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Abstract 

Sequencing is a fundamental tool for the monitoring of virus outbreaks, such as 

the recent COVID-19 pandemic, in which sequencing was implemented for the original 

identification of the SARS-CoV-2 virus, to establish variants of concern, and to track 

transmission routes throughout the different waves. 

Sequencing platforms continue to become more widely available, given the 

development of portable, more economical sequencing devices. However, library 

preparation remains a challenge for the implementation of sequencing in remote 

locations, as the whole workflow from sample to sequencing library involves several 

steps that need to be carried out by qualified personnel in a dedicated laboratory. 

To tackle this issue, our laboratory has collaborated with the National Research Council 

(NRC-CNRC) to develop an automated workflow for Nanopore library preparation from 

SARS-CoV-2 clinical samples using the NRC-developed automated microfluidics 

device, the PowerBlade. The combination of this automated, portable device with 

portable sequencing technologies, such as those developed by Nanopore, gives us a 

workflow that can be easily run almost anywhere without the need for a highly 

experienced technician due to the automation of the workflow. Furthermore, this 

adaptable technology could be modified and used for identification of other pathogens. 

In this work, we present a novel Nanopore library preparation protocol suitable for on-

chip implementation on the PowerBlade, which was tested against the standard ONT 

protocol, both on-chip and off-chip. Additionally, we present a performance comparison 

of on-chip and off-chip ARTIC SARS-CoV-2 PCR.  
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Résumé 

Le séquençage est un outil fondamental pour la surveillance des épidémies de 

virus, comme la récente pandémie de COVID-19, dans laquelle le séquençage a été 

mis en oeuvre pour l'identification initiale du virus SARS-CoV-2, pour établir les 

variantes à suivre et pour suivre les voies de transmission tout au long des différentes 

vagues. 

Les plateformes de séquençage continuent de se démocratiser grâce à la mise au point 

d'appareils de séquençage portables et plus économiques. Cependant, la préparation 

des librairies reste un défi pour la mise en oeuvre du séquençage dans des endroits 

éloignés, car l'ensemble du processus, de l'échantillon à la librairie de séquençage, 

implique un grand nombre d'étapes qui doivent être effectuées par un personnel qualifié 

dans un laboratoire spécialisé. 

Pour faire face à ce problème, notre laboratoire a collaboré avec le Conseil National de 

Recherches Canada (CNRC-NRC) pour développer un flux de travail automatisé pour 

la préparation de librairies Nanopore à partir d'échantillons cliniques du SARS-CoV-2, 

en utilisant le dispositif microfluidique automatisé développé par le CNRC, le 

PowerBlade. La combinaison de ce dispositif automatisé et portable avec des 

technologies de séquençage portables, telles que celles développées par Nanopore, 

nous donne un flux de travail qui peut être facilement exécuté presque partout, sans 

avoir besoin d'un technicien hautement expérimenté en raison de l'automatisation du 

flux de travail. De plus, cette technologie adaptable pourrait être modifiée et utilisée 

pour l'identification d'autres agents pathogènes. 
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Dans ce travail, nous présentons un nouveau protocole de préparation de librairies 

Nanopore adapté à la mise en oeuvre sur puce sur le PowerBlade, qui a été testé par 

rapport au protocole ONT standard, à la fois sur puce et hors puce. En outre, nous 

présentons une comparaison des performances de la PCR ARTIC SARS-CoV-2 sur 

puce et hors puce.  
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Chapter 1: Introduction 

 

1.1 History of DNA sequencing technologies 

 

1.1.1 Background 

One of the major landmarks in molecular biology and biology in general, has 

been the elucidation of the tridimensional structure of DNA by Watson and Crick with 

the critical support of the x-ray diffraction images produced by Rosalind Franklin and 

Maurice Wilkins (Elkin, 2003; Watson & Crick, 1953). DNA, which was discovered by 

Friedrich Miescher in 1869 (Dahm, 2005; Miescher, 1869) and proved to be the 

molecule responsible for the transmission of genetic material by the Avery-MacLeod-

McCarty experiment in 1944 (Avery et al., 1944), had become one of the most intriguing 

concepts in science due to the evident next step in its research, the elucidation of its 

sequence.  

DNA sequencing efforts started in the 1960s (Shendure et al., 2008), however, the first 

widely recognized sequencing technologies arrived in the 1970s, with the development 

of the Maxam-Gilbert and Sanger sequencing methodologies (Heather & Chain, 2016). 

These sequencing methodologies have been named first-generation sequencing 

technologies (Kchouk et al., 2017). 

1.1.2 First-generation sequencing 

Maxam-Gilbert sequencing was developed by Allan Maxam and Walter Gilbert 

and published in 1977 (Maxam & Gilbert, 1977). The process is based on radiolabeling 

of DNA fragments and cleaving them at specific bases. In this method, the DNA 
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fragments to be sequenced are radio-labelled in their 5’ end by replacing the terminal 

phosphate for the radioactive isotope 32P. The radio-labelled DNA is then denatured and 

added into four different reactions, each one of them with specific reagents that will 

cleave the DNA strand at one or two specific nucleotides (A, C, G/A, C/T). Afterwards, 

the DNA fragments from each reaction are run separately in a polyacrylamide gel 

electrophoresis, and an autoradiography of the gel is generated. The DNA fragment's 

sequence can be obtained from the autoradiography as only the radio-labelled 

fragments will appear on it, displaying both the fragment size (position) and the 

nucleotide where it was cleaved (Dorado et al., 2019; Kchouk et al., 2017; Maxam & 

Gilbert, 1977). 

After having created the plus and minus method for DNA sequencing in 1975 (Sanger & 

Coulson, 1975), in 1977, Frederick Sanger and his team developed a novel DNA 

sequencing method originally referred to as “DNA sequencing with chain-terminating 

inhibitors” that later gained popularity as “Sanger sequencing” (Sanger, Nicklen, et al., 

1977). Originally, the method relied on the use of radio-labeled dideoxynucleotides 

(ddNTPs), deoxynucleotides (dNTPs) and DNA polymerase. Four different reactions are 

set up, each one with the DNA to be sequenced, DNA polymerase, a primer, the four 

dNTPs and one of the four ddNTPs in a very low concentration. In each reaction, the 

DNA polymerase starts adding the corresponding dNTPs until a ddNTP is added. As the 

ddNTPs lack the 3'-OH group needed to make a phosphodiester bond with another 

nucleotide, the polymerization reaction cannot continue, and the fragment remains of a 

certain length. Given that the concentration of ddNTPs is very low compared to that of 

the dNTPs, their addition does not always occur at the first available position resulting in 
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fragments of different lengths. Afterwards, each reaction is run through electrophoresis 

in a polyacrylamide gel, displaying the position of the radio-labelled ddNTP through 

autoradiography. When the four reactions are visualized, the sequence of the DNA 

fragment can be deduced from the size of the fragments from each of the radio-labelled 

ddNTPs (Men et al., 2008; Sanger, Nicklen, et al., 1977).  

Maxam-Gilbert sequencing remained a commonly used technique for several years; 

however, Sanger sequencing positioned itself as the leader of the generation due to its 

simpler method and subsequent improvements to the original protocol (Giani et al., 

2020). The Sanger sequencing method was improved in several ways over the years. 

The substitution of radio-labelled ddNTPs for fluorescent-labelled ddNTPs not only 

reduced radiation risk for the user but also allowed to have all four ddNTPs in a single 

reaction, which then could be analyzed in a single electrophoresis gel as each ddNTP 

has a different fluorescent marker. Furthermore, the implementation of capillary 

electrophoresis, laser-based fluorescence detection, and the use of computers to 

analyze the data allowed sequencing automation and the possibility of producing larger 

sequencing outputs (Dovichi & Zhang, 2000; Men et al., 2008; Slatko et al., 2018). 

Sanger sequencing prevailed as the most used sequencing technology through the 

decades (Heather & Chain, 2016; Stranneheim & Lundeberg, 2012), being the 

technology used in both the Human Genome Project and the Celera Genomics efforts 

to decode the human genome (Lander et al., 2001; Venter et al., 2001), and it is still 

being used nowadays for clinical applications (Arteche-Lopez et al., 2021). However, 

with the arrival of second-generation sequencing technologies (also termed next-
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generation and short-read), the paradigm changed due to their capacity to obtain much 

larger amounts of data in a shorter span of time and at a reduced cost (Kircher & Kelso, 

2010).  

1.1.3 Second-generation sequencing 

Second-generation sequencing platforms include 454 pyrosequencing, 

Sequencing by Oligonucleotide Ligation and Detection (SOLiD), Illumina (Solexa) 

sequencing, and Ion Torrent semiconductor sequencing (Gupta & Verma, 2019; Hu et 

al., 2021). Throughput limitations previously encountered with Sanger sequencing were 

overcome by the development of these high-throughput sequencing technologies, which 

allowed massive parallel sequencing in a single device for the very first time (Hu et al., 

2021). 

454 pyrosequencing, now discontinued, was the first second-generation sequencing 

technology available. It consists of the detection of light from the release of a 

pyrophosphate during DNA polymerization. The detection relies on three enzymes: DNA 

polymerase, ATP sulfurylase, and luciferase. The process occurs in a well with a bead-

bound DNA fragment, which is sequentially flooded with each one of the four different 

nucleotides. As the nucleotides are sequentially added and washed, the DNA 

polymerase produces pyrophosphate each time it incorporates a nucleotide. The 

pyrophosphate produced is converted to ATP by the ATP sulfurylase, and the luciferase 

uses this ATP and oxygen to transform luciferin into oxyluciferin, producing light. The 

intensity of the light is used to determine if the nucleotide was added more than one 
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time; however, this becomes an issue for homopolymers of more than 8 bp (Calabrese 

et al., 2020; Gupta & Verma, 2019; Slatko et al., 2018).  

Illumina uses a sequencing-by-synthesis approach. Illumina sequencing (originally 

developed by Solexa) starts by ligating adapters to both ends of randomly fragmented 

dsDNA. The dsDNA is denatured into ssDNA, and as it is added to a flow cell, the 

ssDNA fragments attach to oligonucleotides fixed to the surface of the flow cell that are 

complementary to the adapter sequences. Complementary strands to the ssDNA 

fragments are generated with a DNA polymerase, and then, the original strand is 

denatured and removed. The unattached end of each fragment binds to another surface 

oligonucleotide; the complementary strand is generated and then denatured. Multiple 

cycles of this process result in clusters of multiple copies of each DNA fragment. Later, 

fluorescent-labelled nucleotides are added and incorporated one by one into the DNA 

strands. When a nucleotide is incorporated by a DNA polymerase, the fluorescent 

marker, which also serves as a terminator of synthesis, is excited and detected, 

allowing base identification. Then, the marker is cleaved off, allowing the next base to 

be incorporated and identified. (Bentley et al., 2008; Buermans & den Dunnen, 2014; 

Mardis, 2008; Slatko et al., 2018). Figure 1 shows the Illumina sequencing process. 
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Figure 1. Illumina sequencing. a) Illumina flow cell. Illumina flow cells contain 

oligonucleotides that are complementary to the sequences at the ends of the DNA to be 

sequenced. b) Clonal amplification. The DNA strand to be sequenced is attached to the 

complementary nucleotide and clonally amplified on the flow cell. c) Sequencing by 

synthesis. Fluorescent-labeled nucleotides and a polymerase are added to the flow cell. 

Each nucleotide is incorporated onto the DNA strand and the fluorescence 

corresponding to that nucleotide is identified, allowing to determine the nucleotide in the 

original strand. 
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Sequencing by Oligonucleotide Ligation and Detection (SOLiD) starts with the 

fragmentation of the DNA to be sequenced and an adaptor ligation, followed by 

attachment to beads and clonal amplification through emulsion PCR. The beads are 

attached to a glass slide, and a primer of length n is hybridized to the adapter. Then, 

fluorescent-labeled 8 bp oligonucleotides are added and if the first two nucleotides of 

the oligonucleotide are complementary to those of the sequence, it will be attached 

adjacent to the primer by a DNA ligase. Unbound oligonucleotides are washed off, and 

the fluorescent marker is excited and detected by a sensor. The fluorescent marker is 

cleaved off, and the process repeats until the entire sequence is covered. Then, the 

generated strand is washed off, and the process is repeated sequentially with primers of 

length n-1, n-2, n-3, and n-4, allowing to identify each individual base and sections that 

were not sequenced before. (Gupta & Verma, 2019; Mardis, 2008; Shokralla et al., 

2012) 

Ion Torrent semiconductor sequencing is based on the detection of hydrogen ion 

concentration change. First, DNA is fragmented, ligated to adapters, attached to beads, 

and amplified by emulsion PCR. The beads are then added to a chip with millions of 

wells, and a single bead will be deposited in each well. Solutions of one of the four 

nucleotides and DNA polymerase are added sequentially. Each well works as a pH 

detector, and when the correct nucleotide is added, the ion concentration change is 

detected, and the base identified. (Shokralla et al., 2012; Slatko et al., 2018) 

It was not until the 2010s that the third generation of novel sequencing technologies 

was developed. These technologies expanded the limits of sequencing through the 
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sequencing of native DNA fragments in real time (Lee et al., 2016; McCarthy, 2010; 

Xiao & Zhou, 2020) 

1.1.4 Third-generation sequencing 

Long-read sequencing technologies, also known as third-generation sequencing, 

are defined by their capacity to produce much longer reads than those generated 

through previous sequencing methods, easily surpassing the 1,000 bp barrier (Bleidorn, 

2015). These technologies were built on top of the high-throughput achievement of 

second-generation sequencing. They provided the possibility of kilo- and even mega-

base read generation in real-time without imperative amplification or fragmentation 

steps, allowing easier de novo assembly, identification of complex regions and detection 

of structural variants (Hu et al., 2021; Pollard et al., 2018). 

Nowadays, the two most prominent long-read sequencing technologies are those 

developed by Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) 

(Adewale, 2020; Amarasinghe et al., 2020). Average read lengths are 15-20 kb for 

PacBio and 10-100 kb for ONT, with the possibility of generating ONT reads of up to a 

few megabases (Mb) (Pollard et al., 2018). The current record for an ONT read is ~ 2.3 

Mb, the longest for any technology, given that the length of an ONT read is mainly 

limited by the size of the DNA fragment itself (Amarasinghe et al., 2020; Makalowski & 

Shabardina, 2020). At first, one of the main concerns of long-read sequencing 

technologies was their high error rates, but as with any technology, long-read 

sequencing technologies have continuously improved to advance towards more 

accurate reads (Amarasinghe et al., 2020; Hu et al., 2021). ONT currently offers a raw 
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read accuracy of up to 99.6%, while PacBio provides a >99% accuracy for short reads 

(Oxford Nanopore Technologies n.d.-a; PacBio 2023). Maximum read length, detection 

method, as well as single read accuracy for each one of the sequencing technologies 

described in this document, can be observed in Table 1. 

PacBio’s single-molecule real-time sequencing (SMRT) works by incorporation of 

fluorescent-labeled nucleotides onto the DNA strand to sequence (a dsDNA fragment 

previously circularized by ligation of hairpin adaptors) through a DNA polymerase fixed 

at the bottom of a structure called zero-mode waveline (ZMW). The ZMW is a nano-

structure, which allows the observation of the fluorescence of only the nucleotide that is 

being incorporated at a given moment. The fluorescence is analyzed by a detector in 

order to identify the base that was incorporated. After incorporating all the nucleotides 

onto a strand, the polymerase can continue incorporating nucleotides onto the hairpin 

adapter, the other strand, back again on the previously polymerized strand, and so on, 

until the lifetime of the polymerase allows it. The number of sequencing “passes” in 

SMRT sequencing is limited by the lifetime of the DNA polymerase and the length of the 

strand; as the strand size increases, the number of passes that the polymerase can 

make around the circularized DNA will diminish. A circular consensus sequence is 

created from the passes generated. The accuracy of the sequence is determined by the 

number of passes (Rhoads & Au, 2015). 
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Table 1. Characteristics of the main sequencing technologies. First generation 

technologies are marked in orange, the second generation is marked in green, and third 

generation is marked in blue. 

 

1.1.4.1 Oxford Nanopore Technologies 

ONT’s nanopore sequencing relies on the measurement of changes in ionic 

current as a DNA strand passes through a protein nanopore embedded in an electro-

resistant membrane subjected to electric current. The changes in ionic current are 

dependent on the sequence of the DNA strand; that is, each nucleotide produces a 

distinct signal when passing through the nanopore. A sensor detects and stores the 

signal, which is later basecalled by the computer and presented as reads to the user 

(Deamer et al., 2016; Wang et al., 2014). The nanopore sequencing process is shown 

in Figure 2. 
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Figure 2. Nanopore Sequencing Process. A PromethION or any other nanopore flow 

cell contains a membrane with embedded nanopores. When sequencing begins, a 

motor protein attaches to the top of the nanopore, separating the DNA strands and 

controlling the speed at which the DNA passes through. The electric current flowing 

through the membrane is modified based on the nucleotide that is passing through the 

nanopore, allowing the identification of each nucleotide. PromethION flow cell image 

from ONT (Oxford Nanopore Technologies 2023a). 

ONT offers high portability with devices suitable for RNA and DNA sequencing, with the 

capacity of real-time sequencing and basecalling; displaying the number and quality of 

reads in real-time, allowing fast pathogen identification, and even permitting selective 

sequencing, in which undesired DNA strands can be forced out of a pore to improve 

desired throughput (Bao et al., 2021; Bruno et al., 2021; Bull et al., 2020; Sun et al., 

2022; Zhang et al., 2021) The company is consistently doing research to improve the 
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nanopores, continually releasing new versions of flow cells with novel pores (Oxford 

Nanopore Technologies n.d.-i). 

The concept of nanopore sequencing began in the 1980s when the idea of sequencing 

strands of DNA by passing them through a nanometric pore was devised (Deamer et 

al., 2016). In 1996, the first successful experiments were carried out using the α-

hemolysin heptameric pore from Staphylococcus aureus (Kasianowicz et al., 1996). 

With an inner diameter of just 1 nm, the pore is ideal for allowing the passage of a 

single strand of DNA at a time while blocking the passage of dsDNA fragments since 

the diameters of DNA are 0.9–0.1 nm for a single strand and 2 nm for dsDNA. It is 

stable and keeps open when exposed to an electric current. (Deamer et al., 2016; 

Kasianowicz et al., 1996; Oxford Nanopore Technologies n.d.-i; Wang et al., 2001).  

However, wild-type α-hemolysin pores are not ideal to use as a DNA sequencing sensor 

since the DNA strands pass through them too quickly to be recognized, and they have a 

5 nm stem in which, even at the right speed, more than 12 nucleotides would need to be 

identified collectively, making it difficult to identify individual nucleotides. Further 

research was necessary after it was determined that a different pore would be required 

and that the speed at which the DNA strand passed through the pore needed to be 

controlled (Deamer et al., 2016; Pennisi, 2012). It was not until a modified porin A from 

Mycobacterium smegmatis was used as the pore and a ϕ29 DNA polymerase was used 

to control the strand speed that nanopore sequencing became a reality (Deamer et al., 

2016; Manrao et al., 2012; Pennisi, 2012).  
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Oxford Nanopore Technologies was founded in 2005 initially as “Oxford Nanolabs”, 

whose aim was the development and commercialization of nanopores that could act as 

biosensors for the detection of agents such as metals and proteins. The company 

began research on sequencing in 2006, when they applied for and received a grant for 

sequencing technology development. In 2008, now focused on sequencing, the 

company was renamed Oxford Nanopore Technologies, continuing with the 

development of a sequencing technology that could hit the market (Pennisi, 2012). 

ONT released the first nanopore sequencing results in 2012. Their first sequencing 

device, the MinION, was made available to early-access users in 2014 and became 

commercially available in 2015 (Deamer et al., 2016; Oxford Nanopore Technologies 

n.d.-b). 

The company's initial product, the MinION, is a compact, portable sequencer that uses 

flow cells with up to 2048 pores operated in sets of 512, thus having a maximum of 512 

pores sequencing DNA strands simultaneously (Jain et al., 2016; Oxford Nanopore 

Technologies n.d.-d). Later, in 2017, ONT released the GridION, a device that allows 

sequencing up to five MinION flow cells at the same time (Oxford Nanopore 

Technologies n.d.-d). Continuing with the development of bigger devices that can run 

several flow cells in parallel, ONT introduced the PromethION in 2018. Along with the 

device, new flow cells were developed. PromethION flow cells have up to 10,700 pores 

and 2,675 sensors. The PromethION comes in two different versions, PromethION 24 

and PromethION 48, which allow simultaneous sequencing of 24 and 48 PromethION 

flow cells, respectively (Oxford Nanopore Technologies n.d.-h).  
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An adapter for the MinION and the GridION was launched in 2019. This adapter, called 

the Flongle, allows sequencing with a new type of flow cell. Flongle flow cells have 126 

pores, each of them controlled individually, and are the least expensive of all the flow 

cells available. The Flongle is a low-cost option that can generate as much as 1.8 Gb of 

data. (Oxford Nanopore Technologies n.d.-e). The MinION Mk1C, released in 2020, is a 

modified version of the original MinION that includes a screen and a computer all in a 

single portable device, removing the need for an additional computer to start a MinION 

run (Oxford Nanopore Technologies n.d.-b, n.d.-g). Figure 3 shows a timeline with the 

major releases and events from ONT. 

Figure 3. Timeline of major events and product releases from ONT. 

1.2 Pathogen Sequencing 

 

1.2.1 Pathogen sequencing approaches 

Nowadays, sequencing is a vital diagnostic tool for both genetic and infectious 

disease diagnosis (Adams & Eng, 2018; Duan et al., 2021). Regarding the latter, 

sequencing during pathogen outbreaks is crucial as its use allows a better 
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understanding of the pathogen’s identity, its phylogenetics, and how it is being 

transmitted (Wohl et al., 2016).   

When an unknown pathogen is believed to be the causative agent of a disease, 

metagenomic sequencing can be used as a powerful tool to determine the virus, 

parasite, fungi, or bacteria causing the infection. Metagenomic sequencing refers to the 

sequencing of all the genetic material in a sample, and it was made available with the 

development of NGS due to their high throughput. The use of metagenomics 

sequencing in clinical settings is crucial as it overcomes the burden of applying tests 

that only detect some specific pathogens, providing conclusive results in a single test. 

Furthermore, sequencing provides much more information than classic molecular tests, 

such as strain identification and a transcriptomic landscape of the pathogen and the 

host response to it (Chiu & Miller, 2019; Gu et al., 2021; Quince et al., 2017).  

Another approach is targeted sequencing, which can be used when there is only a 

limited number of pathogens suspected as the causative agent of the disease. Among 

the advantages that targeted sequencing provides is a higher number of reads coming 

specifically from the pathogen of interest, which leads to a higher detection sensitivity, 

and depending on the targeted sequencing approach used, it can also provide whole 

genomes. Two of the techniques used for targeted sequencing are capture methods, 

which work by designing probes with high affinity to the genetic material of interest; and 

PCR (Chiu & Miller, 2019; Gaudin & Desnues, 2018).  

Furthermore, through the integration of epidemiological and sequencing data, it is 

possible to identify the source of infection and track transmission networks, providing 
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valuable information for governments in order to timely generate policies with respect to 

an outbreak (Behrmann & Spiegel, 2020; Brejova et al., 2021; Bull et al., 2020). In this 

context, short-read sequencing technologies are generally used for conventional 

pathogen detection, while long-read platforms are typically used for de novo sequencing 

due to their capability of producing overlapping reads big enough to sort out complex 

repetitive regions (Gwinn et al., 2019). 

1.2.2 Initial developments and recent SARS-CoV-2 pandemic 

 

The first pathogen to be fully sequenced, and the first whole genome sequenced, 

was the bacteriophage ΦX174, sequenced by Sanger and his team in 1977 with the 

plus and minus sequencing method (Sanger, Air, et al., 1977). In 2003, during the 

SARS outbreak, sequencing was first applied to detect a pathogen during an outbreak. 

The severe acute respiratory syndrome coronavirus was identified through electron 

microscopy, and its identity as a novel coronavirus was confirmed by several assays, 

including sequencing. The obtention of the whole genome of SARS in the early stages 

of the pandemic allowed the development of molecular tests in a more accurate and 

timely manner due to a better understanding of the virus and tackle the outbreak in a 

better way (Goldsmith et al., 2004; Marra et al., 2003; Rota et al., 2003; Stadler et al., 

2003). 

The current COVID-19 pandemic represents the biggest challenge for public health 

since modern sequencing technologies were developed. Since early on in the 

pandemic, sequencing has played a critical role. Metagenomic sequencing was used for 

the identification of the virus, and genomic surveillance through targeted sequencing is 
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carried out across the globe (Brito et al., 2022; Wu et al., 2020). Severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of COVID-19, 

which has led to a global pandemic responsible for more than 6.3 million deaths as of 

June 26, 2022 (WHO, 2022). SARS-CoV-2 infection in humans was first identified in 

December 2019 in Wuhan, China (Wu et al., 2020; Zhou et al., 2020). A patient 

reporting chest tightness, dry cough, pain, weakness and presenting fever and dyspnea 

was hospitalized on December 26, 2021. Commercial pathogen antigen-detection kits 

and quantitative PCR excluded the symptoms from being caused by the presence of 

common respiratory pathogens such as influenza viruses, human adenoviruses, 

Chlamydia pneumoniae and Mycoplasma pneumoniae. Metagenomic RNA sequencing 

of bronchoalveolar lavage fluid from the patient was performed to identify the etiological 

agent. The longest contig built was found to have a nucleotide identity of 89.1% with the 

bat SARS-like coronavirus isolate bat-SL-CoVZC45, later identifying it as a novel 

coronavirus strain that was later named SARS-CoV-2 by the International Committee on 

Taxonomy of Viruses (Coronaviridae Study Group of the International Committee on 

Taxonomy of, 2020; Wu et al., 2020).  

 

SARS-CoV-2 is a virus from the Coronaviridae family with a positive-sense single-

stranded RNA genome of approximately 30 kb. It shares a 79.6% sequence identity with 

SARS-CoV, and 96% with the bat coronavirus RaTG13 (Wu et al., 2020; Zhou et al., 

2020). It has a genome of ~29.9 kb, and as other coronaviruses, it comprises four 

different structural proteins: nucleocapsid (N), envelope (E), membrane (M), and spike 

(S). It also contains sixteen non-structural proteins and eleven accessory proteins 
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(Redondo et al., 2021; M. Y. Wang et al., 2020; Wu et al., 2020).  A linear map of the 

SARS-CoV-2 genome can be observed in Figure 4. The spike protein of SARS-CoV-2, 

through its receptor-binding domain, allows entry into host cells for infection by forming 

a complex with the angiotensin-converting enzyme 2 (ACE2) in humans (Shang et al., 

2020; Walls et al., 2020; Zhou et al., 2020). 

 

Figure 4. SARS-CoV-2 linear genome map. The ORF1ab which encodes for non-

structural proteins is colored blue. In green are displayed its four structural proteins: 

spike (S), envelope (E), membrane (M), and nucleocapsid (N). And in yellow the regions 

that encode for accessory factors. Adapted from (Gordon et al., 2020) and the NIH 

graphics tool for the severe acute respiratory syndrome coronavirus 2 isolate Wuhan-

Hu-1 complete genome (National Library of Medicine (US) National Center for 

Biotechnology Information, 2020). 

As the common signs and symptoms of COVID-19 (e.g., cough, fever, dyspnoea) are 

present in other upper respiratory tract infections, and given its high transmissibility, 

molecular tests need to be performed to diagnose COVID-19 and prevent virus 

propagation (Chu et al., 2020; Harrison et al., 2020; Kevadiya et al., 2021). For SARS-

CoV-2 identification and diagnosis, rapid antigen tests have been widely used due to 
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their cost, rapidness, and simplicity, allowing to obtain a result within minutes and 

without the need of expensive laboratory equipment or a highly expert individual. 

However, rapid antigen tests generally present a lower sensitivity than reverse 

transcription polymerase chain reaction (RT-PCR), and thus, its use for diagnosis highly 

depends on the clinical context of the patient (Dinnes et al., 2021; Kruttgen et al., 2021; 

Mak et al., 2020). Nucleic acid amplification tests, and specifically, RT-PCR, are better 

for clinical detection of SARS-CoV-2 due to their specificity and sensitivity (Kevadiya et 

al., 2021; Kruttgen et al., 2021). Nevertheless, when it comes to a more detailed 

surveillance, genomic sequencing is required (Brejova et al., 2021).   

1.2.3 Sequencing approaches during the SARS-CoV-2 pandemic  

Research groups have developed primer sets that allow the generation of 

complete SARS-CoV-2 genomes through PCR. The ARTIC Network developed a set of 

primers for tiled, multiplex PCR amplification that produces ∼400 bp amplicons. 

Multiplexing refers to the use of more than 1 primer pair in a single PCR reaction, and 

tiling refers to having amplicons that overlap each other. The overlapping of amplicons 

aids in generating sequences with higher coverages and building more reliable 

consensus sequences. The first version was released in January 2020, the ARTIC 

SARS-CoV-2 primers set are continuously updated to improve genome coverage by 

avoiding amplicon dropouts as new variants with mutations in primer-binding sites 

appear (ARTIC Network; Davis James et al.; Tyson et al., 2020).  

The Midnight primers are another multiplex, tiled primer set created for whole genome 

amplification of the SARS-CoV-2 genome. This set consists of 29 primers and 



36 
 

generates amplicons of ∼1200 bp (Freed et al., 2020). Another primer set developed by 

a research group is the Entebbe panel. This set generates amplicons of ∼1500 bp 

(Cotten et al., 2021). Detailed characteristics of these primer sets can be observed in 

Table 2. 

Table 2. ARTIC, Midnight, and Entebbe SARS-CoV-2 primer sets information.  

 

Furthermore, companies have also produced primer panels for SARS-CoV-2, such as 

the AmpliSeq for Illumina SARS-CoV-2 Research Panel from Illumina, the xGen™ 

SARS-CoV-2 Amplicon Panel from IDT, and the CleanPlex SARS-CoV-2 Kit from 

Paragon Genomics. Each one of these primer sets is directed toward specific 

sequencing applications (Illumina 2023a; Integrated DNA Technologies 2023; Paragon 

Genomics n.d.). 
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1.2.4 Previous approaches for library preparation and sequencing in the field 

Due to the portability of the MinION and given that it does not need any 

specialized setup or calibration, ONT sequencing has been employed for quick 

deployment in outbreak situations when sequencing facilities are not accessible, such 

as during the Ebola pandemic in West Africa, in which MinION devices were set up for 

the first time for on-site sample sequencing, out of a dedicated laboratory. All equipment 

necessary for sequencing, including the MinION sequencing device and reagents, were 

taken to Liberia and Guinea as checked commercial luggage, and promptly installed, 

allowing to promptly obtain Ebola virus sequences from positive clinical samples and 

analyze them (Hoenen et al., 2016; Quick et al., 2016).  

Another early approach was the development of a mobile sequencing laboratory using 

MinION devices by the Zika in Brazil Real-time Analysis (ZiBRA) project during the 2016 

Zika virus outbreak in Brazil and travelled throughout the areas with the highest number 

of Zika virus cases. This was a relevant strategy because, according to the ZiBRA 

project, the typical diagnostic process typically involves sample transportation to the 

state capital for analysis, which can delay results by several months, highlighting the 

importance of on-site portable sequencing during outbreaks (Faria et al., 2016). 

On-site outbreak surveillance with ONT’s MinION has been implemented in other 

outbreaks including the Lassa virus (Kafetzopoulou et al., 2019), yellow fever 

(Giovanetti et al., 2019), swine flu (Jia et al., 2020), avian influenza virus (de Vries et al., 

2022), pathogens causing bacterial meningitis (Pallerla et al., 2022), and the ongoing 

SARS-CoV-2 pandemic, among others (Freed et al., 2020; Li et al., 2020; Oxford 

Nanopore Technologies n.d.-c; M. Wang et al., 2020; Wang et al., 2021).  
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On-site sequencing of wildlife has also been done using portable Nanopore sequencing. 

Examples include the implementation of sample collection, library preparation, and 

sequencing for the identification of reptiles and amphibians in Ecuadorian and 

Tanzanian rainforests (Menegon et al., 2017; Pomerantz et al., 2018). 

Additional directions have been proposed, and advance has been made for portable 

Nanopore sequencing in a number of other fields, like crop and livestock monitoring 

(Boykin et al., 2018; Lamb et al., 2020), and human DNA re-identification for forensics 

and other applications (Zaaijer et al., 2017). Moreover, Nanopore sequencing has even 

been performed in space, when libraries were prepared and sequenced on the 

International Space Station (Castro-Wallace et al., 2017). 

1.3 Automated approaches for sequencing library preparation 

Genetic material must be subjected to several preparation steps before loading 

into a sequencing device. This process, called library preparation, is typically a lengthy 

methodology that involves several steps, including DNA repair, amplification, addition of 

sample identifiers for sample multiplexing, and magnetic bead clean-ups, among other 

steps crucial for a successful sequencing run. Library preparation requires several 

hours of work from a trained technician and the use of plastic consumables such as 

pipette tips and tubes. These factors have led to the development and implementation 

of a number of automated library preparation devices (Hess et al., 2020; Illumina n.d.; 

Oxford Nanopore Technologies n.d.-f; Shi et al., 2023). Automated library preparation 

devices allow users to standardize procedures, reduce contamination, increase 

precision, reduce hands-on user time, and obtain ready-to-sequence libraries in a rapid 
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way (Farias-Hesson et al., 2010). Currently, the two main approaches for automation 

are pipetting workstations and microfluidic devices (Hess et al., 2020). 

Pipetting workstations essentially substitute the technician's pipetting by doing it 

themselves using robotic arms and pipetting heads. Magnetic plates and thermal zones 

can be coupled with the devices to provide the user with the possibility of performing a 

fully automated library preparation. Due to their ability to manage multiple plates at 

once, these workstations are ideal when a huge number of libraries need to be prepared 

simultaneously. Some of the companies producing pipetting workstations are Beckman 

Coulter, Eppendorf, PerkinElmer, and Hamilton (Hess et al., 2020; Illumina 2023c).  

1.3.1 Microfluidics for automated library preparation 

The use of droplet-based microfluidic devices for sequencing library preparation 

is a novel approach, even if the fundamental concepts behind these developments were 

established more than a century ago. Gabriel Lippmann's work on electrocapillarity laid 

the groundwork for the study of electrowetting, which is the driving force behind the 

latest generation of automated microfluidic devices (Mugele & Baret, 2005). 

Electrowetting is the manipulation of a droplet's interfacial tension through the 

application of an electric field. This effect allows the movement of droplets in electrode 

boards without having them in contact with any other material apart from the reagents 

themselves and the matrix in which they move (Hess et al., 2020; Illumina 2023b; 

Mugele & Baret, 2005; Pollack et al., 2000; Shen et al., 2023). In contrast, centrifugal 

microfluidic systems can produce sequencing libraries using centrifugal force for 

molecule separation, pneumatic pumps for fluid movement, and heating modules can 
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be added as well. (Hess et al., 2021; Park et al., 2020). Library preparation through 

automated microfluidic devices eliminates contamination risk during the process as it is 

carried out in enclosed cartridges, reduces the amount of reagents and materials used, 

and avoids extensive shearing of the genetic material through the elimination of the 

majority of the pipetting steps; however, single-use cartridges need to be used for every 

experiment (Hess et al., 2020; Illumina 2023b). 

One of the companies working in the development of droplet-based microfluidic library 

preparation devices is Miroculus. Their device, the Miro Canvas, allows the movement, 

mixing, merging, and splitting of droplets and has thermal and magnetic zones. The 

Miro Canvas has an electrode board at the bottom of a slot in which a single-use 

cartridge is inserted. The cartridge contains one hydrophobic layer on top and one on 

the bottom, which create an environment for the droplets to move as the electrode 

board on which the cartridge sits applies a series of electric potentials, moving droplets 

around. The reagents are inserted into the cartridge, the protocol is selected, and the 

device performs the library preparation (Miroculus 2023). 

Another company working on the development of automated microfluidic library 

preparation platforms is Volta Labs, which is working on the development of a device 

using electrowetting as the moving mechanism, with magnetic and thermal zones as 

well (Volta Labs n.d.). A commercially available device is still in development. 

Moreover, ONT has developed its own microfluidics automatic library preparation 

platform, the VolTRAX, which is a portable device that contains a heater, a peltier, an 

optical fluorescent detector for nucleic acid quantification, and magnets for magnetic 
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bead cleanups. Samples are loaded into a disposable cartridge, and in a similar fashion 

to Miroculus and Volta, the droplets are moved around by applying an electric charge 

via electrowetting, with protocols programmed and controlled by software on a computer 

(Oxford Nanopore Technologies 2023b). 

On the other hand, the National Research Council (NRC) has developed an automated 

microfluidics device for protocol automation that differs in the motion forces used for 

droplet movement, as it uses centrifugation and pneumatic pressure to perform 

protocols such as library preparation. The device, called the PowerBlade, uses cheap, 

disposable thermoplastic microfluidic chips that contain microchannels and reaction 

chambers in which samples and reagents are loaded. The chips are then placed in the 

PowerBlade, and the protocol is carried out automatically (National Research Council, 

2022). The PowerBlade is shown in Figure 5. 

Figure 5. PowerBlade. NRC-developed microfluidic device for protocol automation. 

PowerBlade image from the NRC (National Research Council, 2022). 

PowerBlade’s use of thermoplastic chips offers flexibility in design, as new chips can be 

designed and integrated for automating different protocols while keeping each reaction 

at a low cost. Additionally, when compared to other microfluidic automation platforms 
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like ONT's VolTRAX, Miroculus Canvas, and Volta Labs device, the PowerBlade is 

currently the only one that offers the entire sample-to-workflow process and uses 

cheaper cartridges (Miroculus 2023; National Research Council, 2022; Oxford 

Nanopore Technologies 2023b; Volta Labs n.d.).  

1.4 Rationale 

Sequencing is still limited by library preparation. Library preparation can take 

several hours and needs to be performed by a trained technician in an appropriate 

laboratory or by a pipetting workstation, which is not possible in remote areas, resource-

limited settings, or places where a molecular biology technician is not always available, 

such as hospitals and clinics. In the context of outbreaks such as the current SARS-

CoV-2 pandemic, the capability of generating sequencing data in a timely manner is 

crucial for etiological agent identification, classification, and a rapid response for the 

benefit of individual patients or for entire communities in the sense of public health 

policies.  

To tackle this issue, our laboratory has collaborated with the National Research Council 

to develop an automated workflow for Nanopore library preparation from SARS-CoV-2 

clinical samples using the NRC-developed automated microfluidics device, the 

PowerBlade. The combination of this automated, portable device with portable 

sequencing technologies, such as those developed by Nanopore, gives us a workflow 

that can be easily run almost anywhere, not limited to hospitals or laboratories but also 

in remote locations, without the need for a highly experienced technician due to the 

automation of the workflow. Furthermore, this is an adaptable technology that can be 

modified and used for the identification of other pathogens. 
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The entire process, from sample RNA extraction to final library, takes place on a set of 

two microfluidic chips that are run in the PowerBlade. Chip #1 was designed to perform 

RNA extraction, reverse transcription, multiplex SARS-CoV-2 PCR with 98 primers in 

two separate pools for whole genome SARS-CoV-2 amplification (PCR ramp rate of 

35°C/minute), and DNA purification. Chip #2, previously designed by the NRC, was 

used for library preparation, which includes end repair/dA-tailing (End-prep), barcode 

ligation, sequencing adapter ligation, and DNA purification. A diagram of the 

PowerBlade workflow and the chips can be observed in Figure 6. 

Figure 6. a) Chip 1. b) Chip 2 c) On-chip workflow. RNA extraction, reverse 

transcription, multiplex PCR, and DNA purification are carried out on chip 1. Library 

preparation is done on chip 2. 
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Considering the limited on-chip space and the amount of time that the ligation reagents 

would have to endure at room or higher temperatures before starting the reaction, the 

standard ONT barcoding ligation protocol (Figure 7a) was not appropriate for on-chip 

library preparation. We developed a novel Nanopore library preparation protocol in 

which both barcode and sequencing adapter are ligated in the same step (Figure 7b). 

This one-step ligation protocol would be suitable for on-chip implementation since it 

requires fewer steps and less space to function as a result of the merging of the two 

ligation steps. The protocol, previously developed in our laboratory, will be tested 

against the standard ONT protocol to prove its efficacy. 

a) 

 

b) 

 

Figure 7. Library preparation protocols. a) ONT standard library preparation protocol 

(Two-step ligation). b) One-step ligation library preparation protocol developed in our 

laboratory.  
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1.5 Hypothesis and objectives 

The aim of the present work is to test three key aspects of the PowerBlade on-

chip workflow: the novel one-step ligation library preparation protocol, on-chip PCR, and 

on-chip library preparation using the one-step ligation protocol. The novel one-step 

ligation protocol was recently developed in our laboratory for on-chip implementation on 

the PowerBlade. Its performance will be compared against the standard ONT library 

preparation protocol in this thesis. The SARS-CoV-2 ARTIC PCR and primer set was 

developed by the ARTIC consortium (ARTIC Network, n.d.). The PowerBlade and Chip 

#1 were developed by the NRC, and chip #2 was developed by the NRC in 

collaboration with our laboratory. We hypothesized that the correct functioning of these 

elements will contribute towards the implementation of the PowerBlade automated 

workflow for Nanopore library preparation from SARS-CoV-2 clinical samples. 

The objectives of this thesis are the following:  

I. Evaluate our novel one-step ligation library preparation protocol in 

comparison to the standard (two-step ligation) library preparation protocol.  

II. Evaluate on-chip PCR performance in comparison against standard off-chip 

PCR carried out in a thermocycler. 

III. Evaluate on-chip library preparation performance in comparison with standard 

off-chip library preparation. Both on-chip and off-chip library preparations will 

be performed using the one-step ligation library preparation protocol.  
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Chapter 2: Materials and Methods 
 

2.1 Novel library preparation protocol evaluation 

Two sets of experiments were carried out to test our novel library preparation 

protocol. The genetic material used for both sets of experiments was SARS-CoV-2 

ARTIC amplicons generated from cDNA coming from RNA extracted from clinical 

nasopharyngeal samples of COVID-19 positive patients. The first set of experiments 

was meant to evaluate the performance of our novel library preparation protocol against 

the standard protocol by preparing libraries on the bench with different amounts of 

ARTIC amplicons as starting material. The amounts used were 100, 75, and 50 ng. 

Libraries were prepared with three samples for each amplicon amount, this information 

can be observed in Table 3. The libraries produced were sequenced on a PromethION 

flow cell without normalizing them. 

Table 3. DNA (ARTIC amplicon) amount and number of samples used for the second set 

of library preparation experiments. 

 

The second set of experiments involved library preparation with amplicons coming from 

clinical samples of different Ct values, with both protocols. The Ct value is defined as the 

number of amplification cycles that a sample needs to go through in real-time PCR to 
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cross a predefined fluorescence threshold that corresponds to the amount of DNA 

generated during the PCR reaction. Ct values provide an insight into the original sample 

in an inverse correlation manner: low Ct values indicate a higher nucleic acid 

concentration in the sample, while higher Ct values indicate a lower nucleic acid 

concentration in the sample (Ontario Agency for Health Protection and Promotion (Public 

Health Ontario), 2020). The Ct values used were 15, 20, 25, and 30. Three different 

samples were used for each Ct value, which is displayed in Table 4. The libraries 

generated were adjusted to the same concentration and sequenced on a single 

PromethION flow cell. 

Table 4. Ct values and number of samples used for the first set of library preparation 

evaluation experiments. 

 

 

2.2 On-chip PCR evaluation 

PCR performed on-chip on the PowerBlade was evaluated against off-chip 

controls. Figure 8a shows the workflow carried out. cDNA produced from Twist 

Synthetic SARS-CoV-2 RNA controls was used to perform PCR both on-chip on the 

PowerBlade and on a thermocycler on the bench. Then, library preparation was carried 

out on the bench and the libraries of each experiment set were sequenced together on 
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PromethION flow cells after concentration normalization. There were 2 stages of tests 

for on-chip PCR evaluation, the number of on-chip and off-chip runs per round can be 

observed in Figure 8b. This was done given that after the first on-chip PCR 

experimental stage, a calibration of the temperature in the PCR chambers was 

performed to improve the results obtained. During the first experiment round, two on-

chip PCR reactions were carried out along with one off-chip control, and on the second 

stage, after calibration of the temperature inside the PCR chambers of the chip, two on-

chip PCRs were performed with two off-chip controls.  

 

Figure 8. On-chip PCR evaluation workflow. a) Experiment workflow carried out in both 

stages of experimentation b) Stages of on-chip PCR testing. During stage 1, two on-

chip PCR reactions were carried out, with an off-chip PCR control. For stage 2, after 

temperature calibration, two on-chip PCR reactions were performed, with two off-chip 

PCR controls. 
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As mentioned before, for each stage, two on-chip PCRs were carried out, however, 

these are not replicates. Given that the PCR is carried out in two pools in two different 

chambers of the chip, named chamber A & H (Figure 9a), the first PCR reaction from 

both stages was performed with pool 1 being amplified in chamber 1, and pool 2 being 

amplified on chamber 2. The second PCR reaction from both stages was performed 

vice versa, with pool 1 in chamber 2, and pool 2 in chamber 1, this experiment design 

can be observed in Figure 9b.  

 

Figure 9. PCR chambers and primer pools amplified in chambers. a) PCR chambers 

located on chip 1. b) PCR pool amplification on the two different chambers for both 

stages. For one of the PCR reactions of each stage, pool 1 was amplified on chamber 1 

and pool 2 on chamber 2. For the other PCR reaction, pool 1 was amplified on chamber 

2 and pool 2 on chamber 1. 
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2.3 On-chip library preparation evaluation 

Nanopore sequencing library preparation was evaluated against off-chip controls. 

The workflow carried out can be observed in Figure 10. Sequencing libraries were 

prepared both on-chip on the PowerBlade, and off-chip on the bench from DNA SARS-

CoV-2 ARTIC amplicons produced through standard on-bench PCR from cDNA from 

Twist Synthetic SARS-CoV-2 RNA controls. The libraries were sequenced 

independently without normalization, all in PromethION flow cells.

 

Figure 10. On-chip library preparation evaluation workflow. 
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2.4 Protocols 

RNA extracted from nasopharyngeal swabs of SARS-CoV-2 positive patients 

was reverse transcribed and PCR amplified using the ARTIC SARS-CoV-2 primers. As 

positive controls, Twist Synthetic SARS-CoV-2 RNA controls were reverse transcribed, 

and PCR amplified following the same methods as the samples. The protocols are 

described in detail in the following subsections. 

2.4.1 Reverse Transcription 

Reverse transcription was carried out using a modified LunaScript protocol 

developed at our lab (Chen et al., 2020), which is based on the Protocol for LunaScript 

RTSuperMix Kit (E3010) from NEB. 

For each sample, 11 μL of RNA were mixed with 4 μL of LunaScript RT SuperMix (5x) 

(NEB), and 5 μL of nuclease-free water. The components were then gently mixed by 

pipetting and pulse-centrifuged. The reaction was incubated at 25°C for 2 minutes, 55°C 

for 20 minutes, and 95°C for 1 minute. The reaction can then be placed on ice for 1 

minute or stored at -20°C. 

2.4.2 PCR for SARS-CoV-2 genome amplification 

SARS-CoV-2 genome amplification was carried out through PCR using the 

ARTIC SARS-CoV-2 primers (ARTIC Network) with the protocol that is currently being 

used at our lab (J Reiling et al., 2022). 

For each sample, two reactions were set, one with ARTIC primer pool 1 and the other 

with ARTIC primer pool 2 (Integrated DNA Technologies). Each reaction was set up 
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with 3.7 µL of primer pool, 3.8 µL of nuclease-free water, 12.5 µL of Q5 Hot Start High-

Fidelity 2X Master Mix (NEB), and 5 µL of reverse transcription product obtained in the 

Reverse Transcription step. The reactions were then gently mixed by pipetting and 

pulse-centrifuged. The reaction was incubated at 98°C for 30 seconds. This was 

followed by 36 cycles of 98°C for 15 minutes and 63°C for 5 minutes. The reaction can 

then be placed on ice for 1 minute or stored at -20°C. A post-PCR magnetic bead 

cleanup was performed using SPRIselect beads (Beckman Coulter). The entire 

contents of the reaction products of pool 1 and pool 2 were combined for each sample. 

An equal volume of SPRI beads was added to the combined products, mixed by 

pipetting, and incubated at RT for 5 minutes. Then, they were incubated on a magnetic 

rack for 5 minutes and the supernatant was removed. While still on the magnetic rack, 

200 µL of fresh 80% ethanol were added and discarded after 30 seconds, this step was 

done twice for a total of two 80% ethanol washes. The beads were left to dry for 3 

minutes, then removed from the magnetic rack, and 30 µL of Buffer EB (QIAGEN) were 

added. The beads were resuspended and incubated at RT for 3 minutes. Then, they 

were incubated on the magnetic rack for 5 minutes and the eluate was recovered. 

2.4.3 ONT Library preparation 

The standard ONT barcoded library preparation process comprises 3 steps: 

EndPrep, barcode ligation, and sequencing adapter ligation. The novel one-step ligation 

library preparation protocol developed in our laboratory combines the two ligation steps 

into a single one, thus reducing the amount of time needed for library preparation, and 

in the case of implementation on a microfluidic device, reducing the number of 

chambers/inlets needed to use.  
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The standard library preparation protocol was carried out based on the nCoV-2019 

McGill Nanopore LibPrep Protocol used at our lab for library preparation of ARTIC 

amplicons from SARS-CoV-2 clinical samples (Reiling et al., 2020). First, for the 

EndPrep reaction, 5 µL of DNA amplicons generated in the PCR step are mixed with 7.5 

µL of nuclease-free water, 1.75 µL of Ultra II End Prep Reaction Buffer (NEB), and 0.75 

µL of Ultra II End Prep Enzyme Mix (NEB). The reaction was incubated at RT for 10 

minutes, 65°C for 5 minutes, and placed on ice for 1 minute. Then, for barcode ligation, 

2.5 µL of a nanopore native barcode was added to each sample, making sure that each 

sample had a different barcode. 10 µL of Ultra II Ligation Master Mix (NEB), 0.3 µL of 

Ligation Enhancer (NEB) and 4.2 µL of nuclease-free water were added too. Then, the 

reaction was incubated at RT for 15 minutes, 70°C for 10 minutes, and placed on ice for 

1 minute. The reaction was then cleaned with SPRIselect beads (Beckman Coulter) by 

adding 32 µL of beads and gently mixing by pipetting. The reaction was incubated at RT 

for 5 minutes, then incubated on a magnetic rack for 5 minutes and the supernatant was 

removed. 200 µL of fresh 80% ethanol were added and discarded after 30 seconds, this 

step was done twice for a total of two 80% ethanol washes. The beads were left to dry 

for 3 minutes, then removed from the magnetic rack, and 30 µL of Buffer EB (QIAGEN) 

were added. The beads were resuspended and incubated at RT for 3 minutes. Then, 

they were incubated on the magnetic rack for 5 minutes and the eluate was recovered. 

For adapter ligation, the following reagents were added to the 30 µL of eluate: 10 µL of 

NEBNext Quick Ligation Reaction Buffer (5X) (NEB), 5 µL of AMII adapter mix (ONT), 

and 5 µL of Quick T4 DNA Ligase. The reaction was incubated at RT for 20 minutes and 

placed on ice for 1 minute. After this, 50 µL of SPRIselect beads were added, the 
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reaction was mixed and incubated at RT for 5 minutes. Then, the sample was placed on 

a magnetic rack for 5 minutes and the supernatant was removed. The sample was 

resuspended in 200 µL of SFB, incubated for 5 minutes at RT, and then for 5 minutes 

on a magnetic rack. The supernatant was discarded and the SFB wash step was 

repeated for a total of 2 SFB washes. The sample was removed from the magnetic rack 

and 15 µL of Buffer EB were added to the bead pellet, mixed, incubated at RT for 5 

minutes, and then placed on the magnetic rack for 5 minutes. The eluate containing the 

ONT library was then recovered. 

Our novel one-step ligation library preparation protocol in which both barcode and 

adapter ligation occur in a single step was performed as follows:  For the EndPrep, 200 

ng in 6.67 µL, 10 µL of nuclease-free water, 2.33 µL of Ultra II End Prep Reaction Buffer 

(NEB), and 1 µL of Ultra II End Prep Enzyme Mix (NEB) were mixed. The reaction was 

incubated at RT for 10 minutes, 65°C for 5 minutes, and placed on ice for 1 minute. For 

the barcode and adapter ligation in a single step the following reagents were added to 

the product of the EndPrep reaction: 5 µL of nanopore native barcode (ONT) (making 

sure that each sample had a different barcode), 20 µL of NEBNext Quick Ligation 

Reaction Buffer (NEB), 0.6 µL of Ligation Enhancer (NEB), 20 µL of Ultra II Ligation 

Master Mix (NEB), 5 µL of AMII adapter mix (ONT), 10 µL of Quick T4 DNA Ligase 

(NEB), and 19.4 µL of nuclease-free water. The reaction was incubated at RT for 15 

minutes and placed on ice for 1 minute. 100 µL of SPRIselect beads were added to the 

reaction, mixed by pippeting and incubated at RT for 5 minutes. Then, the sample was 

placed on a magnetic rack for 5 minutes and the supernatant was removed. The sample 

was resuspended in 200 µL of SFB, incubated for 5 minutes at RT, and then for 5 
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minutes on a magnetic rack. The supernatant was discarded and the SFB wash step 

was repeated for a total of 2 SFB washes. The sample was removed from the magnetic 

rack and 15 µL of Buffer EB were added to the bead pellet, mixed, incubated at RT for 5 

minutes, and then placed on the magnetic rack for 5 minutes. The eluate containing the 

ONT library was then recovered. 

2.5 Sequencing and data analysis 

All libraries were sequenced using the PromethION and basecalled using 

MinKNOW in high accuracy mode. The fastq.gz files produced by MinKNOW were 

concatenated and unzipped using Linux commands (cat, and gunzip, respectively). 

Sequencing adapters and native barcodes were removed using porechop (v0.2.4) (Wick 

et al., 2017). The generated fastq files with a >20 quality were mapped against the 

complete genome of the severe acute respiratory syndrome coronavirus 2 isolate 

Wuhan-Hu-1 (National Library of Medicine (US) National Center for Biotechnology 

Information, 2020), using minimap2 (v2.24) (Li, 2018). The generated SAM files were 

converted to BAM, sorted, indexed using samtools (v1.16.1) (Danecek et al., 2021). 

Additionally, samtools was used to generate depth, coverage, and read number metrics. 

Fragment size metrics and plots, as well as coverage plots, and bigWig files were 

generated using deeptools (v3.5.1) (Ramirez et al., 2016). PCR pool contribution was 

calculated using the SARS-CoV-2 ARTIC primer sequences, labeling them as either 

pool 1 or pool 2, and aligning them to the generated reads. Primer pool contribution was 

calculated by dividing the number of reads that aligned to primers in pool 1 or 2, divided 

by the total number of reads. Lineage calling was performed using the online tool of 

Pangolin: Pangolin COVID-19 Lineage Assigner (v4.3) (O'Toole et al., 2021). Phylogeny 
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graphics were produced using Pathogenwatch (v20.2.8) (Argimon et al., 2021). A 

diagram displaying the data analysis performed can be observed in Figure 11. 

 

Figure 11. Diagram showing the data analysis performed. 
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Chapter 3: Results 
 

3.1 Novel library preparation protocol evaluation 

 

3.1.1 Library preparation protocol testing with different amounts of starting 

material 

Nanopore sequencing libraries were prepared with SARS-CoV-2 ARTIC 

amplicons generated from nasopharyngeal clinical samples, using both the standard 

two-step ligation Nanopore protocol and our novel one-step ligation protocol. The 

libraries were prepared with different amounts of starting material: 100, 75, and 50 ng of 

amplicons. The libraries were prepared with different input amounts of DNA to 

determine how the DNA amount affects the performance of the protocols. We used 

these DNA amounts, given that these are common DNA inputs in our process for 

SARS-CoV-2 sequencing in our laboratory. Each sample was prepared with both the 

one-step ligation protocol and the standard ONT library preparation protocol, and the 

DNA came from the same amplification batch; hence, no other variable played a part in 

the performance observed other than the protocol itself, allowing us to compare how the 

protocols perform against each other. 

Figure 12 shows the sequencing metrics plotted, as well as DNA recovery after library 

preparation. While the total read and mapped read number varies for each library, both 

the one-step and two-step protocols present genome coverages of more than 98% for 

all the libraries. All the libraries prepared presented the expected fragment length for 

ARTIC SARS-CoV-2 amplicons (~420 base pairs). Figure 13 shows the fragment size, 

comparing libraries prepared with the one-step and the two-step ligation protocols. 
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Figure 14 shows that even when all libraries present a high and similar coverage, these 

do not present the same coverage depth. Figures 15-18 show differences in coverage 

depth along the SARS-CoV-2 genome. 

 

Figure 12. Sequencing metrics and DNA recovery of libraries prepared with different 

amounts of DNA as input. Libraries prepared with the one-step ligation protocol are 

shown in blue while libraries prepared with the standard two-step protocol are shown in 

orange. a) Total reads. b) Mapped reads. c) Genome Coverage. d) Mean Coverage 

Depth. e) DNA recovered after library preparation. 
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Figure 13. Distribution of sequenced fragment length of libraries prepared with different 

amounts of DNA as input. Libraries prepared with the one-step ligation protocol are 

shown in blue while libraries prepared with the standard two-step protocol are shown in 

orange. a) 100 ng samples. b) 75 ng samples. c) 50 ng samples. d) Negative control. 
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Figure 14. Genome coverage comparison of libraries prepared with different amounts 

of DNA as input. Libraries prepared with the one-step ligation protocol are shown in blue 

while libraries prepared with the standard two-step protocol are shown in orange. 

Coverage as number of reads per base pair is shown on the x-axis, and the y-axis 

shows the fraction or percentage of bases sampled with a coverage such as that of the 

x-axis or higher. a) Ct 15 samples. b) Ct 20 samples. c) Ct 25 samples. d) Ct 30 

samples. 
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Figure 15. IGV Genome coverage of libraries prepared with 100 ng of DNA as input. 

Libraries prepared with the one-step ligation protocol are shown in blue while libraries 

prepared with the standard two-step protocol are shown in orange. Positive (pink) 

values show higher coverage for one-step prepared libraries while negative (black) 

values show higher coverage for two-step prepared libraries.  

Figure 16. IGV Genome coverage of libraries prepared with 75 ng of DNA as input. 

Libraries prepared with the one-step ligation protocol are shown in blue while libraries 

prepared with the standard two-step protocol are shown in orange. Positive (pink) 

values show higher coverage for one-step prepared libraries while negative (black) 

values show higher coverage for two-step prepared libraries. 
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Figure 17. IGV Genome coverage of libraries prepared with 50 ng of DNA as input. 

Libraries prepared with the one-step ligation protocol are shown in blue while libraries 

prepared with the standard two-step protocol are shown in orange. Positive (pink) 

values show higher coverage for one-step prepared libraries while negative (black) 

values show higher coverage for two-step prepared libraries. 

 

 Figure 18. IGV Genome coverage of libraries prepared as a negative control. Libraries 

prepared with the one-step ligation protocol are shown in blue while libraries prepared 

with the standard two-step protocol are shown in orange. Positive (pink) values show 

higher coverage for one-step prepared libraries while negative (black) values show 

higher coverage for two-step prepared libraries. 
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Figure 19. Phylogenetic tree of libraries prepared with different amounts of DNA as 

input. 
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3.1.2 Library preparation protocol testing with different Ct values 

 

Nanopore sequencing libraries were prepared with SARS-CoV-2 ARTIC 

amplicons generated from nasopharyngeal clinical samples, using both the standard 

Nanopore protocol and our novel one-step ligation protocol. Material of four different Ct 

values (15, 20, 25, and 30) was used to prepare the libraries. These Ct values were 

selected as they are common in the samples received from clinical sites. This set of 

clinical samples is different from the one used in the previous section. However, as 

each sample was prepared with both the one-step ligation library preparation protocol 

and the standard ONT library preparation protocol, and the DNA used was produced in 

the same amplification batch, there is no other variability added other than the library 

preparation process itself, allowing us to determine how the one-step ligation protocol 

compares to the standard one. 

The sequencing metrics observed in Figure 20 show that more reads were sequenced 

for the one-step ligation-prepared libraries and that both methods present a similar and 

complete genome coverage. Nevertheless, we observe a lower coverage, number of 

mapped reads, and mean depth for the Ct 30 samples. Figure 21 shows the fragment 

length of the amplicons generated, and most of them lie within the expected size. 

However, two Ct 30 samples show a larger proportion of fragments differing from the 

expected size. Genome coverage depth appears to be slightly higher for one-step 

prepared libraries, as observed in Figure 22. This effect is related to the number of 

mapped reads sequenced for each library. Generally, as the number of mapped reads 

increases, the coverage depth increases too, given that all the primers are amplified. 

We observe the same effect but now on a genome-wide scale in Figures 23-27, in 
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which the one-step prepared libraries have a higher coverage of most regions of the 

SARS-CoV-2 genome.

 

Figure 20. Sequencing metrics and DNA recovery of libraries prepared from samples 

with different Ct values. Libraries prepared with the one-step ligation protocol are shown 

in blue while libraries prepared with the standard two-step protocol are shown in orange. 

a) Total reads. b) Mapped reads. c) Genome Coverage. d) Mean Coverage Depth. e) 

DNA recovered after library preparation. 
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Figure 21. Distribution of sequenced fragment length of libraries prepared from samples 

with different Ct values. Libraries prepared with the one-step ligation protocol are shown 

in blue while libraries prepared with the standard protocol are shown in orange. a) Ct 15 

samples. b) Ct 20 samples. c) Ct 25 samples. d) Ct 30 samples. e) Positive control 
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Figure 22. Genome coverage comparison of libraries prepared from samples with 

different Ct values. Libraries prepared with the one-step ligation protocol are shown in 

blue while libraries prepared with the standard two-step protocol are shown in orange. 

a) Ct 15 samples. b) Ct 20 samples. c) Ct 25 samples. d) Ct 30 samples. e) Positive 

control 
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Figure 23. IGV Genome coverage of libraries prepared with Ct 15 samples. Libraries 

prepared with the one-step ligation protocol are shown in blue while libraries prepared 

with the standard two-step protocol are shown in orange. Positive (pink) values show 

higher coverage for one-step prepared libraries while negative (black) values show 

higher coverage for two-step prepared libraries.  

Figure 24. IGV Genome coverage of libraries prepared with Ct 20 samples. Libraries 

prepared with the one-step ligation protocol are shown in blue while libraries prepared 

with the standard two-step protocol are shown in orange. Positive (pink) values show 

higher coverage for one-step prepared libraries while negative (black) values show 

higher coverage for two-step prepared libraries.  
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Figure 25. IGV Genome coverage of libraries prepared with Ct 25 samples. Libraries 

prepared with the one-step ligation protocol are shown in blue while libraries prepared 

with the standard two-step protocol are shown in orange. Positive (pink) values show 

higher coverage for one-step prepared libraries while negative (black) values show 

higher coverage for two-step prepared libraries.  

Figure 26. IGV Genome coverage of libraries prepared with Ct 30 samples. Libraries 

prepared with the one-step ligation protocol are shown in blue while libraries prepared 

with the standard two-step protocol are shown in orange. Positive (pink) values show 

higher coverage for one-step prepared libraries while negative (black) values show 

higher coverage for two-step prepared libraries.  



70 
 

Figure 27. IGV Genome coverage of libraries prepared with as positive controls. 

Libraries prepared with the one-step ligation protocol are shown in blue while libraries 

prepared with the standard two-step protocol are shown in orange. Positive (pink) 

values show higher coverage for one-step prepared libraries while negative (black) 

values show higher coverage for two-step prepared libraries. 

 

Figure 28. Phylogenetic tree of all samples sequenced. Produced with Pathogenwatch. 
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3.2 On-chip library preparation evaluation 

 

Libraries prepared both on-chip on the PowerBlade and off-chip on the bench 

were sequenced on different flow cells without normalization, hence the differences in 

number of total and mapped reads observed in Figure 29. Nevertheless, even with 

these differences, the covered bases and coverage graphs show a high and similar 

coverage for both the on-chip and off-chip prepared libraries. Figure 30 shows a high 

similitude in the fragment size profile between the libraries prepared on and off the 

PowerBlade.  

Figure 31 displays a big difference in coverage depth, which is explained by the 

discrepancy in number of reads between on and off-chip libraries, however as seen in 

Figure 32, the off-chip libraries present a full genome coverage too, showing that the 

libraries generated on-chip on the PowerBlade are completely functional and resemble 

those prepared off-chip in coverage and fragment size. 
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Figure 29. Sequencing metrics of libraries prepared on-chip. Libraries prepared on chip 

are shown in pink and purple while those produced off-chip are shown in green. a) Total 

reads. b) Mapped reads. c) Covered bases. d) Coverage. 

 

Figure 30. Distribution of sequenced fragment length of libraries prepared on-chip. 

Libraries prepared on chip are shown in blue while those prepared off-chip are shown in 

orange. a) On-chip 1 vs off-chip. b) On-chip 2 vs off-chip. 
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Figure 31. Genome coverage comparison of libraries produced on-chip. Libraries 

prepared on chip are shown in blue while those prepared off-chip are shown in orange. 

Coverage as number of reads per base pair is shown on the x-axis, and the y-axis 

shows the fraction or percentage of bases sampled with a coverage such as that of the 

x-axis or higher. a) On-chip 1 vs off-chip. b) On-chip 2 vs off-chip. 

 

Figure 32. IGV Genome coverage comparison of libraires prepared on chip. Libraries 

produced on chip are shown in pink and purple while those produced off-chip are shown 

in green. Positive (orange) values show higher coverage for libraries prepared on-chip 

while negative (black) values show a higher coverage for libraries prepared off-chip. 
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3.3 On-chip PCR evaluation  

3.3.1 On-chip PCR evaluation - 1st set of experiments. 

On-chip PCR was carried out, and libraries prepared with on-chip and off-chip 

amplicons were sequenced with normalization. Sequencing metrics are presented in 

Figure 33. One of the libraries produced with amplicons produced on-chip presents a 

lower amount of total and mapped reads; however, overall, the covered bases and 

coverage percentage is similar between both the libraries prepared with on-chip and the 

off-chip amplicons. Nevertheless, Figure 34 shows that the size of the amplicons 

generated on-chip does not fully correspond to the expected value obtained off-chip. 

Moreover, a detailed look at the genome coverage in Figures 35 and 36 show that the 

coverage of the off-chip amplicons is higher than that of the on-chip amplicons. 

Nonetheless, pool contribution (Figure 37), a key aspect of a 2-pool PCR, is highly 

dissimilar between the on-chip and off-chip amplicons. The amplicons produced on-chip 

on the PowerBlade have an average contribution from pool 2 of about 90%. In contrast, 

the amplicons produced off-chip had a more equitable distribution, with only 60% of the 

total amplicons originating from pool 2. This represents a ~30% difference between 

them. These results derived in a calibration of the temperature inside the PCR chamber 

of chip 1, to ensure that the PCR is conducted in a proper way and amplicons are 
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generated properly.

 

Figure 33. Sequencing metrics of libraries prepared from amplicons produced on-chip. 

1st experiment. Libraries prepared with amplicons produced on chip are shown in pink 

and purple while those prepared with amplicons produced off-chip are shown in green. 

a) Total reads. b) Mapped reads. c) Covered bases. d) Coverage. 
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Figure 34. Distribution of sequenced fragment length of libraries prepared from 

amplicons produced on-chip. 1st experiment. Libraries prepared with amplicons 

produced on chip are shown in blue while those prepared with amplicons produced off-

chip are shown in orange. a) On-chip A vs off-chip 1. b) On-chip B vs off-chip 1. 

 

 Figure 35. Genome coverage comparison of libraries prepared from amplicons 

produced on-chip. 1st experiment. Libraries prepared with amplicons produced on chip 

are shown in blue while those prepared with amplicons produced off-chip are shown in 

orange. Coverage as number of reads per base pair is shown on the x-axis, and the y-

axis shows the fraction percentage of bases sampled with a coverage such as that of 

the x-axis or higher.  a) On-chip A vs off-chip 1. b) On-chip B vs off chip 1 
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Figure 36. IGV Genome coverage comparison of libraries prepared from amplicons 

produced on-chip. 1st experiment. Libraries prepared with amplicons produced on chip 

are shown in pink and purple while those produced with amplicons produced off-chip 

are shown in green. Positive (orange) values show higher coverage for libraries 

prepared with on-chip produced amplicons while negative (black) values show a higher 

coverage for libraries prepared with off-chip produced amplicons. 

 

Figure 37. Primer pool contribution of libraries prepared from amplicons produced on-

chip. 1st experiment. 
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3.3.2 On-chip PCR evaluation - 2nd set of experiments.  

 

Calibration of the temperature on the chip 1 PCR chambers was carried out and 

subsequently, another round of on-chip PCR experiments was performed. The libraries 

produced this time are called on-chip C & D for those prepared with amplicons 

produced on the PowerBlade (to avoid mixing with the on-chip A & B libraries produced 

in the previous round of experiments), and the libraries made with off-chip generated 

amplicons were named off-chip 2 & 3. 

In this second round, after temperature calibration of the PCR chambers, we observe 

that the covered bases and the coverage are more similar between on-chip and off-chip 

amplicons than in the original experiment, and the number of reads is balanced. Figure 

39 shows that the on-chip and off-chip amplicons have more similar amplicon sizes, 

peaking all libraries at the expected size. Figures 40 and 41 display a similar coverage 

profile and depth between on-chip and off-chip amplicons. 

In particular, the pool contribution of the on-chip PCR resembles more closely that of 

the off-chip produced amplicons, reducing the difference between on-chip and off-chip 

from ~30% in the first round of experiments to less than 10% in this second round.
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Figure 38. Sequencing metrics of libraries prepared from amplicons produced on-chip. 

2nd experiment. Libraries prepared with amplicons produced on chip are shown in pink 

and purple while those prepared with amplicons produced off-chip are shown in dark 

and light green. a) Total reads. b) Mapped reads. c) Covered bases. d) Coverage. 
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Figure 39. Distribution of sequenced fragment length of libraries prepared from 

amplicons produced on-chip. 2nd experiment. Libraries prepared with amplicons 

produced on chip are shown in blue while those prepared with amplicons produced off-

chip are shown in orange and green. a) On-chip C vs off-chip 2 and 3. b) On-chip D vs 

off-chip 2 and 3. 

Figure 40. Genome coverage comparison of libraries prepared from amplicons 

produced on-chip. 2nd experiment. Libraries prepared with amplicons produced on chip 

are shown in blue while those prepared with amplicons produced off-chip are shown in 

orange and green. Coverage as number of reads per base pair is shown on the x-axis, 

and the y-axis shows the fraction or percentage of bases sampled with a coverage such 

as that of the x-axis or higher. a) On-chip C vs off-chip 2 and 3. b) On-chip D vs off-chip 

2 and 3. 
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Figure 41. IGV Genome coverage comparison of libraries prepared from amplicons 

produced on-chip. 2nd experiment. Libraries prepared with amplicons produced on chip 

are shown in pink and purple while those prepared with amplicons produced off-chip are 

shown in dark and light green. Positive (orange) values show higher coverage for 

libraries prepared with on-chip produced amplicons while negative (black) values show 

a higher coverage for libraries prepared with off-chip produced amplicons. 

 

 

Figure 42. Primer pool contribution of libraries prepared from amplicons produced on-

chip. 2nd experiment. 
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Chapter 4: Discussion 
 

4.1 Novel library preparation protocol evaluation 

 

Our first objective was to assess the correct performance of our novel one-step 

ligation library preparation protocol. The results displayed show in the first place, that 

this protocol produces libraries that are able to be sequenced with Nanopore 

instruments. Furthermore, the libraries produced present similar or higher numbers of 

mapped reads, and a similar or higher DNA recovery than the standard library 

preparation protocol. This can be explained given that there is one bead cleanup less in 

the one-step ligation protocol, thus losing less DNA in the process. A key aspect 

observed was that the sequenced fragments obtained with both protocols are located in 

the same size range.  

The genome coverage of the SARS-CoV-2 genome obtained with both protocols shows 

no major differences, apart from coverage depth in some cases, which is explained by 

variations in the number of fragments sequenced. Overall, the first section of the results 

chapter shows a good performance of our novel one-step ligation protocol compared to 

the standard protocol, rendering it available for on-chip testing on the PowerBlade and, 

of course, for its use on the bench for other applications. The relevance of this protocol 

for its use both on and off-chip relies on the fact that it requires fewer steps, thus taking 

less time without affecting the efficiency of the library preparation and the sequencing 

outcome. 
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4.2 On-chip library preparation evaluation 

 

After evaluating our novel one-step ligation library preparation protocol on the 

bench against the standard two-step ligation library preparation protocol, and showing 

that the protocol works, we tested it on-chip on the PowerBlade. Two libraries were 

prepared on the PowerBlade, while one was prepared as a control on the bench. The 

sequencing of these libraries was carried out in separate flow cells without 

normalization, hence showing a large difference in the number of reads and coverage 

depth. Still, when we observe the fragment size, percentage of the genome covered, 

and the visual IGV comparisons of the SARS-CoV-2 genome coverage, we notice 

almost no differences between the libraries prepared on and off-chip. With these results, 

we demonstrate that the PowerBlade does generate libraries that can be successfully 

sequenced and that these libraries generated are of good quality. 

 

4.3 On-chip PCR evaluation 

 

In the second section of results, we tested the functioning of the on-chip PCR on 

the PowerBlade. Initially, we observed in the first round of experiments that even if the 

libraries generated did present reads and coverage of the SARS-CoV-2 genome, 

meaning that ARTIC amplicons were indeed produced, they did not have an optimum 

quality. The sequenced fragment size of the off-chip amplicons did not peak at 420 bp 

as that of the library prepared with amplicons produced off-chip, the genome coverage 

was not as high as the off-chip control, and most significantly, the primer pool 

contribution was highly uneven. 
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Primer pool contribution is a critical factor in the evaluation of the PCR, given that an 

uneven amplification would result in the irregular and incomplete coverage of the target 

organism's genome, in this case, SARS-CoV-2. Due to the observation of the highly 

uneven amplification from the two primer pools and the underperforming amplicon size 

and coverage, we decided that this was not the ideal performance that would be 

required for the actual implementation of the protocol on the microfluidics device for 

sample preparation.  

Thus, a temperature calibration was performed by inserting a thermocouple inside the 

PCR chambers shown in Figure 7 and running the PCR program, observing the actual 

temperature inside the chambers. After calibrating the temperature in the controlling 

software, a new set of tests was conducted to ensure the temperature within the 

chambers was appropriate. This time, two on-chip PCR reactions and two off-chip PCR 

controls were carried out. 

The results obtained in the second round of on-chip PCR experiments, after 

temperature calibration on the PCR chambers, show a clear improvement in the quality 

of the amplicons generated. The covered bases and coverage presented from the 

libraries produced with amplicons generated on-chip were highly similar to that of the 

off-chip amplicons. Moreover, the sequenced fragment length shows a high similarity 

between the on and off-chip amplicons, both peaking at the expected size of 420 bp. 

Given that the number of fragments sequenced from all libraries prepared was similar, 

the genome coverage comparison presented in Figure 34 shows a tight similarity 

between all libraries sequenced. When observing the pool contribution, we noticed that 

the pool contribution was much more balanced this time, with an average contribution of 
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~59% from pool 2; in the first round of experiments, this was ~91%. The difference in 

pool 2 contribution between on and off-chip amplicons went from ~30% in the first set of 

experiments to less than 10% in this second set.  

Given the results obtained, showing a clear enhancement in the quality of the amplicons 

generated on chip 1 on the PowerBlade, we can note that the performance of the on-

chip PCR resembles a high similarity to that of the off-chip standard PCR on a 

conventional thermocycler, thus making feasible its use for our workflow. Additionally, 

this process can be modified to perform any other PCR for any other organism, given 

that the temperature in the chambers is adequate. 

 

4.4 Overall work 

 

The results presented in this thesis show that the evaluated sections of the 

sample-to-library workflow perform adequately, with a similar performance on the 

PowerBlade to that on the bench. The one-step ligation library preparation workflow 

performed as well as the standard ONT protocol, producing libraries viable for 

sequencing and with similar sequencing metrics between the two protocols. Then, 

evaluating the performance of the protocol on-chip on the PowerBlade demonstrated to 

generate viable libraries with sequencing metrics comparable to those of libraries 

prepared off-chip. Finally, the on-chip PCR on the PowerBlade was evaluated against 

the standard PCR on a thermocycler, showing a good amplification corresponding to 

that on the bench.   
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Testing the entire workflow is the next step in the process to validate its efficacy for 

future applications outside the laboratory. Thorough testing with clinical samples of 

different Ct values will be needed to determine its range of application in a real-life 

setting. This workflow will enable sequencing to be performed on suspected or 

confirmed COVID-19 patients in remote geographical locations or under limited 

economic situations where sequencing was not previously feasible, given that this is an 

automated instrument that does not require a complex installation or manipulation, 

available to be performed by individuals that are not necessarily molecular biology 

technicians. Additionally, the one-step ligation protocol presented in this thesis is meant 

to be used in a standard laboratory setting as well, as it reduces library preparation time 

without compromising the library output or sequencing result. 

The PowerBlade, developed by the NRC, is suitable for the automation of a wide range 

of protocols that are typically performed in a series of different instruments in a 

laboratory; this, along with its portability, makes it an excellent tool for the 

implementation of the workflow. Nevertheless, this workflow can be modified for 

optimization regarding reagent volumes or the protocol themselves, aiming for better 

yields or higher quality of the sequencing libraries generated. This workflow could also 

be transferred to other protocol automation platforms using technologies previously 

described, such as the electrowetting-based droplet microfluidics instruments, if the 

application requires so. Furthermore, this workflow is not meant to be solely used during 

the SARS-CoV-2 pandemic, as the RNA extraction and amplification steps could be 

modified for the identification of other pathogens and even for treatment of other kinds 

of samples, aiding in future pandemics or routine testing of samples for other means. 
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Chapter 5: Conclusions and Future Directions 
 

In this thesis, we evaluate three critical aspects of the operation of a sample to 

sequencing library preparation workflow on a set of cartridges on the PowerBlade, a 

microfluidics protocol automation device developed by the National Research Council. 

These three elements evaluated are a novel library preparation protocol developed in 

our lab, on-chip PCR performance, and on-chip library preparation protocol efficiency. 

The development of the novel one-step library preparation protocol was crucial, given 

the on-chip limitations that we encountered. We noticed that a more straightforward and 

faster protocol needed to be created to carry out nanopore library preparation on the 

PowerBlade. Our protocol was evaluated against the standard library preparation 

protocol, which includes one ligation step for the addition of the barcode onto the DNA 

fragment to be sequenced and another ligation step for the attachment of the 

sequencing adapter. In contrast, our protocol combines the ligation of both the barcode 

and sequencing adapter in a single step. 

We demonstrated that our novel library preparation protocol works as efficiently as the 

standard protocol, generating proper nanopore libraries with sequencing metrics 

comparable to those prepared with the standard protocol. This is important not only as 

we have developed a faster protocol that requires fewer steps to generate a nanopore 

library, but also because we could then test it on the PowerBlade. 

A correct amplification of the whole SARS-CoV-2 genome is a fundamental aspect of 

the entire workflow. On-chip PCR evaluation showed that the amplicons generated on-

chip on the PowerBlade are of the same quality as those generated off-chip. 
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Furthermore, the on-chip PCR can be adapted to amplify other genomes by changing 

the temperature program and the primers. 

The last step, testing the on-chip library preparation with our novel protocol, showed 

that the PowerBlade can generate libraries satisfactorily, comparable to those 

generated on the bench. Overall, we have demonstrated that the novel one-step library 

preparation protocol works both on the bench and on-chip, and that the SARS-CoV-2 

ARTIC PCR produces adequate amplicons on-chip. These aspects are crucial for the 

successful execution of the entire workflow. 

As a future direction, testing the whole workflow with a clinical sample should be done 

on the PowerBlade and compared to an off-PowerBlade control workflow prepared on 

the bench. Moreover, due to the significance of the recent pandemic and the availability 

of samples, SARS-CoV-2 was used for this workflow; nevertheless, this workflow is 

intended to be modified to identify any other organism. Implementing this automated 

sample-to-sequencing library workflow will enable sample sequencing in remote 

locations and different settings where it is not currently available but is required, 

allowing them to keep an accurate track of pathogens and take precise and valuable 

measures on time.  
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Appendix I: Supplemental Figures and Tables 

Supplemental table 1. Library preparation protocol testing with different amounts of 

starting material. Sequencing metrics. Libraries prepared with the one-step ligation 

protocol are shown in gray and libraries prepared with the standard two-step protocol 

are shown in white.  
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Supplemental table 2. Library preparation protocol testing with different amounts of 

starting material. Sequenced fragment length. Libraries prepared with the one-step 

ligation protocol are shown in gray and libraries prepared with the standard two-step 

protocol are shown in white. 
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Supplemental table 3. Library preparation protocol testing with different amounts of 

starting material. Pango lineage calling. Libraries prepared with the one-step ligation 

protocol are shown in gray and libraries prepared with the standard two-step protocol 

are shown in white. 
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Supplemental table 4. Library preparation protocol testing with different Ct values. 

Sequencing metrics. Libraries prepared with the one-step ligation protocol are shown in 

gray and libraries prepared with the standard two-step protocol are shown in white. 
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Supplemental table 5. Library preparation protocol testing with different Ct values. 

Sequenced fragment length. Libraries prepared with the one-step ligation protocol are 

shown in gray and libraries prepared with the standard two-step protocol are shown in 

white.
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Supplemental table 6. Library preparation protocol testing with different Ct values. 

Pango lineage calling. Libraries prepared with the one-step ligation protocol are shown 

in gray and libraries prepared with the standard two-step protocol are shown in white. 
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 Supplemental table 7. On chip library preparation testing. Sequencing metrics. 

 

 

 Supplemental table 8. On chip library preparation testing. Sequenced fragment length. 

 

 

 Supplemental table 9. On chip library preparation testing. Pango lineage calling. 
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Supplemental table 10. On chip PCR testing. 1st experiment. Sequencing metrics. 

 

 

Supplemental table 11. On chip PCR testing. 1st experiment. Sequenced fragment 

length  

 

 

Supplemental table 12. On chip PCR testing. 1st experiment. Pango lineage calling. 
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Supplemental table 13. On chip PCR testing. 2nd experiment. Sequencing metrics. 

Experiments carried out after temperature calibration of the PCR chambers. 

 

 

Supplemental table 14. On chip PCR testing. 2nd experiment. Sequenced fragment 

length. Experiments carried out after temperature calibration of the PCR chambers. 

 

 

Supplemental table 15. On chip PCR testing. 2nd experiment. Pango lineage calling 

Experiments carried out after temperature calibration of the PCR chambers. 

 

  


