10 µM initial resorufin concentration. The diamond has been obtained for a 1 µM resorufin initial concentration. The open circle corresponds to the rescaling in presence of Bovine Serum Albumin (the dashed line and the dotted-dashed line correspond to a linear relationship and the ratio of both is 18). (c) Exchange kinetic at 2% surfactant concentration when all droplets initially contain 5 µM resorufin but only half contain 25 mg mL -1 of BSA. The equilibrium shows a 15-fold ratio in concentration of resorufin between both types of droplets, c w0 is the resorufin concentration in the droplet with BSA and cwo without BSA (d). This ratio closely matches the ratio of 18 observed in the exchange rate of (b).

Figure B. 5 :

 5 Figure B.5: Model for molecular exchange. (a) For a porous membrane separating two compartments, the flux J depends on the concentration difference and geometry parameters (s, L). For droplet pairs we use a similar description (b), the flux being proportional to the concentration difference. In an ensemble of droplets, the exchange occurs with the nearest neighbors: (c) corresponds to a one-dimensional case, and (d) to the two-dimensional case on a square lattice. (e) The model is solved for a three-dimensional packing on a square lattice. Results of the model and asymptotic regimes in the three-dimensional case.

Figure C. 1 :

 1 Figure C.1: Overview of the workflow: (a) An aqueous phase containing DNA extracted from paraffin embedded tissues, PCR reagents and TaqMan ® probes are compartmentalized into droplets using a microfluidic device. Four different types of TaqMan ® probes are present in the aqueous phase: a TaqMan ® probe specific for the MOCS2 gene (197bp), PRP8 gene (550 bp), SPINT1 gene (78 bp) andthe INTS2 gene (159 bp). (b) The collected emulsion is thermocycled. During DNA amplification the TaqMan ® probes are cleaved and the corresponding fluorophores are released if an amplifiable target is present in a given droplet. (c) The thermocycled droplets are then spaced into a microfluidic device and fluorescent signals are measured from each droplet. (d) Analysis of relatively intact 3 kb genomic DNA with the DNA quality test: the 4 clusters, corresponding to the different targeted amplicon sizes, are equally represented.

Table C. 1 : 6 -

 16 Design of the DNA quality assay: "MGBNFQ" refers to the minor groove binder non-fluorescent quencher. T aqman Probes are conjugated to 6-carboxyfluorescein (6-FAM, λex 494 nm/λem 522 nm) or VIC T M (from ABI, λex 528 nm/λem 554 nm) fluorophores. FAM-CACTGAACTGTAGTCACTGACCGTG-MGBNFQ 0.15 µM assessment of DNA integrity C.5 Results and discussion C.5.1 Concept of using digital PCR for a DNA quality assay We developed a multiplex digital microfluidic procedure to generate and analyze picoliter volume droplets, with the goal to measure the quality of a DNA sample, including the DNA fragment length distribution and the amount of PCR amplifiable DNA. The DNA quality assay is based on the digital PCR measurement of amplifiable DNA associated with four different size amplicons of 78, 159, 197 and 550 bases pairs, corresponding to amplicons within the SPINT1, INTS2, MOCS2 and PRP8 genes, respectively (Table

  2-D histogram (Figure C.1c and d). Counting the number of occurrences in each positive cluster reveals an occupancy rate of 0.60% of all droplets (Figure C.1d). As shown in Figure C.1d, for the sample composed of an average of 3 kb fragments, the four clusters are well defined and separated.

Figure C. 2 :

 2 Figure C.2: As a proof of principle, human genomic DNA fragmented to average sizes from 170 bp to 570 bp was analyzed with the DNA quality assay; panel (a-e). Panel (f ) shows the fragment length distribution determined by analysis of the samples with capillary gel electrophoresis. Counts of the fraction of droplets in each cluster are shown in panel (g). Panel (h) shows the fraction of amplifiable DNA from each experiment (black dots).

Figure C. 4 :

 4 Figure C.4: Comparison of DNA quality assay for fragmented DNA and FFPE samples. Panel (a) shows a control sample corresponding to genomic DNA fragmented to 230 base pairs. Panel (b) corresponds to a relatively high quality sample, Panel (c) to a medium quality sample and Panel (d) to a severely degraded sample of low quality.

  in the 550-bp cluster (samples n • 11, 3, 1 and 9). By taking into account the amount of positive droplets in the 78, 159 and 550 clusters, the samples were ranked as poor, medium or high quality samples. Briefly, poor quality samples are characterized by the absence of amplifiable fragments higher than 78bp when, in contrary, high quality DNA are determined by the presence of amplifiable DNA of 550bp in both replicate experiments. The high quality samples are samples n • 11, 3, 1 and 9. The medium quality samples are samples n • 4, 7, 5, 6, 10 and 2. The two remaining samples (n • 8 and n • 12) were of poor quality.

Figure C. 5 :

 5 Figure C.5: Results of the analysis of 12 patient DNA samples extracted from FFPE lung adenocarcinoma tissues using the DNA quality assay: the results of two separate experiments are shown for each sample. The results are expressed as the percentage of expected amplifiable DNA calculated for a non-degraded sample (see main text). Bold lines correspond to samples selected for sequencing analysis. nd: no droplets in the cluster.

5 :

 5 Analysis of the sequencing data: Results of the sequencing data with regards to the mutations observed by qPCR assays.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 . 1 :

 11 Prevalence of KRAS mutations in human tumorsTumor type % KRAS mutation

	Pancreas	60%
	Biliary	32%
	Lung	17%
	Endometrium	14%
	Ovary	14%
	Prostate	8%
	Cervix	7%
	Stomach	6%
	Liver	6%
	Testis	5%

:

  Stage 0: Also called carcinoma in situ is the stage where cancer cells are localized and have not spread to the surrounding tissue;

	Chapter 1. Introduction
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 12 Cancer staging.

  Table modified from reference 43

	Primary Tumor (T)		
	TX	Primary tumor cannot be evaluated	
	T0	No evidence of primary tumor	
	Ts	Carcinoma in situ (CIS; abnormal cells are present	
		but have not spread to neighboring tissue; although not cancer,	STAGE 0
		CIS may become cancer and is sometimes called preinvasive cancer)	
	T1, T2, T3, T4	Size and/or extent of the primary tumor	
	Lymph Nodes (N)		
	NX	Regional lymph nodes cannot be evaluated	
	N0	No lymph node involvement	
	N1, N2, N3	Involvement of regional lymph nodes	STAGE I,II,III
		(number of lymph nodes and/or extent of spread)	
	Metastasis (M)		
	M0	No distant metastasis	
	M1	Distant metastasis is present	Stage IV

Stage I, Stage II, Stage III: A higher stage number indicates an increasing size of tumor and/or the spread of cancer cells outside their tissue of origin to adjacent lymph nodes and organs;

Table 1 . 3 :

 13 Response to cetuximab therapy and the KRAS mutational status of the patients according to the results from Lièvre and coworkers' study[START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF] .

	1.5. Biomarkers			
		Responders Non-responders total
	mutated KRAS (%)	0 (0)	36 (100)	36
	wild-type KRAS (%)	34 (43)	44 (56)	78
	total	34	80	114

Table 1 . 4 :

 14 [START_REF] Vogelstein | Digital pcr[END_REF] . Applications of d PCR for the molecular analysis of clinical samples: AI: Allelic Imbalance.

	20

  Table modified from reference 69 .

	Ref		Vogelstein 1999 58		Azuara 2012 70		Shih 2001 71		Lo 2008 72		Shih 2001 73		Chang 2002 74		Chang 2002 75		Traverso 2002 76
	Findings	KRAS mutations can be detected and quantified from stool samples of	colorectal cancer patients	dPCR provides a robust allows a better classification	of tumors, with potential clinical relevance	Mutations in KRAS and AI of APC occur in	appendiceal adenomas	noninvasive detection of fetal trisomy 21	by analysis of fetal nucleic acids in maternal plasma	Development of adenomatous polyps may proceed through	a top-down mechanism	AI can be detected with high sensitivity and specificity in plasma DNA samples	from patients with ovarian cancer	Detection of AI can be a useful adjunct for the detection of	cancer in ascitic fluid	Detection of BAT26 mutations in fecal DNA provides	a promising biomarker for colorectal cancer screening
	Applications	Detection of KRAS mutations in stool		Detection of KRAS mutational status		Analysis of KRAS and AI in APC genes		Molecular detection of fetal chromosomal aneuploidy		Detection of LOH in APC locus	Detection of AI using 8 SNP markers with	high frequency of allelic loss in ovarian cancer	Detection of AI using 7 SNP markers in ovarian,	colorectal and pancreatic cancers		Detection of BAT26 alterations in fecal DNA	

Quantitative detection of APC gene expression Small changes in APC gene expression affect predisposition to familial polyposis coli Yan 2002 77 Figure 1.8: A chronological summary of digital PCR technologies

Table 2 . 1 :

 21 Cell-lines used in this study:

	Cell-line	KRAS Mutation	Culture medium	ATCC code
	H358	G12C	RPMI-1640	CRL-5807
	LS123	G12S	EMEM	CCL-225
	SW620	G12V	Leibovitz's L-15	CCL-227
	H1573	G12A	DMEM	CRL-5877
	LoVo	G13 D	F-12K	CCL-229
	SW48	wild-type	DMEM	CCL-231
	2.4.3 Genomic DNA preparation		

Cell-lines bearing wild-type or mutant KRAS alleles were purchased from the American Type Culture Collection, (ATCC, LGC, Molsheim, France): SW48 (ATCC CCL-231, wildtype DNA), H358 (ATCC CRL-5807, transversion G to T in the first base of KRAS codon 12, G12C), LS123 (ATCC CCL-255, transition G to A in the first base of KRAS codon 12, G12S), SW620 (ATCC CCL-227, transversion G to T in the second base ofKRAS codon 12, G12V), H1573 (ATCC CRL-5877, transversion G to C in the second base of KRAS codon 12, G12A), and LoVo (ATCC CCL-229, transition G to A in the second base of KRAS codon 13,

Table 2 . 2 :

 22 Coalescence analysis for the collection-reinjection tube: A PCR mix with all the components necessary for a PCR reaction (except for target DNA) with 1 µM Fluorescein was emulsified in 10 pL droplets and thermocycled. Droplet width before thermocycle (bt) and after the thermocycle (at) was measured and compared. All the experiments were performed in triplicate and the results are represented as the average of the data collected in the three experiments (standard deviation (SD) given in brackets).

		Number of Droplets	Coalesced Droplets (%)	SD main peak
	Production bt	241,033	0.05% (SD = 0.0007)	0.006 (SD=0.0018)
	Reinjection at	184,400	1.92% (SD = 0.0055)	0.082 (SD=0.0288)

Table 3 . 2 :

 32 Sequences of the phospho-blockers used in 4-plex and 5-plex tests

	Mutation

Table 3 . 3 :

 33 The reaction mix setup for the multiplex PCR reactions

	Reagent

•

  BeadArray TM (Illumina): combines hybridization, primer extension, and ligation for generating allele-specific product followed by PCR amplification. Illumina is a genomic tool company founded in 1998 that develops and markets integrated arraybased systems and assays for genotyping and other applications. They produce two different formats of microarrays : (i) The Sentrix ® Array Matrix and (ii) The Sentrix ®

Table C . 2 :

 C2 DNA concentrations of samples as determined by NanoDrop:

	Sample	Concentration (ng/µL)
	Sample 6	116.2
	Sample 8	314
	Sample 9	252.8
	Sample 11	296

Table C . 4 :

 C4 Analysis of sequencing data

	Base		87.93%	82.49 %	42.37%
	C100	coverage	96.21%	90.88%	43.66%
	C1 C20		98.41% 97.66%	96.15% 93.74%	51.67% 45.59%
	Specificity Mean base	coverage	95.1% 1,441.86	94.2 % 2,324.29	94.9% 2,881.79
	Total Reads mapped Target	reads reads	1,997,793 1,071,352 53.63% 1,014,964	3,473,269 1,818,585 52.35% 1,706,719	5,170,936 2,057,982 39.80% 1,947,530
	Sample		11	9	6

A segment of DNA that can move around to different positions in the genome of a single cell, thereby causing mutations and changes in genome size. The so-called retro-transposons move by a copy-paste mechanism using an RNA intermediate.

Adjuvant treatment: chemotherapy after the surgery

Sensitivity: the proportion of normal (healthy) individuals who test negative for the biomarker

Specificity: the proportion of individuals with confirmed disease who test positive for the biomarker

The formation of the chimeric fragments is due to recombination between homologous regions of DNA during PCR[START_REF] Williams | Amplification of complex gene libraries by emulsion pcr[END_REF] .

Although the use of the term digital is controversial, very often "Digital microfluidics" refers to the droplet manipulation on an array of electrodes.

The active fusion of droplets using an electric field was also considered but this technique is as labor intensive as the passive fusion.

Plasma: liquid component of the blood that contains blood cells, clotting factors,proteins, glucose, electrolytes, etc.

In all the represented results the patient sample numbers have been changed in order preserve patient anonymity.

mutation matched the expected mutation, blue highlight: when a previously undetected mutation is found with dPCR.

found mutation matched the expected mutation, blue highlight: when a previously undetected mutation is found with dPCR
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Chapter 4

Droplet digital PCR for the analysis of rare mutations in plasma and tumor DNA Chapter 6

Résumé de Thèse Contents 

Examples of techniques for the detection of point mutations

A.1 Primer extension

• Common Primer Extension (CPE) reaction: a method for SNP genotyping that involves annealing a primer to 3' end of DNA fragment adjacent to a SNP site followed by its extension using dideoxynucleotide terminators (ddNTPs) to prevent further incorporation of nucleotides. The identity of the extended base is determined either by fluorescence or mass to reveal SNP genotype 12 .

• Arrayed Primer Extension (APEX): is a variant of SPE where primers are attached to a solid support through their 5' ends and reaction is performed under solid phase conditions.

• Allele-Specific Primer Extension (ASPE): uses extension of allele-specific primers with PCR amplified template, and the extended products are analyzed for fluorescence to determine SNP genotype.

A.2 Hybridization

• Gene Chip ® array (Affymetrix, CA): are based on allelic discrimination by direct hybridization of genomic DNA (gDNA) to arrays containing allele-specific oligonucleotides presenting either perfect match (PM) or mismatch (MM) probes to each SNP [START_REF] Ragoussis | Genotyping technologies for genetic research[END_REF] . A digestion of the gDNA with restriction enzymes is needed for the GeneChip ® array to work efficiently. Gene Chip ® array is suitable for the detection of copy number changes and loss of heterozygosity and is therefore suitable for clinical applications such as tumor classification 

B.2 Abstract

We consider the dynamics of equilibration of the chemical potential of a fluorophore in a monodisperse emulsion containing droplets with two initially different concentrations of the fluorophore. Although the exchange mechanism involves a single timescale at the droplet (microscopic) level, the organisation of the droplets determines the exchange dynamics at the population (macroscopic) level. The micelle concentration in the continuous phase and the chemistry of the fluorophore control the microscopic exchange rate while the disorder of the initial condition determines the power-law of the long timescale, recovered in a minimal analytical model. We also show here that an additive in the droplet such as Bovine Serum Albumin (BSA) acts on the microscopic exchange rate and slows down the exchange process by increasing the solubility of the fluorophore in the dispersed phase rather than by creating a viscoelastic layer at the droplet interface.

B.3 Introduction

Droplet-based microfluidics has proven to be a very effective tool for the miniaturisation and automation of biological assays, for single cell analysis, DNA screening or drug screening [START_REF] Ashleigh B Theberge | Microfluidic platform for combinatorial synthesis in picolitre droplets[END_REF][START_REF] Mira T Guo | Droplet microfluidics for high-throughput biological assays[END_REF] . In order to reliably function, the droplets have to fulfill three major conditions: they must be stable against coalescence, they must be biocompatible, and their components must remain encapsulated over time; three properties controlled by the surfactant molecules (see ref. [START_REF] Bibette | Emulsions: Basic principles[END_REF] and 294 and references therein). Understanding the transport of molecules between dispersed microcontainers is not only beneficial for the optimization of microreactors for biochemical applications [START_REF] Ashleigh B Theberge | Microfluidic platform for combinatorial synthesis in picolitre droplets[END_REF] , but is also of relevance to other encapsulation systems which 

C.1 Preface

This chapter is adapted from a work submitted in Clinical Chemistry entitled "Droplet Digital PCR for quantitative assessment of DNA integrity in clinical samples". The purpose of this paper was to adapt our multiplex droplet-based microfluidic method for the assessment of DNA integrity. The author listing of this work is: Audrey Didelot, Steve Kotsopoulos, Audrey Lupo, Deniz Pekin, Xinyu Li, Ivan Atochin, Preethi Srinivasan, Qun Zhong, Jeff Olson, Darren R. Link, J. Brian Hutchison, Pierre Laurent-Puig, Hélène Blons and Valérie Taly. The experiments were realized in Raindance Technologies at Lexington (MA).

C.4.4 Sequence enrichment and sequencing

The four samples selected for sequencing were previously characterized for KRAS and EGFR mutations; three were found to contain a mutation in the KRAS gene (G13A; G12V; G12C) and one has a mutation in the EGFR gene (L858R). We used the Cancer HotSpot Sequence Enrichment panel and RDT1000 instrumentation (RainDance Technologies) for amplifying 676 target regions (127,754 bases) in the template DNA. Following sequence enrichment, each of the four DNA samples was sequenced using an Ion Torrent PGM sequencer and a 318 Chip (Ambry Genetics).

C.4.5 Microfluidic device fabrication

The two microfluidic chips used were fabricated by patterning channels in poly(dimethylsiloxane) (PDMS) using conventional soft lithography ? .

Briefly, SU8 negative photoresist (MicroChem Corp., Newton, MA, USA) was spin-coated onto 6 inches silicon wafers (Siltronix, Archamps, France), patterned by UV exposure (OAI Hybralign Series 200 aligner, OAI, San Jose, CA, USA) through a photolithography mask (CAD/Art Services, Bandon, OR, USA) and then developed (SU-8 developer; MicroChem Corp.). Two thicknesses of photoresist were used: 100 ±10 µm for deep channels with low hydrodynamic resistance for transporting the fluids from external ports to the functional regions of the chip, and 20 ± 1 µm for shallow channels for droplets manipulation and detection. SU-8 photoresists 2100 and 2025 were used for deep and shallow channels respectively. Then a 10:1 (w/w) mixture of Sylgard 184 silicone elastomer and curing agent (Dow Corning Corp., Midland, MI, USA), degassed under vacuum, was poured onto the silicon wafer to a depth of 5 mm and cured at 65 • C for 2 hours. After hardening, the PDMS was gently peeled from the master and input/output ports were punched out of the PDMS with a 0.75 mm diameter Harris Uni-Core biopsy punch. Particles of PDMS were cleared from the ports using pressurized nitrogen gas. The structured side of the PDMS was permanently bonded to a 76x26x1 mm glass microscope slide (Paul Marienfeld GmbH & Co. KG, Lauda-Knigshofen, Germany) by exposing both parts to an AutoGlowTM oxygen plasma system (Glow Research, Phoenix, AZ) and pressing them together. Finally, to create hydrophobic surfaces, the microfluidic channels as well as the fluid-exposed surfaces of the emulsion vials were treated for 2 min with with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (Alfa Aesar, Ward Hill, MA, USA) dissolved in FC-3283 (3M Specialty Materials, St Paul, MN, USA) prepared as a mixture of 18 g silane in 100 µL solvent. Excess fluorosilane was rinsed from the device using pure HFE-7500 oil.

C.4.6 Emulsification and thermocycling of the droplet digital PCR reactions

Two distinct microfluidic devices (chips) were used, one for droplet generation and one for fluorescence analysis of each droplet following thermal cycling. The droplet generation chip produces a collection of uniformly sized aqueous droplets containing template DNA and PCR master mix suspended in an inert fluorinated oil with an emulsion stabilizing surfactant (REB carrier oil; Raindance Technologie, Lexington, MA). The aqueous phase was injected at 150 µL/h, the oil phase at 500 µL /h using high precision, custom-built, controlled delivery modules (CDMs; IDEX Corporation, Northbrook, IL, USA), generating 5 pL droplets onchip by hydrodynamic flow-focusing [START_REF] Anna | Formation of dispersions using flow focusing in microchannels[END_REF] , with a frequency of production of approximately 7.6 assessment of DNA integrity kHz. The emulsion generated in the microfluidic device was collected in a 0.2 ml thin-walled PCR tube and excess oil from the droplet generation process was removed and discarded by pipetting. The capped tubes were placed in a thermal cycler with a hot lid (Mastercycler pro S, Eppendorf, Hauppauge, NY, USA). The emulsion was thermal cycled, starting with 2 min at 50 • C and a hot start denaturation step of 10 minutes at 95C, followed by 44 cycles of: 95 • C, 15 s and 60 • C, 1 min (using a 0.6 • C/min ramp rate). After completion, reactions were either stored at 4 • C overnight or processed immediately for signal detection.

C.4.7 On-chip fluorescence analysis

The thermal-cycled emulsion was reinjected into a second microfluidic chip for fluorescence measurements. Droplets were reloaded at a flow rate of 120 µL/h with a droplet reinjection frequency of approximately 5 kHz and spaced by carrier oil flowing at a rate of 300 µL/h. Spacing of the emulsion was necessary since droplets became concentrated during off-chip handling. Indeed, the carrier oil is denser than the aqueous phase and drained down from the emulsion. Fluorescence readout of each droplet was performed by conventional epifluorescence microscopy with a custom microscope. A 20 mW, 488 nm laser source (Cyan; Picarro, Sunnyvale, CA, USA) was expanded 2x and focused by the objective lens (20x/0.45 NA; Nikon, Japan) onto the microfluidic channel. Two band pass filters discriminated the fluorescence collected through the objective lens: 512/25 nm and 543/22 nm for FAM and VIC fluorophores, respectively (Semrock, Rochester, NY, USA). Fluorescence was detected by two H5784-20 photomultipliers (Hamamatsu, Japan) and was typically recorded at a 200 kHz sampling rate with a USB-6259 data acquisition card (National Instruments, Austin, TX, USA). The data traces were smoothed by a seven-point, second-order SavitzkyGolay algorithm before subsequent analysis. Concurrent with the fluorescence read out, the droplets were imaged through the same objective lens using backside illumination from an 850 nm LED (TSHG6200; Vishay Semiconductors, Shelton, CT, USA), a short pass filter to separate the optical paths for fluorescence detection and imaging, and a Guppy CCD camera (Allied Vision Technologies, Newburyport, MA, USA). Droplets were imaged with short illumination pulses (520 ms) to avoid image streaking.

C.4.8 Sequencing data analysis

The alignment of sequencing reads to hg18 build of the reference human genome was carried out using CLC bio Genomics workbench version 5.1 and exported as a SAM file. The SAM file was pre-processed to ensure compatibility with the GATK tools (4). The pre-processing steps included adding read groups, sorting, and reordering of SAM files by coordinates, converting to a BAM file and creating a BAM index file. These steps were carried out using Picard tools (5). The BAM files were then processed in a GATK pipeline consisting of the following steps: (1) local realignment of insertions/deletions (indels) using known indels from 1000 Genomes Phase I indels and Mills Devine and 1000 Genome gold standard indels; (2) base quality score recalibration; and (3) multi-sample variant calling using Unified Genotyper. This pipeline is consistent with GATK best practices. Further filtering was carried out for SNPs using filters recommended by GATK for targeted resequencing projects with medium to high coverage. assessment of DNA integrity The samples chosen were analyzed with NanoDrop UV spectrophotometry and agarose gel electrophoresis to estimate total DNA quantity and fragmentation (Table C.2). The classical analytical procedures indicated a sufficient quantity and quality of DNA to proceed to sequencing. They were also tested with Taqman qPCR probes for KRAS and EGFR mutations [START_REF] Livre | Kras mutations as an independent prognostic factor in patients with advanced colorectal cancer treated with cetuximab[END_REF][START_REF] Didelot | Competitive allele specific taqman pcr for kras, braf and egfr mutation detection in clinical formalin fixed paraffin embedded samples[END_REF] . Samples n • 6, n • 8 and n • 9 each contained a mutation in the KRAS gene (G12V, G12C and G13D respectively). Sample n • 11 had a mutation in the EGFR gene (L858R).

The quality of the sequencing data was assessed by four metrics for which the data are reported in Table C.3. First is the base coverage "C20", indicating the percentage of bases in the targeted regions with 20 or more reads. Second is the uniformity, which is the percentage of bases in the targeted regions with 20% or more sequencing reads compared to the average number of reads for all targeted bases. Third, the number of false positive single nucleotide polymorphisms (SNPs) that are detected. This value is determined by counting the number of sequence variants that are unknown in dbSNP132 or Cosmic v.55 databases (i.e., compilations of known mutations). For more specific information, the minor allele frequencies of the unknown sequence variants are reported in the supplemental information (Tables C.3, C.4 and C.6). The fourth metric in Table C.3 combines the number of false positive SNPs detected with the frequency by which they are detected to calculate a cumulative false positive SNP score. While this parameter is expressed in arbitrary units, it is a single value that can be compared across samples to report the quality of the sequencing data to ensure accurate SNP calling.

Among the four, sample n • 11 yielded the highest quality data with the highest level of coverage and uniformity, along with the lowest frequency of unknown variants. Sample n • 9 yielded moderate sequence data quality based on all metrics and sample n • 66 yielded relatively poor sequencing data quality. Finally, the sequencing for sample n • 8 failed because of unsuccessful preparation of the sequencing library, likely due to insufficient input DNA. In all cases, the quality of the sequencing data correlates directly to the DNA quality as measured by digital PCR. Furthermore, use of the DNA quality assay before sequencing The aim of this work is to establish novel strategies for the highly sensitive screening of cancer biomarkers in biological samples. To achieve this goal, we developed droplet-based microfluidic dPCR technique. Using a limiting dilution, individual DNA molecules are encapsulated within monodisperse droplets of a water-in-oil emulsion created with a microfluidic device. Fluorescent TaqMan ® probes targeting the screened cancer biomarkers allow the detection of mutations. We focused on the mutations in the human KRAS gene for the development of our test. This method is also transposable in a multiplexed format for the parallel detection of multiple mutations in clinical samples. The developed technique allowed the precise quantification of a mutatedKRAS gene in the presence of a 200,000-fold excess of un-mutated KRAS genes and enabled the determination of mutant allelic specific imbalance (MASI) in several cancer cell-lines. We validated our technique by screening forKRAS mutations in the blood plasma and tumor samples from patients with metastatic colorectal cancer.