
 

 

 

 

 

 

 

 
Development of a Sample Preparation 

Platform for Bacterial and Viral Pathogens 

 

 

 by  

 AARON D. J. A. EVANS  

 

 This thesis was submitted to the  

College of Engineering Design and Physical Sciences, Brunel University London 

upon the completion of research for the degree of Doctor of Philosophy 

 

 

 March 2022  

 

 Supervisors:  

 Dr. Ruth Mackay 

Prof. Wamadeva Balachandran 

 

 



Abstract 
 

I | P a g e  

I. Abstract 
 

Molecular diagnostics plays a crucial role in reducing the impact of infectious diseases on a population. 

A key stage during the process is sample preparation, viewed as a bottleneck in the field of diagnostics. 

There are currently no standalone sample preparation systems able to process a range of sample types 

in a streamlined and reliable manner away from specialised infrastructure. The contribution to 

knowledge, described in this thesis, demonstrates a proof-of-concept sample preparation platform 

that was designed for deployment in the developed and developing world. The focus was placed on 

processing cloacal swab samples collected from chickens, and respiratory swab samples collected 

from humans, for the amplification and detection of poultry related infections and SARS-CoV-2, 

respectively, in a separate platform.  

A lysis protocol (the boiling method) was tested on cloacal samples before conducting both PCR 

amplification and colorimetric LAMP. 100 mg of a cloacal sample was suspended within 200 µL of a 

buffer, which was then incubated at 92 °C for 15 minutes. Performing the boiling method in a PBS 

buffer was found to offer the highest DNA yield (182 ng/µL), while the highest A280/260 ratio was 

found with the TE/PK buffer (1.06). Both the PCR and LAMP methods showed successful amplification 

of E. Coli following a 1:10 dilution step.  

A sample preparation platform was developed to accept cloacal and respiratory (NP and OP) samples 

on a swab, lyse the cells using thermal lysis, and dispense 1 – 3 µL droplets into PCR tubes. As it was 

not possible to produce droplets within this range using standard dripping configurations, an EHD 

module was employed to overcome the effects of surface tension at a metallic capillary. The platform 

was designed using Solidworks 2020, and optimised using COMSOL simulations. The platform was 

then fabricated using 3D printing techniques and tested.  

The platform demonstrated capabilities of performing cell lysis in a single thermal heating step at 92 

°C. Droplets with a volume of 1.3 µL were dispensed on-demand, 86% smaller than possible with 

standard dripping configurations. The multidisciplinary work presented in this thesis reduced the 

complexity of sample preparation into a ready-to-assemble platform. Although universal sample 

preparation has yet to be fully achieved, the research conducted in this thesis may offer the first step 

towards the realisation of this goal.  
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VIII. Symbols, Subscripts and Subscripts  
 

 Prefixes for Powers of 10 used with Metric Units  

 Prefix nano- micro- milli- centi- kilo- mega-  

 Abbreviation n µ m c k M  
 Power 10-9 10-6 10-3 10-2 103 106  

 

 Standard Symbols  

 Symbol Description Unit  

 A Area in square metres  m2  

 D Diameter m  

 Di Diodicity (-)  

 E Voltage  V  

 F Force  N  

 Ff View factor between the two surfaces (-)  

 I Current A (Amps)  

 L Length m  

 Ṁ Momentum flow rate kg⋅m/s  

 P Power W  

 Q̇ Volumetric Flow rate m3/s or L/s  

 R Resistance Ω (ohms)  

 Re Reynolds Number (-)  

 T Temperature °C or K  

 U Velocity m/s  

 V Volume in cubic meters m3 or L  

 W Droplet Diameter at the neck m  

 Z Distance between needle and grounded Electrode m  

 a Acceleration  m/s2  

 cp Specific heat capacity at constant pressure  J/kg K  

 g Gravitational constant (≈9.81) m/s2  

 hc Convective heat transfer coefficient W/m2K  

 k Stiffness N/m  

 m Mass in kilograms kg  

 ṁ Mass flow rate kg/s  

 p Pressure Pa  

 r Radius m  

 s Stroke length of the syringe pump m  

 t Time or time step in seconds s  

 y Displacement m  
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 Subscripts  

 Symbol Description Unit  

 Fe Force (electrostatic) N  

 Fg Force (gravity) N  

 Fst Force (surface tension) N  

 TAVG Average temperature across the heating system °C  

 Ts Temperature (surface) °C  

 Tf Temperature (fluid) °C  

 T0 Initial Temperature °C  

 Tt Final Temperature  °C  

 Ta Temperature of surface A K  

 Tb Temperature of surface B K  

 pf Pressure change within a Tesla valve (forward flow) Pa  

 pr Pressure change within a Tesla valve (reverse flow) Pa  

 pi Pressure within a droplet Pa  

 p0 Ambient pressure Pa  
 

 Greek Symbols  

 Symbol Description Unit  

 Ε0 Electric Field Strength  V/m  

 Φnet Net heat generated J  

 Φċond Rate of heat energy transfer (conduction) W  

 Φċonv Rate of heat energy transfer (convection) W  

 Φṙad Rate of heat energy transfer (radiation) W  

 α Temperature coefficient of resistivity °C-1  

 γ Surface Tension N/m  

 δ Deflection m  

 ε Emissivity (-)  

 θ Contact angle °  

 κ Thermal conductivity W/mK  

 µ Dynamic Viscosity  Pa∙s  

 ν Poisson’s Ratio (-)  

 π Pi (≈3.14159) (-)  

 ρ Density kg/m3  

 ρR Resistivity Ω∙m  

 ρR0 Resistivity at T0 Ω∙m  

 ρRt Resistivity at Tt Ω∙m  

 σSB Stefan-Boltzmann constant W/m2K4  

 σS Stress Pa  

 σys Yield stress Pa  

 σvM von Mises stress Pa  

 φ̇cond Heat Flux (conduction) W/m2  

 φ̇conv Heat Flux (Convection) W/m2  

 τ Shear Rate s-1  

 τS Tangential (shear) stress Pa  
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1. Introduction 

1.1. An Introduction to Molecular Diagnostics  

Infectious diseases exert a heavy impact on economic, veterinary and human health. Viral pathogens 

can be viewed as a major threat, due to the high rate of mutation and the ability to adapt to new 

hosts. While less potent, a large number of pathogens are bacterial in nature, possessing the ability to 

adapt and increase in drug resistance if treated inaccurately [1].  

An accurate diagnosis of a disease is the first and most crucial step towards reducing the effect of a 

disease on a population. Traditional diagnostic procedures involve a study of an individual’s medical 

history or a physical examination, typically followed by a differential diagnosis where potential causes 

are evaluated until the most likely cause remains. This process can take a long time, greatly delaying 

treatment [2]. As an alternative, pattern recognition may be utilised to identify a disease through the 

recognition of common clinical symptoms. In this instance, the chance of a misdiagnosis is increased 

should the symptoms be non-specific, or should the infected individual be asymptomatic [3]. For both 

of these cases, trained healthcare workers are required to recognise symptoms and interpret results.  

Molecular diagnostics plays a key role in the detection, characterisation and quantification of 

infectious diseases, as well as the monitoring of treatment [4]. Many treatments are specific and 

require a fast and accurate diagnosis to be effective. The approach can offer a reliable alternative or 

addition to the aforementioned techniques, yielding definitive results before treatment is offered. 

Molecular diagnostics usually involves the testing of a sample collected from the individual, which is 

then subjected to methods such as microbiological culturing, blood chemistry testing, immunoassays 

and flow cytometry, among others [5]. While routine in laboratory-based environments, these 

methods are not suitable in low-resource settings lacking in trained personnel, reliable or sufficient 

power supplies, or refrigeration [6]. While several diagnostic tests are available, they are either costly 

or inaccessible, particularly for patients in the developing world [7].  

On-site molecular diagnostics has been suggested as a method to apply diagnostics on a larger scale, 

omitting the prerequisite of large laboratory-based analysers, skilled technicians, storage facilities, 

and a high quantity of reagents and consumables [8]. Recent innovations in technology have led to 

the conception of point-of-care-testing (POCT), where diagnostic tests are performed by the patient, 

which has played an important role in the detection and tracking of diseases at an early stage [9]. 

POCT can be performed either in small benchtop analysers or handheld devices, each of which can 

automate or omit some of the more demanding manual processes involved with preparing a sample 
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for analysis, decreasing the user interactivity while increasing the portability [10]. This is particularly 

beneficial as it allows for self-testing to be conducted, which can alleviate pressure on healthcare 

professionals, while allowing for testing to be conducted on patients who are unable to travel to 

specialised facilities. In recent years, POCT has become a widely accepted alternative to traditional 

laboratory-based diagnostics [9]. Overall, the successful implementation of POCT can greatly improve 

clinical and economic outcomes. 

 

 
Figure 1.1 – A diagram comparing the traditional testing procedure with point-of-care-testing [11] 

 (Created with BioRender.com) 
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1.2. An Introduction to Sample Preparation 

Between collection and analysis, a raw sample commonly undergoes a preliminary treatment process, 

or series of processes, to convert it into usable material and improve the accuracy of the results. This 

is known as sample preparation. Sample preparation is necessary when a sample either cannot be or 

gives low quality or unreliable results when analysed directly [12]. While specific sample preparation 

processes may differ between specific samples types, the procedure typically involves the removal of 

inorganic contaminants and inhibitors and the isolation and concentration of the target analyte. In 

some cases, the rheology of the sample may also be adjusted, to transform the sample into a less 

viscous form [13]. 

Sample preparation plays a crucial role in molecular diagnostics, and has been a long-time bottleneck 

of the analytical process, with many in the field seeking more convenient and cost-effective methods 

[14,15]. Conventional sample preparation techniques are labour intensive and time consuming, 

typically taking 70 – 80% of the total analysis time [16-18]. While the development of automated and 

high-throughput platforms has somewhat addressed the problem that is sample preparation, these 

solutions are expensive and restricted to centralised laboratories, and as a result, a reliable and 

standardised approach compatible with POCT remains lacking [13]. An ideal approach would prepare 

a sample for analysis in as few steps as possible, to reduce the processing time as well as the number 

of potential sources of sample contamination or degradation. While recent trends have trended 

towards the simplification and miniaturisation of sample preparation, an approach that meets the 

demands of POCT remains elusive [15]. 

 

 

Figure 1.2 – A Simplified Sampling Procedure  

(Created with BioRender.com)  
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1.3. ASSURED and REASSURED Criteria 

In 2003, the World Health Organisation (WHO) published a set of criteria applicable to all levels of 

diagnostics across the developing world. This set of criteria became known by the acronym ASSURED, 

which became the benchmark of POCT [7,19]. ASSURED is a summation of seven factors: Affordable, 

Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free and Deliverable to end-users.  

Affordability is considered to be one of the major considerations when evaluating the development 

and approval of new technology. Typically, a more affordable technology will increase the number of 

potential users [20]. Important factors affecting the affordability are the costs of implementation, the 

costs to employ staff and the material costs. While there is no standard for what is considered 

affordable, less than $1.00 USD is accepted for a lateral flow device (LFD), while less than $10.00 USD 

is accepted for molecular assays [21].  

Sensitivity is the minimisation and avoidance of false negatives, offering results comparable to the 

gold standard. When considering diagnostics, increased sensitivity is achieved through two-stage 

testing, either performed in parallel or in series. The primary test should identify the individuals at risk 

using a high-sensitivity, low-specificity test, while the secondary test should confirm the infection 

using a test with a higher specificity. In cases of uncertainty or discrepancies between the results, a 

third test may be used for confirmation [20]. Specificity is the minimisation and avoidance of false 

positives, offering results comparable to the gold standard. While a high specificity is desirable, a lower 

specificity may be accepted in cases where the treatment offered in cases of false positives offers a 

lower risk in comparison with the further proliferation of the disease in cases of false negatives [20]. 

User friendliness is the easiness of the testing procedure to be conducted without prior knowledge or 

training. Typically, POCT is considered “user friendly” when performed in less than 3 steps [20]. 

Rapidness addresses the turnaround time (TAT) of the testing procedure. Rapid testing is beneficial, 

as it allows for the patient to be diagnosed and offered treatment during the same visit. Following 

sample collection, results should be available in 15 to 30 minutes for the procedure to be considered 

rapid. The robustness of the test is the ability of the platform to resist environmental variables, mainly, 

temperature and humidity during use or transportation, without the necessity for refrigeration or 

specialised storage conditions [20]. 

Equipment-free covers the ability of the POCT device to perform without external equipment or power 

sources. Ideally, the device should contain either an internal battery supply, or should be able to 

function using solar power. In addition, the platform should be able to contain all steps of sample 
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processing [20]. Deliverability to end-users refers to the ability to ship, store and distribute POCT 

devices to users in remote locations. This factor is more important in resource limited settings, where 

diagnostic alternatives are not easily accessible [20].  

To address future trends in diagnostics, the acronym has evolved from ASSURED to REASSURED, 

including Real-time connectivity and Ease of specimen collection. The criteria equipment-free has also 

been expanded to include Environmental friendliness. Real-time connectivity refers to the 

transmission of the results to the relevant patients and healthcare workers in a short TAT following 

the making decision to test. Results should be provided as soon as possible to ensure that action is 

taken without delay. It should be noted that should the results be provided either directly to patients 

or lowly trained healthcare workers, then the results must be easily interpretable to prevent a 

misdiagnosis. Furthermore, the POCT device should also record and report environmental conditions 

in real-time, allowing for testing and storage conditions to be monitored. Ease of specimen collection 

refers to the ability to collect a sample without the need for complex and invasive collection methods. 

This criterion also considers the ability to perform sample preparation steps directly within the POCT 

device. Lastly, environmental friendliness ensures that the materials used for the fabrication of the 

POCT devices are either recyclable, or do not produce toxic fumes when incinerated. This criterion 

also considers the prevention of potentially harmful chemicals contained within the POCT device 

cartridges escaping into the environment [20]. 
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1.4. Aims and Objectives 

The project began due to poultry related outbreaks in the developing world as part of an Engineering 

and Physical Sciences Research Council (EPSRC) project. The initial aim of the project was to develop 

a platform capable of delivering small, precise aliquots of a collected sample in its preferred form, for 

the detection of 6 bacterial and viral pathogens. Based on initial research into existing literature, it 

was decided that cloacal and faecal samples collected on a swab would offer the largest opportunity 

to detect the aforementioned pathogens in the least invasive manner. The platform would be 

cartridge-based, and would contain all of the necessary reagents to purify and prepare the nucleic 

acids, which would be dispensed into PCR reaction tubes. During the project, changes were made to 

the initial volume of the sample to be collected, as well as the final volume to be dispensed. Ultimately, 

these changes caused several delays, which resulted in a proof-of-concept device being developed to 

accept varying starting volumes, and dispense droplets of a set size, which could be adjusted 

depending on specific user needs. Throughout the progression of the project, the focus changed to 

address the Covid-19 pandemic. Consequently, the project aims evolved to encompass the detection 

of SARS-CoV-2 from respiratory swab samples. The ultimate aim of the project consequently evolved 

as a result, with the goal to process virtually any sample type, while allowing for simultaneous DNA 

and RNA delivery. 

 

1.4.1. Research Questions  

The goal of the project was to understand the design problem thoroughly, and produce a quality 

product that complies with current regulations and standards in the biomedical industry. The main 

research questions which would be answered throughout the project are: 

1. Can a universal sample preparation device be designed for manufacture and assembly in 

a low-income country?  

2. Can a manually actuated device be designed, with the ability to accurately dispense 

multiple aliquots on demand? 

Finally, with the evolution of the project to address the Covid-19 pandemic, the following research 

questions would also be raised: 

1. Is it possible to streamline sample preparation into a portable device? 

2. What are the wider applications of the project beyond sample preparation?  
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1.4.2. Engineering Impact 

There is a delicate balance concerning healthcare when considering treatment methods. Non-specific 

treatment can cause an increase in microbial resistance, resulting in future infections being more 

difficult to treat and increase the risk of subsequent outbreaks. Alternatively, extensive laboratory-

based screening for pathogens can greatly increase the TAT, resulting in further proliferation of the 

disease. The SARS-CoV-2 pandemic has further highlighted the lack of reliable solutions to prevent the 

spread of infections [22]. Thus, a compromise between selective screening and targeted treatment, 

allowing for the detection and treatment of diseases at an early stage, is vital.  

Such a compromise can be found through the use of POCT. The purpose of POCT is to conduct 

laboratory tests outside of a laboratory setting to obtain information about a biological material within 

a short TAT. The ability to reliably diagnose diseases can allow for infections to be detected and 

tracked at an early stage, lowering the time needed to achieve a diagnosis and enact a solution, greatly 

lowering the impact on veterinary, economic and human health [22].  

While centralised laboratories offer a wider range of tests, POCT offers tailored testing of a specific 

disease within a much shorter TAT. In comparison to standard laboratory tests which require a range 

of several hours to days to yield results, POCT can yield results within an hour. As demonstrated by 

the comparison of diagnostic approaches shown in Figure 1.1, POCT allows for healthcare decisions to 

be made sooner, saving crucial time [23].  

The platform developed throughout the progression of this project assisted with the monitoring of 

infectious diseases in veterinary applications across the developing world, and later, to monitor SARS-

CoV-2 infections. In both cases, the platform would offer the ability to detect infections away from a 

laboratory, mitigating the necessity for specialised storage, refrigeration and transportation. In the 

case of veterinary applications, testing may be conducted within the farm; while in the case of SARS-

CoV-2, testing may be conducted within a doctor’s surgery, or more crucially, in a patient’s home. Such 

solutions are key when confronting infectious diseases, where the TAT can significantly affect the 

impact of the disease. Localised testing in remote locations increases the frequency to which testing 

may be performed, reducing the number of follow-up appointments required within centralised 

facilities, reducing the burden on the healthcare industry and improving medical care [23].  
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1.5. Thesis Arrangement 

The aim of the project was to develop a sample preparation device capable of processing swab 

samples for the detection of infectious pathogens from poultry samples; and SARS-CoV-2 from human 

respiratory samples. The following chapters of this thesis are structured in the following manner: 

Chapter 2 introduces sample preparation in its entirety. As a goal of the project was to develop a 

universal sample preparation device, the chapter commences with an introduction to nucleic acids 

and sample types, a preface to the sample preparation steps required to convert the samples into 

purified nucleic acids. Additionally, the current state-of-the-art for diagnostic and POCT platforms 

were reviewed, evaluating their benefits and limitations, with considerations towards future trends.  

Chapter 3 presents the preliminary experiments conducted in order to determine a tangible starting 

point for the platform. These include an evaluation of commercially available swabs to determine 

which would be optimal for use with the platform and an evaluation of dispenser needles to determine 

the achievable unassisted droplet volume. Finally, a simple sample preparation protocol for cloacal 

samples collected from layer chickens is presented. 

Chapter 4 introduces the specifications which were considered during the development of the 

platform and introduces the key designs which were conceptualised during the progression of the 

project. An evaluation of each of the designs was conducted, before the final design idea is presented.  

Chapter 5 encompasses the development of selected designs introduced in Chapter 4. Computational 

simulations were utilised in order to approximate the fluidic, structural and heat transfer 

performances within models representative of the designs. Based on the results of the computational 

simulations, the design ideas were optimised where possible to improve performance in the 

aforementioned areas, while implausible designs were omitted from further study. 

Chapter 6 demonstrates the fabrication of the sample collection and preparation devices and 

concludes with testing being conducted on the heating and EHD modules within the final device. This 

is contextualised through comparisons to the computational designs presented in Chapter 5.  

Chapter 7 discusses the results obtained from the previous chapters, and where relevant, compares 

the results with the computational simulations presented in Chapter 5. The fabricated sample 

preparation device is evaluated against the current state-of-the-art presented in Chapter 2, as well as 

the REASSURED criteria presented in this chapter. Finally, a conclusion is provided to the thesis, with 

considerations offered towards potential future works required to develop the current platform into 

a true POCT platform for use in remote and resource-limited settings.   
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2. Literature Review  

A key stage of molecular diagnostics between “sample-in” and “answer-out” is sample preparation. 

As stated in section 1.4, the initial aim of the project was to develop a standalone sample preparation 

device for deployment in low-resource settings. While the intention was to develop a device capable 

of handling all types of biological samples, this task would be impossible to achieve during the span of 

a single research project. Thus, the focus of the project became extracting and purifying DNA and RNA 

from poultry samples to detect infectious viral and bacterial pathogens related to outbreaks across 

the developing world. As the project progressed, the aims of the project evolved to include the 

detection of SARS-CoV-2 from respiratory samples. 

For this project, isothermal amplification followed by end-point colorimetric detection, would be 

applied in each case to detect the pathogens. The amplification and detection processes would not be 

conducted within the sample preparation platform developed in this project. However, a 

consideration of these downstream processes would be required in order to fully understand the 

sample preparation processes suitable for the task. 

This chapter will consist of a literature review of sample preparation in its entirety, as well as a review 

of the current state-of-the-art which contains integrated sample preparation steps. A review of nucleic 

acids and the relevant bacterial and viral pathogens provided insight into the sample types required 

for analysis. Sample collection procedures and the related sample types provided a tangible starting 

point for the conception of the sample preparation platform developed during this project. A review 

of sample preparation, followed by a brief review of PCR and iNAAT techniques, would serve as a 

guideline for the required processes to be conducted within the platform. Finally, a review of the state-

of-the-art for molecular diagnostics and POCT provided crucial information on the steps other 

manufacturers had taken to incorporate sample preparation into their respective platforms, while 

highlighting some of the benefits and limitations of each. 
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2.1. Nucleic acid Diagnostics 

2.1.1. The Cell and Nucleic Acids 

Discovered by Friedrich Miescher in 1869, nucleic acids (NA) are small biopolymers that can be found 

within all living organisms [24]. NAs can be separated into two main categories: deoxyribonucleic acid 

(DNA) and ribonucleic acid (RNA). DNA (Figure 2.1) is a double stranded structure arranged in a double 

helix, found within the nucleus of a cell. DNA is comprised of 4 types of nucleotides, which are 

molecules containing a phosphate group, a sugar group and a nitrogenous base. These nucleotides 

are adenine (A), cytosine (C), thymine (T), and guanine (G). These nucleotides are covalently linked by 

hydrogen bonds, with adenine being paired with thymine, and guanine being paired with cytosine, 

forming a nucleobase [25].  

Contrary to DNA, RNA (Figure 2.2) is a single stranded structure, found within the cytoplasm of the 

cell. While all cells within an organism contain the same DNA profile, the expression of RNA varies. 

RNA is also comprised of 4 nucleotides, with uracil (U) replacing thymine. While RNA typically is single 

stranded, it can also form a double stranded hybrid when bonded to complimentary (cDNA) or foreign 

DNA [25].  

A sequence of at least 4 nucleobases forms a gene. In human cells, genes range from a few hundred 

to hundreds of thousands of nucleobases. The human body holds over 40,000 genes; however, many 

are inactive in human cells [26]. Segments of DNA may be converted into RNA through a process 

known as transcription. During this process, all instances of thymine are replaced with uracil. In 

contrast, RNA can be converted into DNA through a process known as reverse transcription. 

 

  
Figure 2.1 – Schematic of DNA 

(Created with BioRender.com) 

Figure 2.2 – Schematic of RNA 

(Created with BioRender.com) 
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There are 3 major classes of RNA which can be found within the cell, which can be seen in Table 2.1. 

The sequence of DNA can be transcribed into ribosomal RNA (rRNA) or transfer RNA (tRNA), or 

translated into proteins using a messenger RNA (mRNA). These different classifications of RNA feature 

different levels of stability, with more stable RNA having a longer half-life. In comparison to DNA, RNA 

is more susceptible to degradation and is more easily altered. Therefore, the isolation of intact, 

unaltered RNA is important for successful analysis. RNA is particularly vulnerable to RNases, which can 

break down the RNA. Such RNases can be found in abundance within contaminated equipment found 

within a laboratory. Many commonly used samples, such as hair and skin tissues, contain RNases. In 

light of these issues, it is more difficult to obtain high quality RNA from a sample, than DNA [26].  

 

Table 2.1 – 3 Major Classes of RNA [26] 

RNA Type Abbreviation  Percentage Size Stability 

Ribosomal RNA rRNA 80 – 85% Varies Stable 

Transfer RNA tRNA 15 – 20% Small Stable 

Messenger RNA mRNA 1 – 5% Varies Unstable 

 

There are two main types of cells: eukaryotic and prokaryotic cells. Eukaryotic cells (known as 

eukaryotes) can be found in multicellular organisms such as animals or plants, while in contrast, 

prokaryotic cells (known as prokaryotes) are typically found within single celled organisms, such as 

bacteria. All cells share four common components: a plasma membrane, cytoplasm, NAs, and 

ribosomes; however, the main differences lie in their structure and organisation.  

Viruses are sub-microscopic non-living particles, ranging from 20 to 250 nm in diameter, consisting of 

a plasma membrane, a cell wall and a protein capsid containing either a single or double stranded NA 

core. Viruses typically bind to a host cell in order to achieve replication. Viruses may also be classified 

into four main categories:  Filamentous, isometric (or icosahedral), enveloped and head and tail. 

With the exception of bacteriophages which possess single-stranded DNA (ssDNA), bacteria and higher 

organisms contain double-stranded DNA (dsDNA). Viruses contain both DNA and RNA, but require 

host cells to replicate. The length and content of the DNA varies from species to species. With simple 

bacteria such as E. coli, their DNA is roughly 1 mm in length and contains approximately 4 million 

nucleobases. In contrast, human cells have a DNA length of 174 cm and vary between 50 to 263 million 

nucleobases. As a result, solutions containing DNA can become very viscous and non-Newtonian in 

nature. Furthermore, DNA within the solution may be damaged or fragmented by mechanical shearing 

forces which can be generated by standard laboratory procedures such as pipetting [26].  
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2.1.1.1. Poultry Related Infections – An Overview 

The Philippines currently has a population of 109.58 million (see Table 2.2), ranking the country 13th 

on the global scale [27]. With the population forecast to increase by 14.12 million by the year 2030, 

the provision of food is set to become a major concern. Poultry farming in the Philippines offers a 

major contribution to the agricultural industry, generating 17% of the country’s agricultural output 

[28]. In these farms, birds are typically raised in the hundreds of thousands and stored in confined, 

enclosed conditions to increase biosecurity [29]. However, this can result in the proliferation of 

harmful pathogens, creating a large impact on the surrounding inhabitants.  

In 2004, a report was issued by the WHO, which issued a warning for a potential influenza pandemic, 

which if unconstrained would result in the deaths of up to 7 million people, with additional tens of 

millions requiring medical attention [30]. In 2005, an outbreak of Avian Influenza Virus (AIV) occurred, 

spread by wild birds during migration. Particular strains of the disease were highly pathogenic, and 

while initially assumed to be limited to poultry, the disease was transmitted to humans through 

proximity or consumption, causing 54 deaths among the 108 reported cases [31]. In 2017, an outbreak 

of AIV re-emerged, with 17 human cases reported in China [32]. 

Treatment of the entire flock was attempted when symptoms of the disease were observed; however, 

as many birds were asymptomatic, treatment was delayed [31]. This blanket treatment approach was 

also expensive, and consequently increased drug resistance [29]. As an alternative approach, targeted 

treatment was offered after analysing samples collected from each bird using conventional molecular 

detection techniques. This involved cell culturing followed by microscopy, allowing antigenic or 

pathogenic information to be identified and quantified [33]. While this reduced the quantity of 

medication used, the requirements for equipment needed for the storage, transportation, processing 

and analysis of samples were greatly increased. This process also had a TAT of several days, allowing 

for the further proliferation of the disease [29]. Thus, it was considered highly impractical to attempt 

to inspect each bird individually. 

 

Table 2.2 – Current and Forecast Demographics of the Philippines [27] 

 
2020 

(Current) 

2030 

(Predicted) 

2050 

(Predicted) 

Total Population (million) 109.58 123.7 144.49 

Population Growth Rate (%) 1.35 1.15 0.57 

Population Density (people/Km2) 368 415 485 

Rural Population (million) 57.57 59.553 51.023 
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It has been suggested by the WHO to perform an examination from of a representative sample of the 

birds, to determine the condition of the entire flock [34]. These are typically performed on at least 10 

birds per house containing both healthy and sick birds and are performed post-mortem following 

humane culling [29]. For such sampling techniques, the examinations must be performed on carcases 

no older than 24 hours to prevent sample degradation through decomposition [29,34]. With an 

increase in poultry consumption worldwide, the outbreak of AIV highlighted a major problem. In 

addition to causing major economic losses, similar pathogenic infections could be transmitted to 

humans, which are difficult to implement effective control measures for due to increased global trade. 

Thus, the proposed project would address major infections found in poultry, of which, 6 will be 

discussed. 

 

Salmonella enterica 

Salmonella enterica (S. enterica) is a respiratory disease which is transmitted to humans through 

contaminated eggs or meat [35]. S. enterica can be divided into 2 groups: S. enterica serovars 

Typhimurium and Enteritidis, responsible for paratyphoid and gastrointestinal diseases; and a smaller 

number of serovars, responsible for systemic typhoid-like diseases in specific host species [36]. S. 

enterica infections occur through the faecal-oral route, following the consumption of contaminated 

food products [37]. Young birds are more susceptible to infection of the gastrointestinal tract within 

a few days of life following either vertical transmission by egg, or horizontal transmission during 

feeding or handling [35]. Following infection, the pathogen colonises the intestinal, alimentary and 

reproductive tract, where it can proliferate asymptomatically [36,38].  

 

Infectious Bursal Disease Virus 

Infectious bursal disease virus (IBD) is an immunosuppressive virus in poultry. While typically affecting 

chickens, other species such as turkeys, ducks and ostriches can also be susceptible, albeit resistant, 

to the virus [39,40]. Most chicks are exposed to IBD early in life, typically between 3 – 6 weeks of age. 

The most common mode of infection is through the faecal-oral route or through inhalation [41]. The 

virus replicates in the gut, before spreading to other organs, including the liver, the kidney, but mainly, 

the bursa of Fabricius through the blood stream [42]. After an incubation period of two to three days, 

clinical symptoms become apparent, which include signs of distress or depression [41], prostration, 

ruffled feathers, anorexia and diarrhoea [43]. Following the spread of the virus to the bursa of 



  Literature Review 

14 | P a g e  
 

Fabricius, lesions appear on the bursa of Fabricius, tonsils, thymus and spleen. What follows is the 

haemorrhaging and eventual atrophy of the bursa of Fabricius, as well as the thigh and breast muscles 

[41]. Typically, mortality rates among affected flocks range between 10 – 50%; however, more virulent 

strains can result in between 50 – 100% mortality rates, due to the infected birds being more 

susceptible to secondary infections caused by other viruses, bacteria and parasites [41].  

 

Infectious Bronchitis Virus  

Infectious bronchitis virus (IBV) is a highly infectious avian-borne gammacoronavirus that causes 

respiratory diseases primarily in chickens, but also can be found in pheasants and fowls [44,45]. The 

pathogen typically infects the upper respiratory tract, gut, kidney, and reproductive systems following 

the ingestion of contaminated feed or water [45]. Following infection, the virus colonises the nose and 

trachea, reaching saturation within three days, where it can remain at saturation for up to five days 

[46,47]. Following infection, the pathogen is then transmitted between chickens through aerosols, 

following respiratory or faecal discharge [44]. Clinical signs of IBV include coughing, sneezing and 

tracheal rales for up to 2 weeks. For chicks, feed consumption and weight gain are also reduced. For 

hens, egg production can reduce by up to 70% and often appear misshapen, of poor quality, and 

contain a watery content. Following infection, concurrent bacterial infections are common [48]. In 

cases of a secondary bacterial infection to the sinuses, common symptoms include conjunctivitis and 

facial swelling [44]. For outbreaks across flocks, mortality is on average 5%; however, mortality rates 

can increase to up to 60% in cases of a concurrent bacterial infection [44]. 

 

Mycoplasma gallisepticum 

The avian borne pathogen Mycoplasma gallisepticum (MG) is a respiratory and systemic disease, 

commonly inducing severe chronic respiratory diseases in chickens and infectious sinusitis in turkeys, 

induced mainly by stress [49,50]. MG typically colonises the mucosal surface of the respiratory tract, 

and while many infections can be asymptomatic, it can progress to a systemic infection, resulting in 

arthritis, salpingitis, conjunctivitis, and fatal encephalopathy [51,52]. Infected birds can become life-

long carriers, either transmitting horizontally via aerosol droplets or vertically through eggs [51,52].  
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Newcastle disease Virus 

Newcastle disease virus (NDV) is considered to be one of two major diseases in poultry, alongside AIV 

[53]. It is a member of the Paramyxoviridae family infecting the respiratory tract following inhalation 

or ingestion [54]. Over 250 species of birds are susceptible to NDV, leading the disease to be 

considered as highly infectious [53,55]. There are 3 major strains of NDV: velogenic, which are highly 

virulent; mesogenic, which are moderately virulent; and lentogenic, which are of low virulence [55]. 

Infections can lead to a broad range of symptoms. Lentogenic strains can either be asymptomatic, or 

cause a mild infection to the respiratory tract. Mesogenic strains can cause a greater effect on the 

respiratory and nervous systems, with a low potential for mortality. Velogenic strains can result in 

more extreme symptoms, including haemorrhagic lesions in the intestinal tract and a high potential 

for mortality [53]. In extreme cases, an infection can cause up to 100% mortality across a flock [56].  

 

Avian Pathogenic E. coli (APEC) 

Avian pathogenic Escherichia coli (APEC) is an extra-intestinal pathogenic E. coli (ExPEC), causing 

systemic infections in chickens and other poultry [57]. Birds can become infected by contaminated 

feed or water sources, with further transmission occurring through faecal-oral, aerosols, or vertical 

transmission through eggs [57,58]. APEC colonises the gastrointestinal and respiratory tracts, and the 

extra-intestinal sites should the pathogen migrate [58]. APEC can surface as a primary infection, or 

secondary to a viral infection, commonly AIV, MG, NDV, IBV, and IBD [57]. Chickens suffering from 

APEC can experience a multitude of symptoms commonly referred to as colibacillosis, with symptoms 

including a 2% decrease in live weight, a 20% decrease in egg production and a decreased hatching 

rate for hens [58]. APEC is also responsible for the mortality of 53.5% of young chickens [59].  
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2.1.1.2. Covid-19 – An Overview 

In December 2019, a strain of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 

reported in Wuhan City, Hubei Province, China [60]. The virus spread rapidly following the initial 

outbreak, resulting in millions of global cases across over 200 countries, being declared as a pandemic 

by the WHO on 11 March 2020 [61]. As of 1 March 2022, (see Figure 2.3), there have been over 

439,000,000 total cases and over 5,900,000 reported deaths [62]. 

Common symptoms of the disease include fever, fatigue and a dry cough; however, uncommon cases 

may include symptoms such as coughing up sputum, loss of smell, diarrhoea, shortness of breath, joint 

and muscle pain, among many others [63]. Due to the assortment of symptoms which may result from 

the disease, as well as many cases being asymptomatic, early detection and isolation of case positive 

patients prior to or without the onset of symptoms is crucial to prevent the transmission of the virus, 

while avoiding the quarantining of negative individuals [64].  

 

 

Figure 2.3 – Covid-19 – Global Increase in Total Cases and Deaths [62] 
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2.1.2. Sample Collection 

2.1.2.1. Sample Collection for Diagnostics 

In order to perform a diagnostic test in vitro, a sample representative of the original infected body 

must be analysed. In cases where the biological composition between individual aliquots varies, the 

analysis of multiple samples may be necessary [26]. Non-invasive sample collection procedures may 

be performed on site. Conversely, for invasive cases such as blood or tissue collection, procedures are 

performed within specific facilities. Diagnostic tests may be performed on a variety of samples (see 

Table 2.3), each with different chemical compositions. Typically, cleaner samples (such as urine) will 

behave differently from thick fluids (such as blood) and solid material (such as stool or sputum). Solid 

samples are more difficult to handle, as they can not only restrict and block flow through components, 

but are difficult to mix with liquid solutions, which are easier to manipulate. 

There are several risks of environmental contamination during the sample collection process, resulting 

from mishandling the sample, or non-sterile collection or storage conditions. There is also a risk of 

sample contamination, should unnecessary processes be performed, leading to unreliable results. 

Some of the sample which has been collected may be lost due to its evaporation, adsorption or 

absorption. Thus, it is important to maximise the amount of usable sample which is collected. Swab 

sampling is typically used to detect organic or inorganic substances, typically on the surface level. The 

process begins with the selection of the chosen area to swab, dependant on the sample type to be 

assessed. A swab is removed from sterile packaging and is wet with an appropriate solvent, to 

encourage adhesion to the swab. The swab is then passed across the entirety of the selected area, or 

inserted into the selected orifice. Alternatively, the use of boot swabs allows for pooled samples to be 

collected from the flock, reducing the time taken to collect samples and the attributed costs [29].  

 

Table 2.3 – Summary of Collection and Testing Methods for Various Sample Types 

Sample  Collection Method Tests Performed REF 

Cloacal Swab Molecular testing, bacterial culture  [34,65,66] 

Faecal Stool, Swab, scoop Molecular testing, microscopy, bacterial culture  [34,66] 

Pus Syringe, surgical drain, swab Molecular testing, bacterial culture, microscopy [65,67] 

Saliva Swab, sponge, vial Genetic testing, molecular testing [65,67-69] 

Sputum Sputum container Bacterial culture [65,67] 
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2.1.2.2. Sample Collection for SARS-CoV-2 

SARS-CoV-2 can be detected in various respiratory samples, commonly nasal, nasopharyngeal (NP) 

and oropharyngeal (OP) samples; as well as faecal samples [64,70]. These are usually collected using 

NP mini-tip or OP swabs; mid-turbinate nasal (MTN) flocked tapered swabs; anterior nares (AN) 

flocked or spun polyester swabs; or from saliva, collected either by a trained healthcare personnel or 

by supervised self-collection. Alternatively, nasal aspirates and NP aspirates (NPA) may be collected 

by trained healthcare personnel. The following protocols are currently suggested by the Centres for 

Disease Control and Prevention (CDC) following the decision to test. In cases where personnel are to 

collect samples, personal protective equipment (PPE) should be worn [71].  

The procedure varies depending on the sample type and the condition of the patient. Samples are 

taken from the upper respiratory tract (NP and OP) in general cases; and the lower respiratory tract 

(saliva or sputum) in extenuating circumstances. For NP samples, a mini-tip swab is inserted into the 

nostril and moved parallel to the palate until either resistance is encountered or the swab reaches a 

depth equal to the distance from the nostrils to the outer opening of the ear. The swab is then rotated 

in the nostril to absorb nasal secretions. Samples should be taken from both nostrils; however, the 

swab does not need to be saturated following the first collection. For OP samples, the swab is inserted 

into the mouth and rubbed along the tonsillar pillars and posterior oropharynx areas without touching 

the tongue, teeth or gums. NP swabs are preferred to OP swabs, due to a higher viral load in the nasal 

area in comparison to the throat [72]. However; it is suggested by the CDC to collect and pool both NP 

and OP swabs from a patient into a single tube to maximise sensitivity [71].   

For MTN samples, the head is tilted backwards by 70 degrees and the swab is gently inserted 2 cm 

into the nostril, or until resistance is met at the turbinates. The swab is then gently rotated several 

times against the nasal wall and removed. The process is then repeated in the other nostril using the 

same swab. For AN samples, the swab is inserted 1 cm into the nostril and rotated for 10 to 15 seconds. 

The swab is then removed and the process is repeated in the other nostril with the same swab [71].   

For nasal aspirates and NPA samples, the patient’s head tilted backwards and 1 to 3 mL of non-

bacteriostatic saline (pH 7.0) is added to one nostril. A catheter attached to a suction apparatus is then 

inserted into the nostril parallel to the palate reaching a distance equal to the distance from nostrils 

to the outer opening of the ear. Gentle suction is then applied and the catheter is removed while being 

rotated gently. The collected sample is stored in a sterile tube [73]. For saliva samples, 1 to 5 mL of 

saliva is collected in a sterile, screw cap container. For sputum samples, the patient rinses their mouth 

with water, before expectorating sputum directly into a sterile, screw cap container [71].  



  Literature Review 

19 | P a g e  
 

Following collection, samples are placed in a sterile transport tube containing 2 to 3 ml of the viral 

transport medium (VTM), Amies transport medium, or sterile saline. The preservative used depends 

on the sample type. In specific cases where the samples are analysed directly, the preservative can be 

omitted completely. For saliva and sputum samples, preservatives are not typically required. Samples 

may then be stored at 2 to 8 °C for up to 72 hours following collection, or at -70°C for prolonged 

storage [71]. Prior to testing, samples are often heated to 95 °C in an initial processing step to 

inactivate the virus to prevent infection [74]. 

 

2.1.2.3. Sample Preservation 

Following collection, an additional preservation step may be employed to prevent the degradation of 

the sample through physical, chemical or biological processes prior to analysis [75]. This prevents the 

sample from being exposed to contaminants or inhibitors, resulting in inaccurate results [26]. Effective 

sample preservation must preserve the sample in the same concentration and constitution as the time 

of collection, unless a preconcentration step is applied during the collection step. The method must 

be simple to implement and operate and must be able to be utilised across a range of sample types 

without a large variation in the setup or process [75]. Common sample preservation techniques 

involve filtering the sample to remove contaminants and concentrate the pathogen of interest before 

immediate freezing in liquid nitrogen [76]. However, this approach requires cold storage equipment 

with both a large footprint and a large power requirement. Thus, alternative preservation methods 

must be assessed.  

A collected sample may be stored within a sealed container, or suspended within a medium. These 

containers must be air and water tight, to prevent cross contamination during transportation, as well 

as sample degradation, adsorption, oxidation or reduction. In specific cases, light exposure can also 

cause sample degradation [77]. 

For bacterial samples, a charcoal base medium may be used to neutralise fatty acids or toxic 

substances which can be found on the skin, isolating the bacteria. In the cases of viral sample 

collection, the sample will need to be stored in a medium prior to storage or transportation, due to 

particular viruses being unable to survive outside of the host. In both cases, the temperature at which 

the sample is stored and transported is important [65]. While it is a common practice to store collected 

samples within a chemical preservative, knowledge of which processes will be utilised downstream to 

treat and prepare the sample is needed [77]. Typical chemicals used to preserve samples such as 

formaldehyde can deactivate RNA and DNA within samples, preventing downstream analysis [78]. 
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Saito et al. tested the performance of 5 different preservatives against a control immediately frozen 

following collection, using marine Synechococcus WH8102 culture grown in SN media. While the 

immediate freezing of the sample yielded the highest total protein recovery overall, the sample stored 

in sodium dodecyl sulphate (SDS) yielded the highest recovery between the preservative techniques 

and RNAlater® demonstrated the highest effectiveness for preserving DNA, RNA and proteins within 

a sample in conditions similar to expected field deployment [76].  

The material of which the container is comprised of also contributes to the stability of the contained 

sample. Particular plastics may release particulates over time, which may cause interferences during 

the analysis stage, while others may adsorb the important components from the sample resulting in 

cross contamination between samples from previous uses, leading to either an over detection of the 

pathogen of interest, or non-specific detection [77,79]. Alternatively, glass containers are not ideal 

due to their relatively high costs [80]. It should be noted that there is no single material that will not 

create some change in the sample constitution over time, and thus, sampling should ideally be 

conducted within a day of collection to avoid the destabilisation of the sample. However, this may not 

always be possible due to logistical issues [77]. 

 

 

2.1.3. Sample Types 

Biological samples are complex in nature, containing varying quantities of cells, proteins, salts, metals 

and other biomolecules which can interfere with the detection of pathogens [81]. It is important to 

understand the sample type to be analysed in order to determine the ability to extract high quality 

NAs from said sample. One of the research questions posed in section 1.4.1 considered the possibility 

of developing a universal sample preparation device capable of processing a wide array of sample 

types. Thus, the following section will elaborate on the different sample types which are commonly 

analysed in diagnostic tests, comparing their composition and some of the common challenges 

associated with each.  
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2.1.3.1. Bacteria 

Bacterial cells can be divided into two categories, gram-positive and gram negative. Gram-positive 

bacteria contain a thicker cell wall, and are harder to lyse using conventional techniques than gram 

negative. Bacteria cells can be isolated from sample volumes taken from culture and grown to 

saturation. For typical DNA extraction procedures, the bacterial culture is centrifuged to create a 

pellet, which is then vortexed in a 10 mM tris(hydroxymethyl)amino-methane-chloride (tris-Cl) buffer 

and 1 mM ethylenediaminetetraacetic acid (EDTA) buffer at pH 8. The cells are then treated with 

proteinase K and SDS in order to disrupt the cellular membrane and digest the proteins contained 

within the cell. Following cell lysis, phenol-chloroform, guanidinium salts and detergents are used, 

followed by treatment in ethanol, to extract and precipitate the DNA [26]. 

 

2.1.3.2. Buccal and Saliva 

Following the cleaning of the mouth with water or mouthwash, buccal samples may be collected by 

rotating a buccal brush inside of the mouth of the patient. The collected brush is then placed into a 

tube containing 50 mM sodium hydroxide (NaOH), which is then vortexed and incubated at 95 °C for 

5 minutes to lyse the cells. The brush is then removed and 1 M Tris-Cl (pH 6.5) is added. Following 

centrifugation, the supernatant containing the DNA can be used for downstream analysis [26].  

Saliva is a mixture consisting of 98% water and 2% electrolytes, minerals, hormones, enzymes and 

other biomolecules [81]. Saliva samples are favoured in molecular analysis due to its non-invasive 

nature, able to be collected using swab sampling, pads, or sponges. The saliva sample may be frozen 

in order to prevent degradation; however, if freezing is unavailable, Oragene® may be used to 

preserve the DNA at room temperature [82].  

 

2.1.3.3. Faecal and Cloacal 

Faeces is the solid or semi-solid remains of food that is passed through the large and small intestine 

without being digested [83]. It is comprised of water, proteins, undigested fats and bacterial biomass, 

with its composition varying based on dietary intake [84]. Furthermore, it has a pH range of 5.3 to 7.5, 

with an average pH of 6.6 [85]. Stool samples can be collected directly into sterile and dry screw-cap 

containers following excretion in order to prevent any further proliferation of the bacteria and to 
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ensure accurate analysis [86]. For animals, samples can be collected by placing a plaster over the 

posterior opening, and collecting the sample following defecation [87].  

Stool samples are abundant, collectable through non-invasive methods and contain a large quantity 

of genetic material. In light of the aforementioned, such samples can be favourable when assessing 

for a multitude of pathogenic infections. However, there are several common contaminants which 

have been reported to inhibit NA-based detection methods [88-90]. For human stool samples, these 

include, but are not limited to, bilirubin and bile salts [91-93], cholic and deoxycholic acid [94], 

haemoglobin and heparin [95-97], polysaccharides [98-100] and urea [95,101]. Stool samples 

collected from poultry also contain inhibitors, mainly bacterial and fungal in nature, which may either 

be acid resistant or spore forming [102]. These samples are also lower in moisture in comparison to 

other animals [103]. As a result, difficulties can arise when homogenising the samples in buffers [104]. 

The cloaca is a single posterior opening for the digestive, reproductive and urinary tracts for many 

animals, including amphibian, reptiles, some mammals and birds. These animals excrete both faeces 

and urine through this opening, allowing for several intestinal infections to be detected using relatively 

straight-forward collection procedures. Typically, cloacal samples are collected using sterile cotton 

swabs, which are moistened in phosphate-buffered saline (PBS) and then inserted and rotated in the 

cloaca of the birds. This approach is advantageous over stool samples, which may be unreliable if 

obtained following defecation due to sample degradation or contamination. Furthermore, cloacal 

samples can be collected more frequently than stool samples, reducing the time between tests should 

follow-up testing prove necessary [87]. 

 

2.1.3.4. Respiratory 

Respiratory samples can be divided into those found in the upper respiratory tract, such as AN, NP 

and OP samples; and those found in the lower respiratory tract, such as sputum and bronchoalveolar 

lavage (BAL) fluid. Typically, samples collected from the respiratory tracts should be refrigerated 

between 2 – 8 °C for less than 5 days between sample collection and analysis and should be stored on 

dry ice at –90 °C for above 5 days [105]. 
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Bronchoalveolar Lavage Fluid 

Bronchoalveolar lavage (BAL) is a sampling method used to detect various infections found in the 

lower respiratory system, typically performed when a patient is unable to produce sputum, is affected 

by a persistent cough, is experiencing breathing problems, or is coughing up blood [106,107]. BAL 

samples may be used to detect infections which are bacterial in nature, such as tuberculosis (TB) and 

bacterial pneumonia; viral, such as influenza and SARS-CoV-2; fungal; as well as pulmonary fibrosis 

and lung cancer [107]. A bronchoscope is passed through the mouth or nose and into the lungs. A 

fluid, typically saline, is then introduced and aspirated into a sterile container using suction [81]. The 

aspirated BAL fluid may then be used for further analysis.  

  

Nasal and Nasopharyngeal 

Nasal samples are collected from secretions along the nostrils, leading to the nasopharynx. Depending 

on the depth into the nostril, the type of sample collected will vary. AN samples are collected from 

the external portion of the nose, just inside the nostril. This area of the nose is commonly sampled 

when bacterial staphylococcus aureus [108] and viral SARS-CoV-2 [109] infections are suspected. To 

collect an AN sample, a swab is placed 1.5 cm into the nostril in an upwards direction, which is then 

rotated inside the nostril to collect nasal discharge [110]. Alternatively, MTN samples may be 

collected, which are located slightly further behind the nostrils, along the palette [111]. MTN samples 

may be used to detect several respiratory infections, including, but not limited to, influenza [112,113] 

and SARS-CoV-2 [114]. To collect an MTN sample, a swab is placed 2 cm into the nostril in a direction 

parallel to the palette, which is then rotated inside the nasal passage to collect secretions [114]. Swab 

sampling in both the AN and MTN regions is less invasive when compared to the recovery of NP and 

OP specimens. Furthermore, due to the ease of the sample collection, both may be self-collected by 

adult patients, rendering this method of sampling well suited for POCT [111]. 

Nasopharyngeal (NP) specimens can be collected from secretions in the back of the nose and throat 

area and are used to detect for viral and bacterial infections, such as MERS [115], SARS-CoV-2 [73] and 

Streptococcus pneumoniae [116]. NP samples are preferred over nasal samples, due to having a higher 

sensitivity [117,118]. Currently, NP swabs are the reference sampling method for SARS-CoV-2 [72].  
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Oropharyngeal and Sputum 

Oropharyngeal (OP) samples are collected from the centre of the throat (pharynx) at the back of the 

mouth, to detect both viral infections, including SARS-CoV-2, influenza, Rhinovirus and respiratory 

syncytial virus (RSV) [72,119,120]; as well as bacterial infections, including Streptococcus pneumoniae 

(pneumococcus), Haemophilus influenzae and Moraxella catarrhalis [121,122]. OP samples are 

collected by passing a swab through the mouth and rubbing the swab across the tonsils and 

oropharynx [72]. While it is possible to collect OP swabs by self-swabbing, it is recommended by the 

Food and Drug Administration (FDA) for samples to be collected by a healthcare professional [123].  

Sputum is produced in the lower respiratory system and is collected from a patient after being 

coughed up. The highest quality samples should contain as little saliva as possible, to prevent 

contamination with oral bacteria [124]. If sputum cannot be produced naturally through a deep cough, 

then it may be induced either by encouraging the patient to inhale a saline aerosol, or using a laryngeal 

swab [125]. Collected sputum samples are mixed with a guanidinium thiocyanate (GITC) buffer and 

zirconia beads, before being lysed in a bead beater for 3 minutes and boiled. After centrifugation, the 

DNA pellet is then collected, and precipitated using isopropanol [126]. 

 

2.1.3.5. Discussion of Sample Types 

A summary of the infectious diseases can be seen in Table 2.4. As demonstrated, each of the 6 diseases 

may be detected through the analysis of cloacal samples, demonstrating the effectiveness of this 

sample type for molecular testing. As a single sample may contain several of the pathogens of interest, 

the possibility for multiplexing assays becomes apparent, which can greatly reduce the cost of 

diagnostics, as well as the TAT. When compared to collecting blood or tracheal samples, cloacal 

samples are relatively non-invasive, and are less likely to cause lasting stress to the birds. 

Consideration must also be given to the reliability of the sampling method. Cloacal samples will 

contain faecal matter, which will also contain inhibitors which can affect the amplification and 

detection steps of molecular diagnostics. While it is possible to remove these contaminants through 

several common purification methods, this may prove challenging when applied in POCT 

arrangements. The inclusion of additional sample preparation steps will increase the overall TAT and 

can introduce manual handling steps, which in nature, contrast with the general concept of POCT, 

which is to provide rapid results with limited user interaction.  
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Table 2.4 – Infectious Diseases Common to Poultry in the Philippines  

Cloacal sample types have been highlighted to demonstrate its prevalence among the 6 pathogens of interest 

dsDNA, double-stranded Deoxyribonucleic Acid; ssRNA, single-stranded Ribonucleic Acid; OP, oropharyngeal 

 

As the analysis of individual samples can prove to be time consuming and expensive, the pooling of 

samples may act as a means to reduce the consumables used. This approach was first proposed by 

Robert Dorfman in 1943, who theorised that the target pathogen from an individual sample will be 

detectable within a pooled sample, and thus, results for multiple subjects may be confirmed 

simultaneously, with further individual testing available to be conducted on any remaining sample if 

necessary [127]. For pooled sampling to be economically viable, it must be more efficient to observe 

a group within a single test than to observe individuals separately. The pooling of samples should also 

only be used in cases where the expectation of positive results is low [128]. 

Primary factors which may influence the effectiveness of pooled sampling is if the amount of 

impurities within a pooled sample exceeds the average within individual samples, or if the amount of 

the valuable pathogenic material is diluted. Both factors mean additional reagents or processing steps 

may be required to prevent a decrease in sensitivity [128]. The integrity of individual samples may be 

further affected depending on the collection procedures. A study conducted by the University of 

Nebraska Medical Centre concluded that a pooled sample size of 5 samples per test is the most 

efficient for reducing the cost of the reagents while increasing the testing capability by 69% [129]. 

 

 

Diseases  Pathogen 

(Target) 

Location Sample 

Type(s) 

Targeted Gene 

Avian Pathogenic E. coli GN Bacteria 

(dsDNA) 

Extra-intestinal tract • Cloacal 

• Faecal 

ipaH/blaCTX-M for 

enteroinvasive E. coli 

Mycoplasma 

gallisepticum 

GN Bacteria 

(dsDNA) 

Respiratory tract • Cloacal 

• Faecal 

pdhA/mgc2 

Salmonella enterica GN Bacteria 

(dsDNA) 

Gastrointestinal tract • Cloacal 

• Tracheal  

invA for Salmonella ssp. 

Newcastle Disease Virus Virus 

(ssRNA) 

Bursa of Fabricius • Cloacal 

• OP  

• Blood 

M/F 

Infectious Bronchitis 

Virus 

Virus 

(ssRNA) 

Respiratory tract • Cloacal 

• OP 

• Blood 

N/5’UTR/S1 

Infectious Bursal 

Disease Virus 

Virus 

(dsDNA) 

Respiratory tract • Cloacal 

• Blood 

VP1/VP4/VP2 
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2.1.4. Sample Preparation 

Sample preparation is a pivotal step for pathogenic detection in molecular diagnostics, converting a 

raw sample into a simpler form by removing the interferents and inhibitors that might affect 

downstream analysis [130]. Conventional NA sample preparation involves the disturbance of the cell 

membrane, followed by the separation of the unwanted cellular debris from the NA using enzymatic 

digestion and centrifugation in concentrated salt solutions. Phenol-chloroform is then used to isolate 

the NA, allowing for its washing and precipitation using ethanol and salts and subsequent elution using 

a buffer. Alternatively, guanidinium salts and detergents may be used for similar results [26]. A 

comparison between the traditional sample preparation steps for different sample types can be seen 

in Table 2.5..Traditional sample preparation is simple and yields large quantities of high purity NA. 

However, the approach is not without its drawbacks, requiring phenol and chloroform, as well as the 

transfer of the sample between multiple tubes, increasing the opportunity for contamination [130].   

Despite the developments in the process over the years, many consider sample preparation to be a 

bottleneck in the field, particularly concerning POCT in low-resource settings. All processes within 

sample preparation will affect the following analysis steps. Therefore, it is crucial for effective sample 

preparation outside of a laboratory-based setting that the process is able to isolate detectable NAs 

from a raw sample and remove contaminants that can interfere with the detection, without the need 

for expensive equipment. Furthermore, it is a goal to automate as much of the sample preparation 

process as possible, reducing manual operation [131]. The following section will discuss each stage of 

sample preparation in greater detail, highlighting the different ways that the cells may be treated, 

along with some of the benefits and challenges associated with each method.  
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Table 2.5 – Summary of traditional sample preparation techniques for different sample types 

EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulphate; RBC, Red Blood Cell; RT, Room Temperature; GITC, Guanidinium Thiocyanate; PBS, phosphate-buffered saline; CTAB, 

cetyltrimethylammonium bromide; 

Specimen Cell Lysis NA Extraction Long Term 

Storage 

Temperature 

REF 

Bacteria  • Vortexing in 10 mM Tris-EDTA + 1mM EDTA, followed by incubation in 

proteinase K + SDS 

• Bead beating in a GITC lysis buffer 

• phenol-chloroform extraction and ethanol 

precipitation 

-80 °C [26,132] 

Buccal and Saliva • Vortexing in 50 mM NaOH, followed by incubation at 95 °C   • Centrifugation in 1 M Tris-EDTA -80 °C  

RT (Oragene) 

[26,82] 

Faecal • Homogenisation in a PBS buffer at 4 °C, followed by incubation at 95 °C  

• Incubation in guanidium isothiocyanate in 50 mM Tris buffer 

• Centrifugation in 1 M Tris-EDTA and isopropanol 

precipitation 

-80 °C [133,134] 

Cloacal • Bead beating in a lysis buffer, followed by incubation at 95 °C   • phenol-chloroform extraction and ethanol 

precipitation 

-80 °C [133,134] 

Bronchoalveolar 

lavage 

• Incubation in a proteinase K solution at 60 °C, followed by boiling 

• Incubation in 10mM Tris-EDTA + SDS + proteinase K at 60°C, followed 

by incubation in 5M NaCl + CTAB at 65°C 

• phenol-chloroform extraction and isopropanol 

precipitation 

-80 °C [135,136] 

Nasal and 

Nasopharyngeal 

• Incubation in Tris buffer + Proteinase K at 60 °C, followed by heat 

inactivation at 97°C 

• phenol-chloroform extraction and ethanol 

precipitation 

2 – 8 °C (<5 

days) 

–90 °C (>5 days) 

[105,137] 

Oropharyngeal • Chemical lysis in a DNA extraction buffer and proteinase K, followed by 

incubation at 55 °C 

• phenol-chloroform extraction and ethanol 

precipitation 

2 – 8 °C (<5 

days) 

–90 °C (>5 days) 

[105] 

Sputum • Bead beating in a GITC lysis buffer, followed by boiling • Centrifugation and isopropanol precipitation 2 – 8 °C (<5 

days) 

–90 °C (>5 days) 

[105,126] 
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2.1.4.1. Cell Lysis 

In order to extract NAs from a sample, a cell wall must first be disrupted to release its cellular 

components, through a process known as lysis. The majority of modern diagnostic techniques employ 

a two-step process employing cellular lysis followed by DNA/RNA fragmentation to tune the base pair 

sizes within the lysed sample, known as a lysate. There is no generic method of cell lysis which works 

with cells from all biological origins, with each specific method dependent on the individual cell 

characteristics and types, as well as the final application of the purified NA. Traditional methods of 

lysis were expensive, due to the requirement of expensive equipment such as centrifuges or bead 

beaters [26]. The traditional cell lysis could also take several hours to complete due to the number of 

necessary steps, however; the ability to perform sample preparation on a microfluidic scale greatly 

reduced the time taken, as well as the costs due to the reduced volume of reagents. 

There are several features of the sample which must be considered when attempting cell lysis. Cells 

will differ in wall thicknesses, or resistance towards a particular chemical. Older cells are easier to lyse 

than younger ones and larger cells are much easier to lyse than smaller cells [26]. With each process 

the sample is subjected to, a component is removed irreversibly. Consequently, it is important to 

ensure that the necessary material is maintained during each process. Cell lysis can be classified under 

mechanical and non-mechanical techniques. When considering an appropriate technique, the main 

concern is the ability of the selected method to rupture the cell membrane, without damaging the 

target NAs. The following section will describe and evaluate several lysing methods for obtaining high 

quality NAs. 

 

Pressure Shearing 

Pressure shearing is a widely used mechanical method for conducting cell lysis. The sample is 

suspended within a medium and compressed using hydraulic forces, creating high shear forces within 

the solution as it is passed through an orifice. These high shear forces rupture the cell membranes, 

releasing the lysate. This method is effective for lysing gram-negative bacteria and some gram-positive 

bacterium with a thicker cell wall [26]. The inclusion of nano-scaled barbs may also increase the 

efficiency of this lysing method; however, this approach is susceptible to the clogging of the channels, 

should debris become stuck to the barbed walls [138-140]. In addition, as DNA is sensitive to 

mechanical shear forces, it may be fragmented or damaged during this procedure [26]. 
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Chemical and Enzymatic Lysis  

Chemical lysis (Figure 2.4) is a non-mechanical process which uses chemical or enzymatic compounds, 

known as a lysis buffer, to dissolve the cell membrane with minimal mechanical damage [141,142]. 

The lysate may then be treated with enzymes, which can remove NA or protein contaminants from 

the sample [26]. Early methods of cell lysis involved the use of alkaline chemicals such as sodium 

hydroxide to lyse and separate proteins from the NA [143]. Typically, for DNA extraction, a sample is 

lysed with a detergent and treated with DNase-free proteinase and RNase enzymes to digest the 

protein and RNA molecules, respectively. In order to denature the proteins within the sample, the 

detergent SDS was used [144]. It was later discovered that SDS could deactivate bacterial and viral 

material and it was replaced with the detergent Triton X-100 [145], with protease enzymes used to 

digest proteins within the sample, such as serine protease, proteinase K [146] and Proteinase EA1 

[147]. These are commonly used today in sample preparation protocols. 

Chemical lysis is a gentler and faster method of lysing cells and poses a lower risk of damaging the 

target DNA or RNA when compared with mechanical alternatives [26]. As the cells are suspended 

within the lysing reagent, a higher percentage are lysed when compared to mechanical methods, 

resulting in a higher yield of the target NA. This increases the reproducibility of the results. Due to the 

abundance of possible lysis buffers, the technique may be implemented for various sample types 

[148]. Chemical compounds may be combined to allow for multiple applications, both disrupting the 

cell membrane and deactivating contaminants. Several commercially available kits employ this 

approach to extract and purify DNA, RNA or proteins. Notable kits which are currently used in limited 

resource settings are the ChargeSwitch® kits by Invitrogen, the DNA IQ™ and MagaZorb® kits by 

Promega, and the QuickPick kits by Bio-Nobile [149]. These kits require minimal equipment, and are 

available for a large array of sample types. However, many commercial kits can fail to completely 

remove inhibitors and organic from the collected samples [150]. 

A drawback to the use of chemical lysis is the expensiveness due to the large volume of reagents which 

may be required. However, the use of microfluidic techniques may serve to offset these costs. As 

stated prior, a wide array of chemical reagents are available for cell lysis. If the selected chemicals are 

incompatible with the cells to be lysed, then the lysing method will either be unsuccessful, or the 

cellular contents may be damaged irreversibly. Particular chemicals may also pose health risks to the 

user, meaning that the techniques require trained personnel to perform safely and may need to be 

performed underneath a laminar flow hood to prevent inhalation. This in turn restricts the possible 

portability of the process. It is also to be noted that complex pathogens such as bacterial spores can 

be challenging to lyse and may require more “aggressive” approaches [149]. 
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Figure 2.4 – Chemical lysis using a lysis buffer [151] 

(Created with BioRender.com) 

  

Manual Grinding 

This mechanical method of cell lysis is commonly used for the lysing of plant tissue cells. The tissues 

are frozen in liquid nitrogen at -90 °C and broken down manually using a mortar and pestle. While 

these methods do not generate much heat in comparison to other mechanical methods, it is time 

consuming and somewhat primitive, with no reliable method of quantification. The use of an 

electronically powered mortar grinder may increase the speed of cell lysis; however, the throughput 

remains low, making the approach unsuitable for large volume operation [152]. 

 

Ultrasonic disintegration 

This mechanical method of lysis is achieved by invoking the rapid vibration of the sample using an 

ultrasonic probe tip, causing cavitation. This creates microscopic gas bubbles, which generate high 

shear forces which rupture the cell membrane. Ultrasonic disintegration is not particularly useful for 

initial lysis; however, this technique can be used to separate the inner and outer membranes of gram-

negative bacteria. Ultrasonic disintegration is not instantaneous, requiring several minutes to lyse a 

large percentage of the sample. The ultrasonic disintegrators also generate a high amount of heat and 

should be kept as cold as possible in order to prevent the evaporation of the sample [26]. 
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Bead-mill homogenizers 

Bead-mill homogenizers is a common mechanical method used to achieve cell lysis. The technique 

(also known as “beadbeating”) is achieved by agitating a sample within a bead mill filled with glass, 

steel or ceramic beads, which collide with the cells to cause cell disruption [149,151]. While this 

method can be achieved using manual means, vortex mixing can alleviate any manual requirements. 

The size of the beads, as well as the material of the beads, may be adjusted based on the sample type 

to be lysed [26]. The technique is considered to be highly efficient. However, due to the complete 

disintegration of the cells, it can be difficult to remove cellular debris from the NA in subsequent 

processing steps. In addition, the process can result in the production of heat which can lead to the 

degradation of RNA [151].  

 

Thermal Lysis 

Thermal lysis employs high temperatures to denature the cell membrane. A contained sample may be 

subjected to a water bath at 100 °C for 40 minutes, which would lyse the cells without causing 

irreversible damage to the contents. This method may also be used in conjunction with chemical lysis, 

where the sample may be mixed with a lysis buffer and then heated [26]. This process requires 

constant monitoring of the temperature, to prevent the loss of sample volume. Due to the high energy 

consumption, employing thermal lysis can be expensive, however, this cost is lessened when 

processing smaller volumes, which do not require much energy to lyse [138,140]. 

 

Figure 2.5 – Thermal lysis using a heater block 

(Created with BioRender.com) 
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Freeze Thawing  

Particular cell walls may be weakened by freezing and thawing them in a cyclic process, creating 

swelling and contracting within the cell. This has been particularly effective for gram-negative cells, 

which can render them more receptive to detergent based lysis, allowing for a larger scale isolation of 

NAs [26]. Johnson et al. used freeze thawing to extract proteins from E. coli cells, demonstrating the 

ability of this method to lyse up to 90% of the cells without using supplementary techniques [153].  

 

Microwave Lysis 

Microwave lysis may be used as a non-mechanical method to lyse cells. The sample may be placed 

into deionized water, before being subjected to microwave irradiation, which causes the water to 

expand, degrading the cell membrane. The lysate may then be collected and prepared for analysis.  

Lyse-It LLC introduced the trademarked Lyse-It™, which claimed to “lyse virtually any cell within 30 

seconds”. The device is comprised of a silicon container and a glass microscopic slide, containing a 

gold bow tie structure which focuses the microwaves through the sample. Typically, the sample is 

placed into a 900 W microwave and irradiated at 30 % power for 30 seconds. The power may be 

tailored to allow for the fragmentation of NAs, removing subsequent purification steps. However, this 

change to the process may result in losses of the sample volume [154]. The single use Lyse-it slides 

may be purchased in packs of 10, 25, 50 and 100, with the lattermost costing $875. The silicon sample 

chambers range in volumes from 500 µL to 5 mL and may also be purchased in packs of 100 for $275. 

The resulting cost is $11 per sample. As the slides are disposable, there are no maintenance costs; 

however, costs will accrue due to the replenishment of consumed products [154].  

Melendez et al. employed a two-step approach to lyse bacterial cells, bacteriophages and spores. It 

was noted that sample volumes of 1, 3 and 5 mL could be lysed at times of 30, 60 and 90 seconds 

respectively, with minimal losses of the sample. They also used the Lyse-It slides to lyse frozen vaginal 

swab samples; however, centrifugation was required to remove the cellular debris [154]. Santaus et 

al. also utilised the Lyse-it slides for the lysing of Listeria monocytogenes. When testing the reusability 

and durability of the slides, it was concluded that more than 120 seconds of irradiation would cause 

the gold coating on the Lyse-it slides to crack, hindering the ability for the slides to be reused [155]. 
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Osmotic Lysis 

Osmotic lysis occurs when a cell bursts due to osmotic imbalances. A solute concentration is used, 

which enters the cell membrane through membrane channels, known as aquaporins, which exerts a 

high internal pressure. As fluid continues to enter the cell, the volume increases to a critical point 

where the cell bursts [26]. Many microorganisms cannot be lysed through this approach, due to the 

cells adapting in ways which prevent osmotic lysis. These include the presence of vacuoles within 

paramecium cells, which remove excess fluid from the cell, as well as the growth of cell walls and 

thicker cell membranes, which are less permeable to fluids. This method is therefore more suitable 

for animal or protozoa cells, which do not have cell walls [156]. It is possible to utilise this method with 

cells with a weakened cell membrane, following preliminary lysing processes [26].  

 

Electroporation 

Electroporation is a non-mechanical process in which an electrical field is passed through a conductive 

solution, creating micropores in the cell membrane. If the electrical field is high enough, the cell 

membrane will rupture [26,157]. This approach can employ an electrical discharge of between 0.2 – 

1.5 V to rupture the cell membrane within a timespan of between 5 milliseconds and 20 minutes 

[141,158]. While initially designed for lysing mammalian cells, it may be set-up for use with several 

cell types [157]. The electrical field must not exceed a threshold determined by the cellular shape, 

size, and structure. Typically, an electrical field strength of 0.2 MV/m is used [138], and electrodes are 

placed 10 μm away from the cells to prevent cellular damage by joule heating [141,157]. 

 

Discussion of Cell Lysis Techniques 

While some methods may offer a faster processing time or a higher processing volume, the conditions 

required to lyse the cells using the method may only be achievable in laboratory settings or using 

complex equipment. Zheng et al. compared several lysing techniques, which can be seen in Figure 2.6 

[159]. It is preferable for samples to be processed in the shortest time possible, and thus, manual 

grinding and microwave lysis can be seen as favourable approaches. In contrast, enzymatic lysis can 

be viewed as offering a less favourable performance in terms of processing time. When considering 

the volume per operation, a larger volume is ideal. In this instance, manual grinding and enzymatic 

lysis can be concluded to be the preferred approaches. However, among both comparisons, manual 

grinding outperformed the other analysed methods [159].  
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Figure 2.6 – Comparison of Lysing Methods by Processing Time and Volume [159] 

 

Table 2.6 demonstrates a comparison between various lysing techniques. The lysis method can 

influence the subsequent processes needed to prepare the sample. It is important to consider the 

viability and the ease of the application of the approach. Particular techniques may be incompatible, 

or too complicated to implement into compact devices for the lysis of smaller volumes [26]. A major 

concern was the functionality of the lysis method without refrigeration or freezing. Techniques such 

as manual grinding and freeze thawing require refrigeration or freezing in liquid nitrogen. As these 

cannot be reliably provided in low-resource settings, these approaches were not considered further.  

Mechanical methods are more robust than their non-mechanical counterparts. Furthermore, they do 

not introduce chemicals which require future deactivation [149]. However, mechanical methods may 

be harsh on particular cell types, fragmenting NAs. In addition, the number of cells lysed can vary 

greatly between operations, resulting in issues regarding reproducibility. Pressure shearing requires 

the generation of forces between 15 – 150 MPa, leading to the use of both expensive and complex 

instruments incompatible with POCT [160,161]. Bead beating is less vigorous in comparison; however, 

the heat generated during the process can also cause DNA fragmentation. In many cases, the inclusion 

of cooling methods can be vital for preventing the degradation of the sample. However, this greatly 

restricts its ability to be deployed in low-resource settings [162]. 

Alternatively, non-mechanical methods provide a gentler approach to cell lysis and tend to lyse a 

higher percentage of cells in comparison, increasing the reproducibility of results. Non-mechanical 

methods are also more abundant and can be used for a larger range of sample types. Nevertheless, 

techniques such as electroporation, ultrasonic and microwave lysis require complicated instruments 
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which can increase engineering complexities; and techniques such as osmotic lysis also must be 

conducted following preliminary lysis steps. As the goal of the project was to achieve sample 

preparation without the use of complex equipment, these approaches were not considered further. 

Thus, among the techniques discussed, the thermal and chemical lysis approaches were selected as 

considerable options to integrate into a POCT platform. These techniques are not without their 

challenges, however. Should a lysis buffer require the introduction at a specific stage of the sample 

preparation process, then suitable fluid control is required, which can increase engineering 

complexities. Furthermore, chemicals which are introduced to the sample must be deactivated to 

prevent the inhibition of downstream analysis.  

 

Table 2.6 – Comparison of Cell Lysing Techniques 

Lysis Method Cell Types Mode of 

Lysis 

Required Apparatus Ref 

Pressure Shearing GN Bacteria 

GP Bacteria 

Harsh French press vessel 

Nano scale barbed channels  

[141] 

Manual Grinding Plant Harsh Liquid nitrogen 

Mortar & pestle/Electric grinder 

[152] 

Ultrasonic  GN Bacteria 

Spores 

Tissue 

Moderate Ultrasonic probe tip 

Ice bath or Refrigerator 

[26] 

Bead Beating  Various Harsh Glass/Silica/ beads 

Vortex mixer 

[26,149] 

Thermal GN Bacteria 

GP Bacteria 

Gentle Water bath 

Temperature sensor 

[26,138,140] 

Chemical/Enzymatic Various Gentle Commercial kits 

Detergents/Enzymes 

[141] 

Osmotic Animal 

Protozoa 

Gentle Solute concentration 

Preliminary lysing techniques 

[26,156] 

Freeze Thawing Mammalian 

GN Bacteria 

Gentle Ice bath or liquid nitrogen 

Detergents 

[26,153] 

Microwave Various Moderate 900 W Microwave 

Lyse-It® Slides, Silicon containers 

[154] 

Optical Cancerous 

Mammalian 

Gentle Suspension medium 

Laser generator 

[141] 

Electroporation Various Moderate Electroporation system 

Conductive medium 

[141] 
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2.1.4.2. Nucleic Acid Extraction 

For the majority of the pathogens of interest, DNA is found within the nucleus of the cell while RNA 

will be found in the cytoplasm. Contrary to this notion, both DNA and RNA may be found within the 

cytoplasm of bacterial cells, due to the lack of a nucleus [26]. DNA and RNA are naturally acidic, and 

exert a negative charge. By manipulating the pH, the temperature, chemical exposure, or other 

conditions, the DNA and RNA can be manipulated, in the form of strand separation or denaturation. 

Through this knowledge, it is possible to utilise techniques to extract DNA or RNA from a sample 

following sufficient lysis, allowing for more accurate analysis. 

Following cell lysis and nuclease inactivation, solid cellular debris should be removed from the lysate, 

allowing for the purified NAs to be isolated, purified and concentrated. Examples of common 

molecules found in samples include proteins, polysaccharides, metals, salts and other organic 

compounds [149]. The following section will discuss the processes used to extract NAs from a sample. 

 

Liquid-Liquid Extraction 

Liquid-liquid extraction (LLE) is an extraction process involving the interface between two immiscible 

liquid phases, one typically being an aqueous phase containing the lysate and the other an organic 

extracting solvent. The target analyte is drawn into the organic solvent due to its favourable solubility 

within the solvent, and due to the different molecular weights between the two phases, the phase 

containing the NA will sit on top of the denser phase containing the proteins and other contaminants, 

allowing for its removal using a membrane or vacuum pressure [26]. Traditional LLE extraction 

methods employ the centrifugation of the lysate within a caesium chloride and ethidium Bromide 

(CsCl-EtBr) gradient, separating the DNA by molecular weight. While this method yields NA of a high 

purity at a low cost, the process requires many time consuming and technical steps, which can take 

between one and two days [163]. EtBr is also a mutagen, posing potential health risks to the user.  

As an alternative, phenol chloroform may be used. Following cell lysis, the lysate is passed through 

the phenol-chloroform, which denatures the proteins within the sample while leaving the NA 

suspended within the aqueous phase. The sample is then treated with DNase-free RNase enzymes to 

remove the RNA, before ethanol or isopropanol is used to precipitate the DNA. Despite many 

successful implementations of this method in sample purification, phenol-chloroform is avoided in 

present day due to its toxicity and corrosiveness, as well as the risk of the transitioning of the DNA 

into the phenol phase [164]. Modern replacements for phenol-chloroform include organic solvents, 
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alcohols, detergents and chaotropic agents, with GITC–based methods becoming popular for isolating 

high quality RNA from various cells and tissues [26]. 

A common drawback of the LLE techniques is that a small volume of the two phases will be miscible, 

meaning a small percentage of the target analyte may be lost during the process [26]. In traditional 

approaches, there is a requirement for glassware, which greatly increases costs; however, recent 

developments in microfluidics and automation have been beneficial in overcoming this issue.  

 

Liquid-Solid Extraction 

Liquid-solid extraction (LSE) was developed as a robust method to exhaustively extract a target 

pathogen from a lysate, while overcoming the drawbacks of LLE techniques. Instead of the interfacing 

of two liquid phases, an aqueous phase is passed through a solid phase, allowing the pathogen of 

interest to become trapped within the solid phase. The solid phase may then be separated from the 

liquid phase and the extracted pathogen eluted during a succeeding process. As particular inhibitors 

may become bound to the solid phase, it is vital to first employ filtration, using materials which do not 

contain organic binders which can adsorb any of the organic material [165]. 

 

Solid-Phase Extraction 

Solid-Phase Extraction (SPE) is a form of LSE, introduced as a low-cost alternative to LLE. Similar to LSE, 

a sorbent phase is used to absorb target NAs within the lysate. The sorbent is then washed with 

alcohols to remove trace contaminants before the NAs are eluted from the phase using a saline buffer. 

This technique requires little biochemical knowledge and can extract genetic material in less than an 

hour with a low risk of contamination [132]. SPE offers a higher concentration of analytes when 

compared with LLE, allowing for a much better isolation of the target pathogen [26]. 

Traditional SPE techniques used GITC which can react with acids, meaning an alkaline waste storage 

component is necessary [132,166]. This, along with the use of phenol-chloroform, increased the 

overall health risks. In 1989, McCormick used a silica-based substitute to bind proteins to the solid 

phase, while the DNA remained suspended in solution. By eliminating the phenol, the toxicity was 

removed [167]. This approach is currently one of the preferred approaches to NA extraction in 

laboratory settings, with commercially available kits incorporating silica membranes into spin columns 

(Figure 2.7). As the lysate passes through the spin column, the NA is adsorbed into a silica membrane 
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while other molecules pass through the column and into a waste container. The DNA is then washed 

using salts and alcohols such as ethanol or isopropanol to remove waste particles, prior to the elution 

of the DNA allowing for the NA to be recovered using a weakly alkaline buffer, commonly a Tris-EDTA 

buffer or ultra-pure water. The result is purified DNA in an aqueous solution [168]. Despite the 

popularity of this approach, the method typically requires several washing steps which require 

external instruments to facilitate, such as a centrifuge or a vacuum.  

 

 

Figure 2.7 – General process for Solid-Phase Extraction 

(Created with BioRender.com) 

 

In the 1990s, Boom et al. used magnetic particles to purify NAs in a process referred to as the Boom 

method [132]. Current commercially available kits also use silica or glass-based beads, to prevent DNA 

from permanently binding to the solid phase. A variation to this process applies carboxylate coated 

magnetic beads, which binds to the NAs in the presence of alcohols [169] or chaotropic salts [170]. 

Magnets are then used to secure the beads while the lysis buffer is removed. By introducing an alkaline 

buffer, the NA may then be eluted. This technique is useful for eliminating both centrifugation and 

solvent extraction and precipitation steps, allowing for the fast isolation of NAs with a high rate of 

reproducibility [26]. The processes of lysis and extraction may also be combined by using the beads to 

both lyse the cells and extract the NAs, reducing the costs of reagents, as well as the complexity of the 

resulting platform. Many microfluidic devices utilise magnetic beads for NA isolation [171-173]. 

The process of SPE may be adapted into solid-phase microextraction (SPME), where a sorbent coated 

surface or channel is used to extract NAs. As the amount of the analyte extracted is independent of 

the initial sample volume, this approach may be directly applied to in field sampling. However, this 
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extraction technique is non-exhaustive, meaning that a percentage of the target pathogen will remain 

in the original sample following sample collection. The process may also be configured into a stir bar 

configuration, known as stir bar sorptive extraction (SBSE). Similar to SPME, a stir bar, coated in the 

sorbent, is immersed in a sample and is used to extract the target analyte from the solution. This 

technique is performed in less than 1 hour and has a greater capacity for extraction than SPME [26]. 

 

Chelex DNA Extraction  

The Chelex sample preparation method was developed by Bio-Rad Laboratories (USA), for the 

extraction of DNA from forensic samples. The Chelex-100 chelating resin functions through ion 

exchange, allowing for metallic ions within the DNA to bind to the Chelex [174]. Typically, the cells are 

lysed using suitable methods, prior to the addition of the Chelex resin. Once the DNA is bound to the 

Chelex, it is protected from DNases, preventing degradation [175]. Following the removal of the 

supernatant, the Chelex-DNA compound is also considered purified and stable and can be stored for 

4 months if refrigerated at 4°C [176]. It is possible to elute the DNA using salt-based buffers [149]. This 

method is simple, fast and inexpensive, with a higher efficiency than phenol-chloroform [177]. This 

process also does not introduce organic solvents into the protocol, which may contain materials which 

can require deactivation prior to downstream analysis [174]. Thus, it is favoured in resource limited 

settings. However, as the Chelex beads must be distributed evenly throughout the solution during the 

extraction process, a method of continuously mixing the solution during the process is required. 

 

Membrane Based Filtration and Extraction 

Membrane filtration is a process using a porous membrane to capture and remove cellular debris from 

the lysate following cell lysis, without shearing the NAs. The pore size is typically less than a micron in 

width, allowing for small particles within the sample – the filtrate – to pass through [26]. Membrane 

filtration bypasses the need for centrifugation, a laborious step in conventional sample preparation. 

As the filter does not bind to the NA, minimal amounts are lost during this step. Due to the low cost 

of the membrane, along with the high throughput and robustness of the approach, membrane 

filtration can be seen as an ideal initial step for general sample purification [26,178].  

A drawback to filtration is that large particles may form an obstructive layer across the surface of the 

membrane, preventing the filtrate from passing through. The retention of cellular components is 
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sensitive to the flow rate at which the lysate is passed through the membrane [26]. Mueller et al. 

evaluated the variables concerning the extraction of NAs from plankton within seawater, using 

nanoporous aluminium oxide membrane filters. It was concluded that a flow rate between 12 – 16 

mL/min was acceptable [178]. It was also advised to avoid guanidinium-based salts in conjunction with 

this method, due to causing a permanent binding between DNA and the membrane [179,180].   

A filter-extraction protocol was later devised, where an extraction buffer is flushed through the 

membrane in reverse rather than in the same direction as the sample, preventing the trapping of NAs 

with a high molecular weight [178]. Many modern filtration kits are commercially available, combining 

the filtration and SPE processes, without the need for further purification steps. This allows for NA 

extraction without the use of detergents or alcohols, which increases the risk to the user [26]. 

The filtration of nucleic acids (FINA) approach was recently used for NA extraction from whole blood 

samples in less than two minutes. Following lysis with a detergent, the lysate is applied by pipette to 

the FINA membrane. The lysate wicks across the membrane, allowing the NA to be isolated on the 

surface. The membrane is then washed to remove inhibitors and placed into a reaction chamber for 

analysis. This method is a simple three-step process requiring little laboratory equipment, making it 

easy to implement in several conditions. However, this method is not exhaustive, with the ability for 

the membrane to isolate NAs proportional to its diameter, which in turn is limited by the size of the 

reaction tubes used. Should the membrane diameter exceed a threshold, the overlapping will result 

in a reduction of the surface area exposed to the reaction mix. A larger membrane will also require a 

large volume of the reaction mixture to function effectively, increasing costs. Should the membrane 

be too small, it may become saturated by the initial sample, preventing effective washing. For a 200 

µL reaction tube, 9 mm is advised as the maximum limit for the FINA membrane [181]. 

 

Discussion of Nucleic Acid Extraction Techniques 

Similar to cell lysis, there is no optimal method of NA extraction suitable for every application. Instead, 

a suitable method must be selected based on its applicability. Specific procedures may yield a higher 

quality NA, but may prove more complex to implement. The extraction efficiency will also vary 

depending on the sample type. In some cases, if the sample is “clean”, then NA extraction may be 

omitted. In other cases, the extraction process will also act as a means of concentrating the NAs, 

reducing the number of steps required [149]. However, in resource limited settings, many methods 

may be unavailable due to cost limitations. Ultimately, trade-offs are necessary.   
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A comparison between the previously discussed NA extraction techniques can be seen in Table 2.7. 

The optimal approach to NA extraction is to minimise the required apparatus and processing time, 

while maximising the amount of said NA extracted from the sample. For POCT specifically, the desire 

is to reduce the number of chemicals involved in the process as much as possible. In addition, the 

process needs to be as exhaustive as possible to ensure the highest quantity of NA is collected for 

analysis [162]. LLE techniques were not considered further due to requiring hazardous chemicals and 

glassware in the cases of phenol-chloroform and CsCl-EtBr based extraction protocols [182]. The 

Chelex extraction method also was not considered further due to the low purity of NAs yielded from 

the process [183]. As a result, only LSE and similar techniques were considered.  

 

Table 2.7 – Comparison of Nucleic Acid Extraction Techniques 

LLE, Liquid-Liquid Extraction; LSE, Liquid-Solid Extraction; SPE, Solid-Phase Extraction;  

SPME, Solid-phase microextraction; SBSE, stir bar sorptive extraction 

Extraction 

Method 

Processing 

Time 

Exhaustive? Removal of 

Contaminants? 

Required Apparatus REF 

LLE High Yes Yes Glassware, organic solvents [26,163,164] 

LSE Low Yes No Solid phase, filtration system [26] 

SPE Low Yes Yes Sorbent phase [26,132] 

SPME Low No No Sorbent coated surface(s) [26] 

SBSE Low Yes No Sorbent coated stir bar [26] 

Chelex Low Yes Yes Stir bar [174] 

Membrane  Low No Yes Porous membrane, commercial kits [26,181] 
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2.1.5. Nucleic Acid Amplification and Detection  

Following sample preparation, purified NAs may undergo an amplification process to increase the 

concentration of the NA within the sample, allowing for easier detection of the target analyte [184]. 

Such processes are referred to as nucleic acid amplification testing (NAAT). As NAAT techniques 

increase the amount of NAs contained within the sample exponentially, the required sample volume 

can be greatly reduced, thus lowering the risk of contamination, along with the cost of reagents [185]. 

The performance of NAAT is typically quantifiable and may be performed in real-time in specific 

configurations, allowing for the earlier detection of target pathogens. The focus of the research 

presented in this thesis was based on the sample preparation steps which would be conducted prior 

to NAAT. However, the understanding of the downstream processes was important to determine 

which sample preparation steps would be ideal. This section of the report will discuss some of the 

prevalent NAAT techniques which have been utilised.  

 

2.1.5.1. Polymerase Chain Reaction  

Defined as the “gold standard” of molecular biology, Polymerase Chain Reaction (PCR) was invented 

by Kary Mullis in 1983 for use in NAAT [186]. Similar to the in vivo process of DNA replication, PCR is 

an in vitro technique which amplifies target DNA, producing up to 106 or 109 copies of a specific 

sequence. The first step of PCR is denaturation at 90 – 95°C, causing partnered DNA strands to 

separate. Primers are designed to direct DNA polymerase to flank the extremities of the DNA segment 

of interest to amplify. An annealing step follows at 55 – 60 °C, allowing primers to anneal to the 

complimentary strands. At 72°C, DNA polymerase catalyses the addition of deoxynucleotide 

triphosphate (dNTPs) to match the parent strand and create new dsDNA. The cycle is repeated up to 

40 times, exponentially increasing the number of DNA copies with each cycle. 

However, there are limitations to the process. Should the annealing temperature be too low, or if the 

concentration of dNTPs is incorrect, the wrong sequence could be amplified. If the annealing 

temperature is too high, or should the incorrect primer sequence be used, then no DNA sequences 

would be amplified. The quality of the amplified sequence may also be affected if too few cycles of 

PCR are performed [186]. Furthermore, PCR requires precise and rapid temperature control in a 

process known as thermocycling, which consumes a high amount of power [184]. PCR methods are 

also known to be severely affected by the presence of inhibitive substances, substances which can 

interfere with cell lysis, bind to or degrade the target NA, or inactivate the DNA polymerase [100,187]. 
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Reverse Transcription PCR 

Reverse Transcription PCR (RT-PCR) allows for PCR to be performed on an RNA template by including 

a reverse transcription process as outlined in section 2.1.1. First, an mRNA sequence is synthesised 

with a DNA template. Using an RNase enzyme, a portion of the DNA is digested, producing a ssDNA 

sequence. Finally, a dsDNA template is created using polymerase activity, known as complimentary 

DNA (cDNA), which is then amplified [188]. RT-PCR is simple, specific and sensitive, able to detect trace 

amounts of mRNA within small sample volumes [189]. However, due to the exponential growth of the 

cDNA during the PCR cycles, it can be difficult to quantify the results using end point detection [190]. 

With the fluctuations in amplification efficiencies, the errors in the quantified mRNA are further 

increased [189]. Furthermore, due to the high sensitivity, slight DNA contamination can lead to either 

false positives or an over estimation of the yield [189]. 

 

Real-Time PCR 

Real-Time or quantitative PCR (qPCR) measures the absolute amount of DNA within the sample during 

the PCR process, overcoming one of the major drawbacks of standard PCR, that being its difficulty in 

determining the initial value of the target template. This is achieved by co-amplifying the template 

DNA with an internal standard. These bind to similar sites as the primers, but are distinguishable from 

the primers due to a difference in sequence or size. During amplification, both the standard and the 

target DNA amplify at a comparable rate. By monitoring the growth curve of the standard through 

fluorescent response after each cycle, the growth curve of the template DNA can be determined [189]. 

It is also possible to detect RNA using quantitative reverse transcription PCR (qRT-PCR). In this 

configuration, it is vital to include DNase to digest any contaminating DNA, which can compete with 

the internal standard during amplification, resulting in the incorrect quantification of the mRNA [191].  

 

2.1.5.2. Isothermal Nucleic Acid Amplification Testing 

Recent approaches to NA amplification have attempted to exploit the advantages offered by PCR while 

overcoming its dependency on thermocycling. Isothermal NAAT (iNAAT) is a term attributed to a series 

of techniques which amplify NA sequences at a constant temperature. Compared to PCR, iNAAT is 

designed to be simple, low-cost and robust, allowing easier integration into POCT [184]. These 

techniques are designed to provide results comparable to PCR, despite varying external factors such 

as foreign contaminants or inhibitors, which commonly compromise PCR amplification.  
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For many iNAAT techniques, the minimum of a lysis step is required. For RNA analysis, the removal of 

RNases is also required to prevent degradation. If there is too high a concentration of the target NA in 

the sample, then the process can result in errors. A dilution step may be included to reduce both the 

concentration of the template NA and the number of contaminants in the sample. In some instances, 

a denaturation step is vital to initiate the reaction and ensure that primers anneal at the specific target 

sites. This may be conducted chemically or thermally; the latter of which prevents the process from 

technically being isothermal. In addition, certain polymerases can be inactivated by heat and must be 

introduced following denaturation, increasing engineering complexities [192]. 

There are several variants of iNAAT, including but not limited to, Cross Priming Amplification (CPA), 

Helicase Dependant Amplification (HDA), Nucleic Acid Sequence-Based Amplification (NASBA), 

Polymerase Spiral Reaction (PSR), Rolling Circle Amplification (RCA), Recombinase Polymerase 

Amplification (RPA), Strand Displacement Amplification (SDA), and Loop-Mediated Isothermal 

Amplification (LAMP). A review of these techniques was conducted, available in section 8.1. A 

summary of these methods can be seen in Table 2.8 and Table 2.9. 

For POCT, speed is crucial to prevent the delay of action. In this regard, methods such as SDA and RPA 

may seem favourable. Contrastingly, methods such as RPA and RCA may seem preferable due to their 

lower operational temperatures. However, other factors play a crucial role in each process. Some 

methods struggle with multiplexed amplification due to the lack of synchronicity between the 

temperature steps and the processes [193,194]. Others may require complex primers which are 

difficult to design and may lead to non-specific amplification. Finally, the option to conduct readings 

in real-time should be possible, eliminating the need to conduct time-consuming end-point detection 

processes. However, many of the available real-time detection methods require tailored instruments, 

which can greatly increase costs [195,196]. Due to a lack of standardisation, it is difficult to accurately 

compare the performance of the various iNAAT methods [185].  

Prior to the start of this project, it was foreknown that LAMP and Reverse-Transcription LAMP (RT-

LAMP) would be used. RT-LAMP is conducted at 60 – 65 °C. In contrast to the 2 primers used for PCR 

techniques, LAMP uses 4 to 6 sets of primers to target specific gene regions, increasing the robustness 

and sensitivity of the process [64,197]. LAMP based assays also bypass the need for RNA isolation and 

purification steps, allowing for the detection process to be streamlined, reducing costs and time. 

Through this approach, it is possible to integrate the process into a single use tube or cartridge, which 

may be used in place of larger equipment [197]. Following amplification, the presence of the target 

can be confirmed by visual inspection following a turbidimetric or colorimetric change. While several 

RT-LAMP based assays are currently in development [198-203]; few have had commercial success. 
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Table 2.8 – Comparison of Nucleic Acid Amplification Techniques [185,204] 

PCR, Polymerase Chain Reaction; CPA, Cross Priming Amplification; HDA, Helicase-Dependent Amplification; NASBA, Nucleic Acid Sequence Based Amplification; RCA, Rolling Circle 

Amplification; PSR, Polymerase Spiral Reaction; RPA, Recombinase Polymerase Amplification; SDA: Strand Displacement Amplification; LAMP: Loop‑Mediated Isothermal Amplification; dsDNA, 
double-stranded Deoxyribonucleic Acid; ssDNA, single-stranded Deoxyribonucleic Acid; RNA, Ribonucleic Acid; (1), Denaturation; (2), Annealing; (3), DNA synthesis 

 Amplicon Enzymes Primers Time 

(min) 

Amplification 

Limit 

Temp (°C) Detection Method Tolerance to 

crude samples? 

REF 

PCR dsDNA 

 

1 2 

(Simple) 

60 – 180 109 90 – 95(1) 

55 – 60(2) 

72(3) 

• Gel electrophoresis Low [186] 

CPA dsDNA 1 5 

(Complex) 

60 – 90 104 63 • Fluorescence 

• Gel electrophoresis 

• Turbimetric 

• Lateral flow devices 

Low [205] 

HDA dsDNA 2 2 

(Simple) 

30 – 120 1010 64 • Intercalating DNA dye 

• Fluorescence 

• Electrochemical analysis 

• Gel electrophoresis 

High [206] 

NASBA ssRNA 3 2 – 3 

(Simple) 

60 – 180 109 37 – 42 • Fluorescence Medium [207] 

PSR dsDNA 1 2 

(Simple) 

45 – 60 109 61 – 65 • Fluorescence 

• Gel electrophoresis 

• Turbimetric 

Low [208] 

 

RCA ssDNA 2 1 

(Simple) 

60 – 120 109 
30 – 65 

• Fluorescence 

• Electrophoresis 

Low [209] 

RPA dsDNA 2 1 

(Simple) 

20 – 40 109 – 1011 25 – 42 • Fluorescence Low [210] 

SDA ssDNA 2 2 – 4 

(Simple) 

20 – 120 109 37 – 49 • Fluorescence 

• Lateral flow devices 

Low [211] 

LAMP ssDNA 

 

1 4 – 6 

(Complex) 

60 109 60 – 65 • Intercalating DNA dye 

• Fluorescence 

• Turbimetric 

High [212] 
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Table 2.9 – Comparison of Nucleic Acid Amplification Techniques (continued) [185,204] 

CPA, Cross Priming Amplification; HDA, Helicase-Dependent Amplification; NASBA, Nucleic Acid Sequence Based Amplification; RCA, Rolling Circle Amplification; PSR, Polymerase Spiral 

Reaction; RPA, Recombinase Polymerase Amplification; SDA, Strand Displacement Amplification; LAMP, Loop‑Mediated Isothermal Amplification; DNA, Deoxyribonucleic Acid; RNA, Ribonucleic 

Acid 

 Advantages Challenges 

CPA • Does not require an initial denaturation step  • Low tolerance to crude samples 

• Complex primer design 

HDA • Rapid amplification (less than 60 min) 

• Can be performed on DNA and RNA 

• Higher tolerance to crude samples 

• Requires heat treating at 65 °C and 95 °C to increase sensitivity  

• Susceptible to contamination and non-specific amplification  

• Difficult to multiplex  

NASBA • Low operating temperature 

• Lower susceptibility towards contamination 

• Requires denaturation at 95 °C 

• Limited to RNA templates (requires RNase-free conditions) 

• Susceptible to non-specific amplification and false positives 

PSR • Rapid amplification (less than 60 min) 

• Simple primer design 

• Does not require complex instruments 

• Low tolerance to crude samples 

RCA • Low operating temperature 

• Lower susceptibility towards contamination 

• Compatible with commercial PCR primers  

• May be performed within a solid phase or in solution  

• Requires heat denaturation step  

• Low tolerance to crude samples 

• General primers can lead to primer dimers and false positives  

• Difficult to amplify short DNA templates  

RPA • Low operating temperature 

• May be performed within a solid phase or in solution  

• Rapid amplification (less than 60 min) 

• Compatible with PCR primers  

• Inhibited by high concentrations of DNA and proteins  

• RPA kits are only sold by a single company 

SDA • Rapid amplification (less than 60 min) 

• Low operating temperature 

• Low tolerance to crude samples 

• Requires denaturation at 95 °C 

• Unable to amplify long target sequences 

• Susceptible to non-specific amplification  

LAMP • Higher tolerance to crude samples 

• Highly specific  

• Does not require complex instruments 

• Complex primer design 

• Susceptible to non-specific amplification 

• Difficult to multiplex 
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2.2. State-Of-The-Art for Sample Preparation for Molecular Diagnostics  

In contrast to POCT which seeks to return results to a smaller number of patients in the shortest TAT 

possible, laboratory-based diagnostics seeks to return results to a larger number of patients, at the 

cost of an increased TAT. As a result, laboratory-based diagnostic platforms aim to maximise the 

overall throughput in order to most effectively utilise the time taken to yield results. Many of the 

platforms require refrigerated or frozen reagents, laborious protocols, complex instrumentation, 

reliable electrical power, trained personnel, and appropriate infrastructure and consumables. As a 

result, these platforms are restricted to use in laboratories. It is important to consider the capabilities 

of these platforms, as the desired output is similar in terms of the quality of the NA extracted from 

the raw samples. These considerations of the current state-of-the-art for laboratory-based platforms 

which employ sample preparation techniques will serve as a guideline on what can be considered to 

be the gold standard.  

 

2.2.1. QIAGEN Platforms 

The QIAGEN® Company (Germany) introduced several platforms and kits, which use various lysing and 

extraction techniques to offer a comprehensive and robust method for performing NA extraction  

[177,213]. The extraction techniques may be performed manually by a technician, or automatically 

using the corresponding QIAGEN platform. The automated platforms allow for protocols to be 

performed at a higher throughput and an increased accuracy, with the trade-off of an increased cost.  

 

2.2.1.1. QIAcube  

The current gold standard from QIAGEN is the QIAcube Connect. Developed from the standard 

QIAcube, the platform is capable of processing “virtually any sample type” to yield purified DNA or 

RNA, with a relatively high throughput. The QIAcube platform utilises a selection of chemical and bead 

beating techniques for cell lysis, followed by filtration using a vacuum driven system. The lysate is then 

subjected to a series of binding and washing steps performed on disposable troughs, containing the 

necessary buffers and reagents. The purified NAs are finally eluted, allowing for its analysis [214]. 

The QIAcube platform is capable of processing between 24 and 96 samples in parallel, in increments 

of 8 samples. This is achieved by the use of an 8-channel pipetting head, which transfers the sample 

between the troughs [214]. The platform also uses two compartments during sample preparation to 
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prevent cross contamination. The QIAcube Connect offers the ability to automate and track protocols 

remotely using a tablet. The platform also contains centrifuges, heated shakers and a robotic gripper, 

allowing for tailored protocols to be performed while eliminating manual processing steps [215].  

Several kits compatible with the QIAcube platform are available; with kits compatible with the samples 

of interest shown in Table 2.10. A particular kit of interest was the QIAamp 96 DNA Swab BioRobot 

Kit. Following collection, the swab is air dried and placed into the platform and the cells are lysed in 

the presence of proteinase K. The lysate is then treated with ethanol, to assist the binding of the DNA 

to a silica membrane. The bound DNA is then subjected to two washing steps, prior to its elution in 

either a buffer or water. It is possible to process up to 192 swab samples in parallel, with each swab 

sample yielding between 1 – 2 µg of purified DNA [216].  

Despite many favourable attributes, it was found by Van der Zee et al. that the QIAGEN kits were 

susceptible to producing false positives during testing species of legionella. While it was possible to 

treat the QIAamp columns with DNAse and gamma irradiation, it was noted that all tests contained 

some contamination, ranging between 10 – 70% [213]. Evans et al. reported similar cases of 

contamination during an attempt to characterise the contaminating DNA, recording positive signals in 

the negative control columns. Further investigation reported that the contamination occurred during 

a water flushing process during production. For this reason, it was determined that the QIAGEN kits 

are unsuitable for diagnostics concerning water-based environmental organisms [217]. 

 

Table 2.10 – List of compatible QIAGEN Hybrid Kits 

QIAamp Kits 

Name Sample Type Processing Nucleic 

Acid 

Yield 

(µg/mL) 

Time (min) REF 

96 DNA Swab 

BioRobot Kit 

Swabs Automated DNA 1 – 2 

(per swab) 

< 120 [216] 

DNA Stool Kit Faecal Manual 

Automated 

DNA 10–30 25 – 50  [218] 

 

2.2.1.2. QIAsymphony  

The QIAsymphony is a modular device with a similar functionality to the QIAcube, able to process a 

wide range of samples to allow for the extraction of purified DNA or RNA. The QIAsymphony is 

available in two formats: the SP (Sample Preparation) and AS (Assay Setup). The QIAsymphony SP 

allows for 1 – 96 samples to be processed in parallel, in batches of 24. The platform employs silica-
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based purification in conjunction with magnetic particles to isolate NAs. In comparison to the QIAcube, 

less kits are available; however, the optimised protocols which can be performed on the platform 

allow for a wide array of samples to be processed [219]. The utility of the QIAsymphony is increased 

using the AS format, which includes an additional module to automate the setup of PCR and RT-PCR 

assays, following sample preparation. As the sample is purified and prepared for analysis by 

transferring the sample between the SP and AS modules, the reproducibility of the results is increased 

and the risk of contamination is decreased [219]. Despite the potential for this system, there are 

currently no kits compatible with the sample types addressed in this thesis.  

 

 

2.2.2. AutoGen Platforms and Kits 

2.2.2.1. XTRACT 16+ 

The AutoGen Company (USA) have developed several platforms which contain integrated sample 

preparation for specific samples through the use of corresponding kits. The current state-of-the-art is 

the XTRACT 16+, with claims to be able to process “virtually all molecular diagnostic, biological, clinical, 

and forensic sample types” in a TAT between 30 and 90 minutes [220]. Similar to the QIAGEN 

platforms, the XTRACT 16+ utilises magnetic beads to bind NAs following cell lysis. The kits of particular 

interest can be seen in Table 2.11. The XTRACT 16+ can process up to 16 samples in parallel and is 

compatible with the largest range of kits tailored towards a wide array of sample types, supporting 

the claim of being able to process virtually all samples. Similar to the QIACube Connect, the XTRACT 

16+ allows for the user of the device to remotely monitor the process in real-time through a phone or 

tablet using an app, with the user being notified of any errors which occur during the process. Thus, 

this platform can be considered among the current state-of-the-art for sample preparation devices.  

 

Table 2.11 – List of compatible AutoGen XTRACT16+ Kits 

XTRACT 16+ Kits 

Name Sample Type Processing Nucleic 

Acid 

Yield 

(µg/ml) 

Time 

(min) 

Ref 

Genomic DNA 

Bacterial Kit 

Bacterial Culture, 

Mucosal Specimen 

Automated DNA Varies 39 [221] 

Cultured Cells DNA 

Kit 

Cultures Cells, 

Amniotic Fluid 

Automated DNA Varies 39 [222] 
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2.2.2.2. QuickGene Platforms 

The AutoGen Company also introduced the QuickGene-810, which uses chemical lysis and membrane-

based NA extraction to isolate DNA or RNA from up to 8 samples in parallel within 6 – 20 minutes. The 

collected sample is manually loaded into a cartridge, which is then loaded into the device. The 

platform will then prepare the sample automatically with a pre-programmed protocol, dependent on 

the sample type [223]. This platform was later developed into the QuickGene-Auto12S, which features 

a fully automated operation and is able to process up to 12 samples in parallel [224].  

A key platform for consideration is the QuickGene-Mini80, an economically viable alternative to the 

QuickGene-810 for resource limited settings. This device is capable of processing up to 8 samples in 

10 – 30 minutes using specific kits and offers a performance comparable to the QuickGene-810 [225]. 

The device is lightweight and features a relatively small footprint, features which would be beneficial 

for POCT. Additionally, the platform is capable of performing sample preparation without the use of 

centrifugation during the process. Despite these advantages, however, the device requires a mains 

electricity power supply, limiting its portability. The kits compatible for the QuickGene platforms can 

be seen in Table 2.12. In contrast to the XTRACT16+, the number of kits compatible with the Quickgene 

platforms is limited, reducing the number of protocols able to be performed on the platform. 

 

Table 2.12 – List of compatible AutoGen QuickGene Kits 

AutoGen QuickGene Kits 

Name Sample Type Processing Nucleic 

Acid 

Yield 

(µg/ml) 

Time 

(min) 

Ref 

RNA Cultured Cells Kit 

(810/Mini80) 

Cultured cells Automated 

Manual 

RNA Undefined 15 – 20 [226] 

RNA Cultured Cells Kit 

(Auto12S) 

Cultured cells Automated RNA Undefined 50 [227] 

 

2.2.2.3. FlexSTAR Platforms 

The FlexSTAR is a semi-automated platform, able to extract and isolate DNA from up to 30 samples in 

parallel. Similar to the QuickGene platforms, the FlexSTAR uses a series of kits which employ chemical 

lysis and NA precipitation to extract DNA [228]. The FlexSTAR+ functions similarly to the standard 

FlexSTAR platform, but offers improved fully automated protocols [229]. This platform is marketed as 

being easy to use, requiring little manual involvement. However, the size, footprint and power 

requirements for the platform make it unsuitable for diagnostics in resource stressed environments. 
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The kits compatible with the FlexSTAR platforms can be seen in Table 2.13. Similar to the Quickgene 

platforms, the number of compatible kits is limited, reducing the number of protocols able to be 

performed on the platform. 

 

Table 2.13 – List of compatible AutoGen FlexSTAR Kits 

FlexSTAR Kits 

Name Sample Type Processing Nucleic 

Acid 

Yield 

(µg/ml) 

Time 

(min) 

Ref 

Blood DNA Finishing 

Kit 

Cultured Cells, 

Whole Blood, Buffy 

Coat, Bone Marrow 

Automated DNA 10 – 40 120 - 180 [230] 

DNA Whole Blood Kits Cultured Cells, 

Whole Blood, Buffy 

Coat, Bone Marrow 

Automated DNA 10 – 40 120 - 180 [231] 

Oragene Saliva Kit Saliva Automated DNA 10 – 50 60 – 120 [232] 
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2.3. State-of-the-art for POCT Platforms 

In absence of laboratory standard reagents and infrastructure, there is a requirement for simpler 

diagnostic techniques. Many NAAT-based POCT devices are designed for use in small or mobile 

laboratories and in remote locations [233]. These platforms offer patient-oriented convenience, 

promoting speed, simplicity and user-friendliness. Compared to laboratory-based platforms, the 

prime advantage of POCT platforms is their shorter TAT, typically between 5 – 30 minutes. The 

concession however is a lower throughput. Currently, POCT is considered to be a developing concept, 

with limited commercially available options [234]. This section of the thesis will address some of the 

developing NAAT-based POCT platforms and evaluate their performance. 

 

 

2.3.1. Table top Instruments 

Table top instruments should weigh less than 25 kg and should be robust and immune to vibrations 

and shocks. They should also function remotely, ideally offering wireless connectivity. Furthermore, 

they should offer battery powered alternatives should mains electricity be unavailable [235]. 

 

2.3.1.1. Alere Inc. Alere-q 

The Alere™ q (Alere Inc., Waltham, MA, USA) is a tabletop instrument which employs multiplex PCR 

to detect HIV 1 and 2, Ebola virus, TB and Hepatitis C (HCV) from blood and plasma samples in a TAT 

of less than 1 hour. A sample, collected using a standard finger prick or venous blood draw, is loaded 

directly into the cartridge, where it is subjected to cell lysis using chaotropic salts, followed by RNA 

isolation using Streptavidin-Sepharose particles. Following washing steps to remove contaminants, 

the remaining RNA molecules are amplified using RT-PCR [236]. Despite being reported to have a 100% 

sensitivity, the Alere-q has demonstrated over-quantification, resulting in a 19% specificity [237]. 

 

2.3.1.2. Quidel Corporation AmpliVue 

The AmpliVue® (Quidel Corporation, San Diego, CA, USA) is a handheld cassette which is used to detect 

Bordetella, Clostridium difficile, Trichomonas, Group A and B Streptococcus; as well as Herpes simplex 

virus (HSV) 1 and 2 from stool, NP, vaginal and rectal samples within a TAT of 60 – 90 minutes. 

Following heat treatment using a heater block, an aliquot of the lysate is transferred into the cassette, 

which contains the reagents and primers required to conduct HDA. Following HDA, detection is 

achieved using an LFD, providing simple qualitative results [238].  
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2.3.1.3. QIAGEN QIAstat-Dx 

The QIAstat-Dx™ (formerly DiagCORE) Analyser (QIAGEN, Hilden, Germany) is a portable system, able 

to detect bacterial pathogens, including Mycoplasma pneumoniae, Legionella pneumophila and 

Bordetella pertussis; and viral strains, including, but not limited to, influenza A and B, coronavirus and 

RSV A/B. Following the insertion of a swab sample or a sample in liquid transport medium (LTM) into 

a QIAstat-Dx (DiagCORE) cartridge, the cartridge is loaded into the analyser, where the sample is lysed 

using mechanical and chemical means and purified using membrane-based NA extraction. Contactless 

pneumatic pressure actuators are used to transfer the sample and reagents to their intended 

destination. Furthermore, air filters for both incoming and outgoing air are used to safeguard the 

environment during use. After use, the cartridge remains sealed, allowing for its safe disposal [239].  

 

2.3.1.4. Epistem Ltd Genedrive 

The Genedrive® (Epistem Ltd, Manchester, England, UK) is a low-cost platform capable of detecting 

Mycobacterium tuberculosis complex (MTBC), HCV and SARS-CoV-2 from buccal swabs, nasal swabs 

and plasma. The system functions using a disposable cartridge for automated sample preparation, 

along with a 3-microtube disposable device for qPCR [240]. A study of the Genedrive was conducted 

by Castan et al., assessing the performance of the platform to detect MTBC from spiked sputum 

samples, reporting an overall sensitivity and specificity was 90.8% and 100%, respectively [241]. 

 

 

2.3.2. Handheld Portable Instruments 

Handheld portable instruments should offer similar features to tabletop instruments, with the main 

differences being a significant decrease in weight (less than 1 kg) and that the platform should be fully 

battery operated [235].  

 

2.3.2.1. QuantuMDx Q-POC 

The Q-POC™ (QuantuMDx, Newcastle upon Tyne, England, UK) is a handheld and battery operated 

platform, able to provide multiplex qPCR testing to detect malaria, multidrug-resistant TB and sexually 

transmitted infections (STIs) in less than 30 minutes. The platform contains a disposable test cassette 

which can purify the collected sample. While the current iteration of the platform is able to process 

blood, tissue, sputum, and urine samples for the detection of the aforementioned diseases, a SARS-

CoV-2 assay is being developed using MTN swab samples [242]. 
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2.3.2.2. PositiveID Corporation Firefly Dx  

The Firefly Dx (PositiveID Corporation™, Delray Beach, FL, USA) is a two-part device, consisting of a 

single use cartridge and a portable handheld instrument. The cartridge contains the reagents and 

elements to lyse and purify accepted samples, as well as the reagents required to conduct qPCR. The 

instrument is battery powered and features a wireless Bluetooth connection to allow for results to be 

obtained and processed using either a smartphone or a laptop. The platform is capable of accepting 

and processing a variety of samples, including whole blood, buccal, NP swabs and urine, for the 

detection of bacterial infections, including Methicillin-resistant S. aureus (MRSA), Bacillus anthracis, 

Yersinia pestis, and Francisella tularensis; as well as viral infections, including Human papilloma virus 

(HPV), influenza, Ebola virus, Dengue fever virus, Chikungunya virus, Nipah virus and Zika virus [243]. 

 

2.3.2.3. ChipCare Corporation Polyvalent Analyzer  

The Polyvalent Analyzer (PAx) platform (ChipCare Corporation, Toronto, ON, Canada) is a portable 

analyser which can detect human immunodeficiency virus (HIV) and syphilis in multiplexed PCR or 

immunoassays, as well as Hepatitis C from whole blood, in a TAT of 15 minutes. The platform contains 

a low-cost disposable microfluidic cartridge which, once loaded into the platform, allows for 

automated sample preparation to be conducted. These cartridges contain preloaded reagents which 

are shelf-stable and able to be stored without refrigeration. Furthermore, the platform is battery 

operated, able to provide up to 8 hours of operation [244]. 

 

2.3.2.4. GenePOC Inc. GenePOC Platform 

The GenePOC Diagnostics Platform (Québec City, QC, Canada) is a microfluidic platform designed for 

qPCR and qRT-PCR based detection for microbial pathogens from nasal, rectal, stool, throat, urine and 

vaginal samples within an hour. The disposable cartridge is compact and contains preloaded stable 

reagents required to perform up to 12 tests. The GenePOC platform is capable of processing up to 8 

cartridges in parallel. The device utilises centipetal forces and passive valves to actuate fluids through 

the cartridge. Following the insertion of the sample conditioned in a GenePOC buffer, the sample 

undergoes a universal sample preparation process involving mechanical NA extraction using glass 

beads and a following dilution step [245,246].  
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2.3.3. Discussion of State-of-the-art for POCT Platforms 

A comparison between the state-of-the-art for POCT can be seen in Table 2.14. Instruments which 

were handheld and fully portable were preferred over their tabletop counterparts, particularly in 

consideration of the device developed throughout this thesis. Thus, instruments such as the Firefly 

Dx, the Q-POC, the GenePOC and the Polyvalent Analyzer were preferred. The number of sample types 

which could be processed through a platform was a key consideration, as this would support the 

possibility and feasibility of developing a universal sample preparation device, as outlined in section 

1.4.1. The GenePOC platform is capable of processing the largest number of sample types among the 

platforms considered. These included nasal, stool and rectal samples, which were of particular interest 

due to the nature of the project. The Q-POC platform followed in terms of the number of acceptable 

sample types. Among the listed sample types, MTN swab samples were listed for the purpose of 

detecting SARS-CoV-2. Thus, this platform was of particular interest.  

Another major criterion used to evaluate the platforms was the TAT. Strategies to manage the window 

between infection and detection are crucial for preventing the spread of a disease, a common problem 

surrounding centralised testing. Thus, POCT can be seen as a vital strategy for patient management 

serving to reduce the distance between the site and where the analysis is performed, reducing the 

TAT. The Polyvalent Pax, the Firefly Dx and the Q-POC platforms offered the shortest TATs among the 

platforms evaluated, and consequently, were preferred based on this criterion.  

Finally, simple sample preparation was seen as another important weighting criterion for evaluating 

the platforms. Ideally, the procedure should feature as few technical steps as possible in order to be 

considered effective for POCT. A common method utilised for molecular diagnostic devices is to 

conduct the entire sample preparation procedure within a disposable cartridge, which can be replaced 

following use. This was observed for each of the POCT platforms, which employed a form of cartridge-

based technology, with integrated sample preparation steps. Thus, the sample-to-answer capabilities 

of each platform was measured. The Firefly Dx, Q-POC, Polyvalent PAx, QIAstat-Dx and Alere™-q 

platforms were among those which featured fully sample-to-answer protocols, requiring minimal to 

no addition or transfer of reagents through manual means. 

Overall, the Firefly Dx and the Q-POC platforms offered the most favourable attributes among the 

platforms considered.  
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Table 2.14 – State-of-the-art for Point-of-Care-Testing Platforms 

HDA, Helicase Dependant Amplification; LTM, Liquid Transport Medium; MTN, Mid-turbinate Nasal, NA, Nucleic Acid; NPS, nasopharyngeal swab; PCR, polymerase chain reaction; qPCR, qualitative polymerase 

chain reaction; RT-PCR, reverse transcription polymerase chain reaction; TAT, Turnaround time;  

Instrument Manufacturer Platform 

Type 

Sample Source Sample Preparation Sample-to-

answer? 

Amplification Wireless 

connectivity? 

TAT Ref 

Firefly Dx PositiveID 

Corporation™ 

Handheld 

(portable) 

• NPS 

• Whole Blood 

• Buccal 

• Urine 

• NA purification using a cartridge Y qPCR Yes 20 min [243] 

 

Polyvalent PAx  ChipCare 

Corporation 

Handheld 

(portable) 

• Whole Blood • NA purification using a cartridge Y PCR Yes 15 min [244] 

Q-POC QuantuMDx Handheld 

(portable) 

• Blood 

• Tissue 

• Sputum 

• Urine 

• MTN swab 

• NA purification using a cartridge Y qPCR Yes 30 min [242] 

GenePOC GenePOC Inc. Handheld 

(portable) 

• Nasal 

• Rectal/Stool 

• Vaginal 

• Throat swabs 

• Urine 

• Glass bead-based mechanical lysis 

• Dilution  

Y qPCR Yes < 1 h [245] 

 

Alere™ q Alere Inc. Table top • Whole Blood 

• Plasma 

• Chaotropic salts cell lysis 

• Sepharose particle RNA isolation 

Y RT-PCR Yes < 1 h [236] 

AmpliVue® Quidel 

Corporation 

Table top • Rectal/Stool 

• NPS 

• Vaginal 

• Thermal lysis N HDA No 60 – 90 min [238] 

GeneDrive Epistem Ltd Table Top • buccal swabs 

• nasal swabs 

• plasma 

• NA purification using a cartridge Y qPCR No 45 – 75 min [241] 

QIAstat-Dx QIAGEN Table top • Swab 

• LTM samples 

• Mechanical/chemical cell lysis  

• Membrane-based NA extraction 

Y qPCR Yes < 1 h [239] 

 



  Literature Review 

57 | P a g e  
 

2.4. State-of-the-art for SARS-CoV-2 Assays 

The SARS-CoV-2 pandemic highlighted the need for rapid testing. An increase in demand has led to 

shortages in viral-purification kits, PCR kits and PCR products, as well as other consumables [192]. As 

a result, the focus of this project shifted towards the detection of SARS-CoV-2 using minimally invasive 

respiratory samples. There are currently 2 major categories to test for SARS-CoV-2: molecular assays, 

used to detect early stages of infection; and serological assays, used to detect antibodies produced 

within individuals as a result of previous exposure to the virus [64]. A review of prominent serological 

assays can be found in section 8.2. This section of the thesis will present molecular assays tailored 

towards the detection of SARS-CoV-2 and the corresponding platforms in which the assays are 

conducted.  

 

 

2.4.1. Polymerase Chain Reaction based Assays 

The current gold standard approach for SARS-CoV-2 detection is through qRT-PCR amplification to 

detect specific regions of the virus. These include the ORF1b or ORF8 regions and the nucleocapsid 

(N), spike protein (S), RNA-dependent RNA polymerase (RdRP), or envelope (E) genes [64]. RT-PCR 

may be performed as a one-step or two-step procedure. While the two-step procedure offers a higher 

flexibility and sensitivity in comparison, the one-step procedure is typically used as the gold standard 

approach, as it reduces handling time and decreases the likelihood of errors resulting from pipetting 

or cross contamination between reaction tubes.  

The CDC recommend the CDC 2019-nCoV Real-Time RT-PCR Diagnostic Panel as the gold standard for 

SARS-CoV-2 detection, designed for use in temporary testing sites, such as pharmacies, physicians’ 

offices, care facilities, school health clinics, among others. The recommended protocol utilises RNA 

extraction methods from commercially available kits to extract and purify RNA from upper and lower 

respiratory samples. These extraction protocols are performed using commercially available 

instruments. Finally, amplification and fluorescent detection using an Applied Biosystems 7500 Fast 

Dx Real-Time PCR instrument is used to obtain results within minutes [247].  

Despite being highly specific, however, the sensitivity of the assay can vary depending on the viral 

load, viral replication, the RNA isolation method used and the time of swab collection in relation to 

the stage of the disease [248]. These variations can be further stressed by attempts to perform pooled 
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sampling, which can increase the likelihood of false negatives due to the dilution of the individual 

genetic material. In addition, the assay requires stationary laboratory-based instruments, which are 

both expensive and require trained personnel to operate, limiting their applicability in low-resource 

settings [197,247]. Furthermore, as samples must be transported to a centralised testing site, as well 

as the additional complexities involved with RNA isolation, the overall TAT can take up to several days 

[249]. These drawbacks reduce the viability of the CDC assay, particularly where remote testing is 

preferred and highlights a gap in the market between current needs and the gold standard [64,197] 

 

2.4.1.1. Abbott RealTime SARS-CoV-2 Assay 

Abbott Laboratories (Chicago, Illinois, USA) developed the Abbott RealTime SARS-CoV-2 Assay, 

intended for the qualitative detection of SARS-CoV-2 from nasal, NP and OP swabs, in addition to BAL 

fluid. The assay utilises a magnetic microparticle based protocol to capture the NAs, which are then 

purified and eluted into 96 well plates for PCR based amplification and fluorescent detection [250]. 

This assay may be performed on the Realtime m2000 system, a platform capable of performing 

automated sample purification, amplification and detection for NAs. The platform contains integrated 

liquid handlers and robotic arms, removing user interaction and allowing for a sample-to-answer 

process for up to 470 samples within 24 hours. Despite these benefits, however, the large size (34 x 

49 x 45 cm) and weight (34.1 kg), as well as the required mains power makes the device unsuitable for 

portable diagnostic applications [251]. 

 

2.4.1.2. Cepheid Xpert Xpress SARS-CoV-2 test 

Cepheid (Sunnyvale, California, USA) introduced the Xpert Xpress SARS-CoV-2/Flu/RSV test assay, able 

to process NP swabs and nasal wash specimens in universal transport medium (UTM) or VTM to detect 

SARS-CoV-2, Influenzas A and B, and RSV [252]. Each test is performed using an automated 

GeneXpert® system within a cartridge, requiring less than 1 minute of hands-on time and can yield 

positive and negative results in 30 and 46 minutes, respectively [253,254]. It has also been reported 

that positive results may be obtained within 25 minutes [252]. Following the insertion of the sample 

into a cartridge, sonication and glass beads are used to mechanically lyse the cells. The lysate is then 

passed through a membrane for RNA extraction, where wash steps are conducted to remove 

inhibitors. Finally, the RNA is combined with the PCR reagents [255].  
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A comparison between three sample-to-answer platforms reported that the Xpert Xpress had the 

lowest limit of detection (LOD) of 100 copies/mL, in comparison to the ePlex at 1000 copies/mL, and 

the ID NOW at 20,000 copies/mL [254]. Clinical agreement tests conducted within the platform for 

SARS-Cov-2 exhibit a 97.9% positive percent agreement and a 100% negative percent agreement 

[256]; however, a positive percent agreement of 98.3% has been reported [254]. While each cartridge 

is relatively low cost, priced at $19.80, an appropriate GeneXpert system is required, with costs 

ranging between $11,530 and $64,300 [257].  

 

2.4.1.3. CovidNudge 

DNANudge (London, UK) developed the portable POCT platform, the CovidNudge, to detect SARS-

CoV-2 gene targets from NP and OP swabs, without the need for laboratory handling or pre-

processing. The platform consists of two components: the DNAcartridge and the NudgeBox, the 

dimensions of which can be seen in Table 2.15. The DNAcartridge is a disposable, lab-on-a-chip based 

system, containing a sample preparation and an amplification unit. Following collection, a swab is 

inserted directly into the DNAcartridge and broken, remaining in the chamber during operation. 

Controlled by the Nudgebox using pneumatic techniques, the virus is then deactivated and lysed 

chemically and subjected to RNA extraction on a silica filter. Following elution, the sample is moved 

from the sample preparation unit to the amplification unit, where a qRT-PCR reaction is employed. 

Imaging is then used to confirm the presence or absence of the targeted gene. The DNAcartridge can 

be removed and disposed of following use. The TAT ranges between 60 and 90 minutes [258].  

A key feature of the CovidNudge platform is the ability to detect the RNaseP human gene, serving as 

a control to verify that the sample has been captured on the swab, thus lowering the occurrence of 

false negatives [259]. A comparison between the CovidNudge platform and traditional laboratory RT-

PCR techniques reported a sensitivity and specificity of 94% and 100%, respectively, proving its 

accuracy [258]. However, the drawback to this platform is its low throughput, only capable of assessing 

a single sample at a time [258,259]. 

 

Table 2.15 – Dimensions and weight of the CovidNudge components [36] 

 Dimensions 

(mm) 

Weight 

(kg) 

DnaCartridge 25 × 78 × 85 0.04 

CovidNudge 280 × 155 × 135 5 
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2.4.1.4. Roche cobas SARS-CoV-2 Test  

Roche Molecular Diagnostics (Basel, Switzerland) developed the cobas® SARS-CoV-2 test, a qualitative 

assay, to detect SARS-CoV-2 from NP and OP swab specimens. The assay is performed within an 

enclosed system requiring 3 manual interactions (loading of reagents and consumables, loading of 

samples and emptying of waste), allowing for a walk-away time of up to 8 hours [260]. The 2 

instruments used to conduct the assay are the cobas® 6800 and 8800 systems. Both instruments offer 

a throughput of 96 samples within 3.5 hours, with an additional 96 results produced every 90 and 30 

minutes, respectively. The drawback is the size and weight of both platforms (shown in Table 2.16), as 

well as their reliance on mains electricity, preventing them from being a viable option for POCT [261].  

An alternative is the Cobas Liat sample-to-answer PCR instrument, used to detect Influenza A and B, 

RSV, Group A Streptococcus and Clostridium difficile from stool and respiratory samples. The 

instrument has a TAT between 15 to 20 minutes and can store up to 20,000 results which can be 

exported [233]. The device has been evaluated by several groups, collectively reporting a sensitivity 

and specificity above 85% and 93% on various sample types using both in house and commercially 

available protocols, respectively [262-280]. The device is small (19 x 11.4 x 24.1 cm) and lightweight 

(3.76 kg); however, its lack of a portable battery option limits its effectiveness for POCT [233].  

 

Table 2.16 – Dimensions and weight of the cobas® 6800/8800 systems [261] 

*Refers to the weight including the instrument gateway server 

 Dimensions (W x H x D)  

(m) 

Weight 

(kg) 

cobas® 6800 Fixed 2.9 x 2.2 x 1.3 1573/1624* 

Movable 2.9 x 2.2 x 1.3 1701/1752* 

cobas® 8800  4.3 x 2.2 x 1.3 2354/2405* 

 

2.4.1.5. ePlex SARS-CoV-2 test 

GenMark Diagnostics (Carlsbad, California, USA) developed the ePlex SARS-CoV-2 assay, capable of 

detecting SARS-CoV-2 in NP swabs. Unlike many PCR-based and NAAT-based protocols, the ePlex 

includes a “true sample-to-answer” protocol within a cartridge, including all steps from the collection 

of the sample, to RNA extraction, to PCR amplification, to the detection of the pathogen. The platform 

is modular, allowing for up to 288 tests to be performed within 24 hours [197]. The platform has been 

subjected to clinical tests, in which a positive and negative percent agreement of 91.4% and 100% was 

reported, respectively [254]. However, a major drawback to the ePlex platform is its large size and 

weight, making it an unviable option for portable diagnostics.  
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2.4.1.6. BioFire RP2.1-EZ Panel Assay 

BioFire Diagnostics (Salt Lake City, Utah, USA) developed the BioFire RP2.1-EZ Panel Assay for the 

detection of SARS-CoV-2 in NP and OP swabs. The assay requires 2 minutes of hands-on-time and is 

designed to run automatically on the BioFire® FilmArray® 2.0 EZ Configuration System to yield results 

in 45 minutes [281]. It is also possible to tailor the assay for a higher throughput by using the BIOFIRE® 

FilmArray® Torch system, a multiplex PCR system able to provide results for up to 12 tests in parallel 

within an hour. Each test is performed within a self-contained, single use disposable packet, which 

comes pre-packaged with the necessary reagents and components to mechanically lyse the target 

cells, extract RNA and perform PCR. Each packet also contains an additional control, to ensure that 

the extraction process is operating properly [282]. The performance of the BioFire assay had been 

reported by various groups [283-286], as shown in Table 2.17. 

 

Table 2.17 – Clinical Performance of the BioFire Covid-19 Test 

PPA, Positive Percent Agreement; NPA, Negative Percent Agreement; PPV, Positive Predictive Value; NPV, Negative 

Predictive Value 

 Sensitivity Specificity PPV NPV PPA NPA REF 

Liotti et al. 93% 100% 100% 85%   [283] 

Creager et al.     98% 100% [284] 

Eckbo et al. 100%    100% 100% [285] 

Smith et al.     98.7% 100% [286] 

 

2.4.1.7. TaqPath COVID-19 Multiplex Diagnostic Solution Kit 

ThermoFisher Scientific (Waltham, Massachusetts, USA) developed the TaqPath Covid-19 Combo Kit, 

a multiplex qRT-PCR diagnostic kit able to detect SARS-CoV-2 from samples, including nasal, NP, OP 

and MTN swab specimens. The sample purification process may be performed manually using 

magnetic bead-based RNA extraction, or automatically using a KingFisher™ Flex Purification System. 

Following RNA extraction, RT-PCR is performed using an Applied biosystem 7500 Real-Time PCR 

system, allowing for up to 382 samples to be processed in under 2 hours [287,288]. 

The assay was reported to have a positive and negative percent agreement of 96.1% and 100%, 

respectively, when performed using the Applied biosystem 7500 Real-Time PCR system. While 

intended for single samples, an evaluation of the kit using pooled samples was conducted, which 

yielded a 100% sensitivity, specificity and accuracy. Furthermore, a LOD of 2 copies/µL was reported 

[289]. However, a similar comparative study reported a lower sensitivity of 85.3% [290]. 
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2.4.1.8. Simplexa COVID-19 Direct Kit 

DiaSorin Molecular (Cypress, California, USA) developed the Simplexa® COVID-19 Direct Kit to detect 

SARS-CoV-2 from nasal swabs and aspirates, NP swabs and BAL fluid [291]. The test is performed on a 

Direct Amplification Disc, within a LIAISON® MDX instrument. The Direct Amplification Disc is available 

in either an 8-well or 96-well configuration, allowing for up to 8 or 96 samples to be process in parallel, 

respectively. The platform accepts direct samples for analysis, omitted RNA extraction techniques to 

enable a faster TAT of approximately 1 hour [291,292]. The LIAISON® MDX instrument is small (31 x 

21 x 31 cm) and light weight (8 kg), making it suitable for POCT. Despite this however, the platform is 

mains powered, limiting its portability [292].  

A clinical evaluation conducted by Bordi et al. compared the performance of the Simplexa assay with 

traditional laboratory methods. The results were a 100% clinical sensitivity and specificity, in addition 

to a 100% overall percentage agreement [292]. A similar study conducted by Zhen et al. yielded similar 

results, reporting a positive and negative percent agreement of 100%. Furthermore, the LOD (39 

copies/mL) was reported to be the lowest in comparison to similar PCR based methods. [293].  

 

2.4.1.9. TrueNAT testing for SARS-CoV-2 

Molbio Diagnostics (Verna, Goa, India) developed the TrueNAT system, a qRT-PCR test for the 

detection of SARS-CoV-2 from OP and NP swab samples stored in VTM. Tests performed on the 

platform are conducted in two stages: A screening procedure using the TrueNAT Beta CoV E-gene 

screening assay used to screen for “true negatives” and a succeeding confirmation procedure on 

positive tests using the TrueNAT SARS-CoV-2 RdRp gene-confirmatory assay for “true positives”. 

Recent developments have resulted in the TrueNAT Covid-19 Multiplex assay, allowing for both 

screening and confirmatory processes to be conducted within a single test, with positives being 

treated as “true positives” and negatives being treated as “true negatives” [294]. The complete 

workstation contains a sample preparation and RNA extraction unit (the TruePrep Auto) and a RT-PCR 

machine (the Truelab UnoDx) and disposable kit components, all of which can be stored in a suitcase. 

The RT-PCR machine is also available in a 2-slot (the Truelab Duo) and 4-slot (the Truelab Quatro) 

configuration, allowing for 2 or 4 tests to be conducted in parallel, respectively [295]. Each system is 

lightweight and battery operated, designed for deployment in remote locations. Furthermore, as the 

processes are conducted at low temperatures, the risk of aerosol production is lessened, reducing the 

risk of contamination.  
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However, as sample preparation and RT-PCR are conducted in separate systems, manual transfer is 

required, which can introduce contamination. However, a comparison between the TrueNAT and 

reference standard assays demonstrated a 100% sensitivity, specificity, negative and positive 

predictive value [296]. However, a LOD of 486 copies/mL was reported, higher than that of 

comparable technology, the Xpert® Xpress SARS-CoV-2, which had a LOD of 250 copies/mL [297]. 

 

2.4.1.10. VitaPCR SARS-CoV-2 assay 

Menarini Diagnostics Ltd (Winnersh, UK) developed the VitaPCR™ SARS-CoV-2 assay, a qRT-PCR 

system able to provide semiquantitative detection of SARS-CoV-2 RNA from NP and OP swabs. The 

VitaPCR™ platform features rapid processing, resulting in a 20-minute TAT. In addition, the low weight 

(1.2 kg) and small footprint (15.5 x 16.5 x 20.5 cm) increases the field of deployment. However, the 

requirement for mains electricity greatly limits portability. Clinical agreement tests conducted within 

the platform demonstrate a 100% positive and negative percent agreement, as well as a LOD of 2.73 

copies/μL [298]. However, other clinical tests have reported a positive and negative percent 

agreement, a specificity and sensitivity of 88.6 %, 99.7%, 94.7% and 99.3%, respectively [299]. 

 

 

2.4.2. Non-PCR based Molecular Assays 

2.4.2.1. Abbott ID NOW COVID-19 test platform 

Abbott Laboratories introduced the ID Now™ (formerly Alere™ i) Covid-19 test platform, a sample-to-

answer device which utilises nicking enzyme amplification reaction (NEAR) to detect viral pathogens 

from clinical samples [254]. The ID Now is capable of processing raw samples and samples within a 

VTM solution, yielding positive and negative results within 5 and 13 minutes, respectively [300]; 

however, it has been reported that the actual lowest time to achieve results per specimen is 17 

minutes [254]. Samples may be collected on a swab and loaded directly into a solution contained 

within the ID now sample receiver, or a swab may be collected and stored within a VTM solution, 

which may then be transferred into the sample receiver using a pipette [301]. The ID Now Covid-19 

test platform has a small footprint (20.7 x 14.5 x 19.4 cm) and weight (3 kg), allowing the platform to 

be portable. Each kit also contains all components necessary for performing up to 24 tests [302]; 

however, each test must be performed individually [64].  
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The sensitivity of the ID Now Covid-19 test has been scrutinised, as performance tests conducted by 

Basu et al. reported that 33% and 45% of positive samples were determined to be false negatives by 

the ID Now using NP swabs in VTM and dry nasal swabs, respectively [303]. Further tests have been 

conducted on the ID Now, using commercially available and customised assays [275,277,304-319].  

 

2.4.2.2. Aptima SARS-CoV-2 TMA assay/ Panther Fusion SARS-CoV-2 RT-PCR 

The Aptima® SARS-CoV-2 assay was developed by Hologic (Marlborough, Massachusetts, USA) to 

diagnose SARS-CoV-2 from nasal, NP, MTN and OP swabs, and nasal and NP aspirates [320,321]. The 

assays may be automated using the Panther® and Panther Fusion® instruments, allowing for up to 500 

samples to be processed in 8 hours. Furthermore, by using a reagent cartridge, manual preparation 

steps are removed, reducing errors [322]. Furthermore, both the TMA and PCR assays may be run in 

parallel on the Panther® and Panther Fusion® instruments [320].  

Following the insertion of the sample into the Panther platform, a 360 μL of aliquot is taken from the 

lysate, which is subjected to magnetic-bead based RNA extraction and washing steps to remove 

impurities. Finally, 50 μL of purified RNA is eluted for analysis. Following Transcription-Mediated 

Amplification (TMA), fluorescent detection is used to detect the presence of SARS-CoV-2 [293]. 

Alternatively, the Panther Fusion® SARS-CoV-2 assay may be utilised on similar sample types as the 

Aptima assay, in addition to lower respiratory tract specimens [320]. The RNA extraction process is 

similar to the Aptima assay; however, qRT-PCR amplification is conducted instead of TMA. 

Several studies have assessed the performance of the Aptima and Panther Fusion SARS-CoV-2 assays, 

the results of which may be seen in Table 2.18. Despite the numerous benefits the platform offers, 

the TAT using the platform is approximately 2 hours to obtain the first set of results. Furthermore, the 

setup of the instruments involves the manual loading of all necessary primers, probes and other 

consumables, as well as the manual transfer of clinical samples into the lysis buffer tubes using manual 

pipetting. These manual processes will further increase the overall TAT, adding an additional 2 hours 

of hands-on time to the process per run [293]. Thus, such a system is considered to be more suitable 

for clinical or public health testing instead of POCT, which typically is performed in environments 

where rapid results for a low-to-moderate volume of samples is required.   
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Table 2.18 – Comparative study of the Aptima® against the Panther Fusion® SARS-CoV-2 assay  

LOD, Limit of detection; PPA, Positive Percent Agreement; NPA, Negative Percent Agreement; OPA, Overall Percent 

Agreement 

 LOD 

(copies/mL) 

Sensitivity 

(%) 

Specificity 

(%) 

PPA 

(%) 

NPA 

(%) 

OPA 

(%) 

REF 

Aptima vs. RT-PCR 5.5 × 102 98 – 98.1 100 98.1 100 99.1 [323] 

Panther Fusion vs. 3 Assays 83   100 97  [293] 

Aptima vs. Panther Fusion     97.3 100 99 [324] 

Aptima vs. Panther Fusion     100 98.7 99.3 [321] 

Aptima vs. consensus 62.5   94.7 100 97.3 [286] 

Panther Fusion vs. consensus  125   98.7 100 96.64 [286] 

 

2.4.2.3. Color SARS-CoV-2 RT-LAMP Diagnostic Assay 

Color Genomics (Burlingame, California, USA) developed the SARS-CoV-2 LAMP Diagnostic Assay, able 

to qualitatively detect Sars-CoV-2 within 55 minutes. The assay may be performed using a myriad of 

sample types including nasal, NP, OP and AN swabs; MTN, NP and nasal aspirates; and BAL specimens. 

Each test may also be performed using self-collected dry nasal swabs, allowing for samples to be 

collected by the patient in a home setting. The platform is designed for a high throughput and low 

cost, able to automate bead-based RNA extraction and RT-LAMP reaction setup through the use of 

the Chemagic 360 Hamilton STAR/STARlet instruments, respectively [325]. The clinical performance 

of the assay shows a LOD of 0.75 copies of viral RNA per µL and a 100% positive and negative percent 

agreement, indicating a high level of specificity and sensitivity. Despite this, the bead-based sample 

preparation process is expensive in terms of time and costs [326]. 

 

2.4.2.4. Specific High Sensitivity Enzymatic Reporter Unlocking  

Sherlock Biosciences (Cambridge, Massachusetts, USA) developed a LAMP-based assay, integrating 

RT-LAMP with specific high sensitivity enzymatic reporter unlocking (SHERLOCK) clustered regularly 

interspaced short palindromic repeats (CRISPR) detection, allowing for quantitative detection of 

predefined sequences in SARS-CoV-2 RNA. These are the E gene sequence, used to detect SARS-CoV-

2 exclusively, the N gene sequence, found within SARS-CoV-2, SARS-CoV and bat-SL-CoVZC45 strains, 

and the RNaseP gene, used as a control. While assays are currently conducted within a laboratory-

based setting, an Internal Splint-Pairing Expression Cassette Translation Reaction (INSPECTR™) 

platform is currently in development, allowing for the assay to be used in a similar approach to a home 

pregnancy test, for use in any setting [327]. The two-step assay consists of LAMP amplification in a 
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single tube where SARS-CoV-2 genomic RNA within unprocessed saliva or NP samples in UTM is 

reverse transcribed into DNA, followed by the transcription of the amplified DNA to activate the 

cleavage activity of a CRISPR complex to target the RNA sequence. Results for the assay are then 

presented using an LFD for visual confirmation [327].  

The integration of SHERLOCK was adapted by Joung et al. to allow for the process to be conducted in 

a single tube, a process known as SHERLOCK testing one pot for COVID-19 (STOPCovid). By using 

fluorescent detection, results were able to be obtained in 40 minutes, with a sensitivity comparable 

to qRT-PCR-based SARS-CoV-2 tests [328]. The process was also combined with CRISPR-Cas12 to yield 

a method for detecting SARS-CoV-2 called DNA Endonuclease-Targeted CRISPR Trans Reporter 

(DETECTR). While an LFD was used to provide a visual confirmation; fluorescence readings were also 

taken, reducing the time to result from five minutes with the LFD to less than one minute. Again, a 

high specificity was reported, along with a 95% positive predictive agreement and a 100% negative 

predictive agreement with the CDC qRT-PCR assay [329]. 

The assay is relatively low-cost and is able to be applied in a variety of settings without additional 

instrumentation, making it well suited towards POCT applications. The use of CRISPR processing also 

reduces the reaction time to 1 hour, making the process faster than PCR. Moreover, the an EUA clinical 

evaluation revealed an LOD of 6.75 copies/µL, as well as a 100% sensitivity and specificity, indicating 

a high level of accuracy [327]. 

 

 

2.4.3. Discussion of State-of-the-art for SARS-CoV-2 Assays 

The summary of PCR-based and non-PCR-based assays can be seen in Table 2.19 and Table 2.20, 

respectively. As stated earlier in this section, the detection of SARS-CoV-2 is achievable by analysing 

samples collected from the upper (AN, MTN, NP, nasal aspirates) and lower (OP and BAL) respiratory 

tracts. As shown in Figure 2.8, these samples have different degrees of invasiveness. For the purposes 

of this discussion, AN and nasal samples will be considered as equivalent to each other. Ideally, 

samples should be as minimally invasive as possible, without sacrificing the sensitivity and specificity 

of the assay. Thus, samples such as ANS and MTN are favourable, while samples such as nasal aspirates 

and BAL should be avoided. The TaqPath COVID-19 combo kit, the Panther Fusion and Aptima SARS-

CoV-2 assays can be seen as preferable among those assessed, offering both the largest array of 

sample types, as well as providing the largest number of minimally invasive sample types. Recent 

efforts have been made to use saliva in place of respiratory samples for the detection of SARS-CoV-2 

[330]. Thus, the Taqpath COVID-19 combo kit and the SHERLOCK kits can be deemed as favourable.  
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Figure 2.8 – Sample collection from the upper and lower respiratory tracts 

(Created with BioRender.com) 

 

 

For the purpose of assessing viable options for POCT strategies, assays offering a high throughput have 

not been considered. The Abbott ID NOW test offers the shortest TAT compared to the other 

diagnostic tests, followed by the TrueNAT and VitaPCR assays. The hands-on-time of each assay also 

plays a vital part in the overall TAT. While the majority of the assays claim to have a TAT of less than 2 

minutes, assays aimed towards a higher throughput require reagents and consumables to be loaded 

into a platform, which can greatly increase the overall TAT. As a result, the only assays with a truly 

hands-on-time of less than 2 minutes are the Abbott ID NOW, the TrueNAT, the VitaPCR, the Xpert 

Xpress, the SHERLOCK and the CovidNudge assays. Finally, the Abbott ID NOW, the TrueNAT and the 

CovidNudge were the assays compatible with portable platforms, making them preferable in POCT, 

and consequently, low-resource settings. 
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Table 2.19 – State-of-the-Art diagnostic assays for SARS-CoV-2 (PCR based) [64] 

ANS, Anterior nares swabs; BL, Bronchoalveolar lavage; MTNS, mid-turbinate nasal swab; NS, nasal swab; NPS, nasopharyngeal swab; OPS, oropharyngeal swab 

Assay Name Manufacturer  Sample Source Compatible Instrument(s)  TAT Hands-on 

time 

Portable? REF 

CDC 2019- Novel Coronavirus 

Real-Time RT-PCR Diagnostic 

Panel 

 • NPS, OPS  

• BL fluid 

• Tracheal aspirates 

• Sputum 

• Applied Biosystems 7500 Fast Dx 

Real-Time PCR Instrument 

36 min (Fast) 

<2 h (Standard) 

n/a N [247] 

Abbott RealTime SARS-CoV-2 

Assay 

Abbott • NS, NPS, OPS 

• BAL fluid 

• Realtime m2000 system 470 tests in 24 h  < 2 min N  [250,251] 

Xpert Xpress Sars-CoV-2 Cepheid • NS, NPS 

• Nasal aspirates 

• GeneXpert Dx 

• GeneXpert Infinity 

36 min 

25 min (Sars-Cov-2) 

< 1 min N [252,254] 

CovidNudge DNANudge • NPS 

• OPS 

• NudgeBox 60 – 90 min < 1 min Y [258,259] 

ePlex SARS-CoV-2 test GenMark • NPS • ePlex systems 288 tests in 24 h < 2 min N [197,254] 

cobas SARS-CoV-2 Test  Roche • NPS, OPS • cobas® 6800/8800 96 tests in 3.5 h < 2 min N [260,261] 

BioFire RP2.1-EZ Panel Assay  

 

BioFire Diagnostics  • NPS, OPS • BioFire® FilmArray® 2.0 EZ 

Configuration System  

• BIOFIRE® FILMARRAY® Torch 

system 

45 min < 2 min N [281,282] 

Simplexa COVID-19 Direct DiaSorin Molecular • NS, NPS 

• Nasal aspirates  

• BAL fluid 

• LIAISON® MDX ∼1 h < 2 min N [291,292] 

TaqPath COVID-19 combo kit ThermoFisher • ANS, NS, NPS, OPS, MTNS 

• Saliva 

• BAL Fluid 

• KingFisher™ Flex Purification 

System 

• Applied biosystem 7500 Real-Time 

PCR system 

<2 h (382 samples) < 2 min N [287,288] 

 

TrueNAT  Covid-19 Multiplex 

assay 

Molbio Diagnostics • NPS, OPS • TruePrep Auto (sample preparation) 

• Truelab UnoDx/Duo/Quatro (RT-

PCR) 

20 min < 2 min Y [294] 

VitaPCR SARS-CoV-2 assay Menarini 

Diagnostics 

• NPS, OPS • VitaPCR™ 20 min ∼1 min N [298] 
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Table 2.20 – State-of-the-Art diagnostic assays for SARS-CoV-2 (non-PCR based) [64] 

ANS, Anterior nares swabs; BAL, Bronchoalveolar lavage; MTNS, mid-turbinate nasal swab; NS, nasal swab; NPS, nasopharyngeal swab; OPS, oropharyngeal swab 

Assay Name Manufacturer Technology Sample Source Compatible Instrument(s)  TAT Hands-

on time 

Portable? Ref 

CDC 2019- Novel Coronavirus 

Real-Time RT-PCR Diagnostic 

Panel 

 real-time RT-

PCR 

• NPS or OPS  

• BAL fluid 

• Tracheal aspirates 

• Sputum 

• Applied Biosystems 7500 Fast Dx 

Real-Time PCR Instrument 

36 min (Fast) 

<2 h (Standard) 

n/a N [247] 

Abbott ID NOW COVID-19 test  Abbott NEAR • NS, NPS 

• Throat swabs 

• Abbott ID NOW ∼5 min (Positive) 

13 min (Negative) 

∼2 min Y [254,300] 

Color SARS-CoV-2 LAMP 

Diagnostic Assay 

Color Genomics RT-LAMP • MTNS, NPS, OPS 

• Nasal aspirates  

• BAL fluid 

• Chemagic 360 (RNA extraction) 

• STAR/STARlet system (RT-LAMP) 

< 55 min ∼ 4 min N [325,326] 

Aptima SARS-CoV-2 assay Hologic RT-TMA • MTS, NS, NPS, OPS 

• Nasal aspirates 

• Panther Fusion 

 

2 – 3.5 h 

(800 tests in 8 h) 

∼2 h N [320,321] 

Panther Fusion SARS-CoV-2 

assay 

Hologic RT-PCR • MTS, NS, NPS, OPS 

• Nasal aspirates 

• Panther Fusion 2 – 3.5 h 

(800 tests in 8 h) 

∼2 h N [320,321] 

Specific High Sensitivity 

Enzymatic Reporter Unlocking 

Sherlock 

Biosciences 

RT-LAMP + 

CRISPR 

• Saliva 

• NPS 

• (INSPECTR™) platform ∼40 min ∼2 min Y [327] 
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2.5. Challenges and Future Trends 

Populations both in the developed and developing worlds can greatly benefit from rapid molecular 

POCT devices. Table 2.21 highlights the strengths and challenges of each POCT method compared the 

ASSURED standard. Despite the high probability of PCR-based assays detecting an active infection 

within a single sample, their accuracy hinges on the quality of the primers, the gene targets and the 

sample type [331]. In their current format, PCR-based assays are not suitable for integration into POCT 

devices that meet the ASSURED criteria. 

A great number of POCT across the developed and developing world are serological in nature, mainly, 

LFDs [11,245]. Serological tests are typically more rapid and less expensive when compared with NAAT 

counterparts, providing easily interpretable results. However, NAAT platforms are more sensitive and 

specific. Antigen tests typically require a concentration of analytes above 104 – 105 to yield a positive 

result and are susceptible to cross reactivity between closely related bacterial and viral pathogens. 

Thus, it can be difficult to achieve accurate diagnoses without pre-processing steps, increasing costs 

and introducing external equipment [20]. 

Antibodies are produced within the patient long after the pathogen has fallen below detectable levels 

[331]. As a result, the concentration of the antibodies within the infected patient will exceed that of 

the infectious pathogen, allowing antibody-based tests to outperform both NAAT and antigen-based 

alternatives. However, as the production of detectable antibodies can take over a week, the 

effectiveness of such tests to confirm current infections is severely limited [332]. Furthermore, some 

patients may fail to raise a detectable antibody response, which can lead to a misdiagnosis [331]. 

Ultimately, iNAAT tests can be seen as a compromise between serological and PCR-based assays that 

meets the ASSURED criteria.  

 

Table 2.21 – Strengths and weaknesses of different test formats using the ASSURED criteria [20] 

+, less favourable; ++ moderately favourable; +++, more favourable 

 
Serological Assays Nucleic Acid Amplification Testing 

Antigen Antibody PCR iNAAT 

Affordable ++ +++ + ++ 

Sensitive + +++ ++ +++ 

Specific ++ + +++ +++ 

User-Friendly +++ +++ + ++ 

Rapid and robust ++ +++ + ++ 

Equipment Free ++ +++ + ++ 

Deliverable to end-users ++ +++ + ++ 
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Future trends in NAAT diagnostics is to offer rapid, sensitive and specific assays within a compact and 

contained environment to provide sample-to-answer analysis at virtually any site [245,333]. Many 

existing and developing platforms function through the use of onboard reagents, reducing the need 

for refrigeration. In some instances, the reagents may be either dried or freeze dried to improve shelf 

life. In such cases, the aqueous and homogenised sample may be introduced to rehydrate these 

reagents. However, there are cases where the sample is insufficient; and thus, water or a rehydration 

buffer is required. This is less convenient, as it introduces engineering challenges, such as valving and 

the requirement for an environmentally-stable rehydration buffer [245]. 

Despite being considered to be the gold standard, several iNAAT methods have been reported to 

outperform PCR and similar methods, while being less time or energy consuming; and robust 

isothermal methods are quickly becoming more commercially available [11]. However, despite not 

requiring thermocycling like PCR, many iNAAT methods require heating in order to conduct the assay. 

Particular iNAAT methods are difficult to multiplex. RT-LAMP in particular with end-point colorimetric 

detection cannot be multiplexed. A limitation of iNAAT techniques, particularly concerning POCT 

devices is the common restriction to processing a single sample at a time, which can limit the utility of 

the platform, and ultimately, lead to a backlog should an increase in sampling become necessary [334]. 

In resource stressed settings, the environment can affect the chemical and biochemical analysis of 

samples. Temperatures in excess of 40 °C and humidity levels in excess of 70%, can compromise the 

efficiency of electrical components, as well as the integrity of heat-stable reagents [245,335]. 

Furthermore, changes in temperature and humidity in these environments can fluctuate, and thus, be 

unpredictable [6].  

While several POCT platforms integrating NA extraction through sample preparation have been 

highlighted in this literature review, there are, to date, no standalone sample preparation systems 

able to address a wide range of sample types in a simple and reliable system away from specialised 

infrastructure. Such a platform is of high demand in both the developed world as well as in resource-

limited settings. 
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3. Preliminary Experiments 

3.1. Introduction 

A review of sample preparation techniques and state-of-the-art POCT devices presented in Chapter 2 

provided a solid theoretical foundation from which to construct the platform. The work presented in 

this section offered a tangible basis from which to progress. It was decided based on a review of 

literature that swab sampling was the most suitable method of sample collection. Thus, the most 

logical progression was to assess commercially available swabs to define a starting volume for the 

fluidic input. Each of the assessed poultry related diseases required an output of DNA or RNA in 

solution, in the range of several microlitres. As the goal of the project was to develop a low-cost and 

low-power platform, an experiment comparing the droplet volumes produced by different sized 

needles would determine whether the platform would be able to yield droplets in the desired range 

absent of external instrumentation. Initially, a sample preparation protocol was to be designed by 

collaborators of the EPSRC project; however, no protocol was provided. Consequently, a simple 

sample preparation protocol was developed using a minimal number of steps to simplify the 

engineering and reduce the number of times a user would need to interact with the device.    
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3.2. Swab Absorption Experiment 

3.2.1. Introduction 

As discussed in Chapter 2, swabs are often used for sample collection. There are many commercially 

available swabs which are used for diagnostics, varying in tip materials (cotton, nylon, rayon, polyester 

and polyurethane), microstructure (flocked fibre, tightly wound, knitted), head size and length [336]. 

Depending on the source or the sample to be collected, swabs with variations in the aforementioned 

features may be used, with diagnostic accuracy depending on the characteristics of the swab [337]. 

When placed into a liquid solution, swabs absorb a percentage of the solution, resulting in a loss of 

usable sample for analysis. Thus, absorption properties of the different materials used for swab 

sampling must be known in order to determine which swab type would be preferable for use in a POCT 

device, where the sample and buffer volumes are minimal.  

 

3.2.2. Aims and Objectives 

The aim of the experiment was to determine the absorption rate of different commercially available 

swabs used for sample collection, in order to determine what volume of the solution would be lost 

during the suspension of the sample into a buffer. Based on initial research, polymer materials were 

expected to absorb the least amount of liquid, while the cotton and Dacron swabs were expected to 

absorb the highest amount of fluid. Furthermore, swabs with a larger bud size were expected to 

absorb more liquid than swabs with a smaller bud size due to the larger surface area. A comparison 

between swabs with a similar bud size and different materials would be used to determine which 

materials absorb the highest volume of fluid. In addition, a comparison between swabs with a different 

bud size and the same materials would be used to determine the influence of the swab size on the 

absorption of the fluid.  
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3.2.3. Experimental Setup 

3.2.3.1. Materials 

A total of 12 commercially available swabs were tested, shown in Figure 3.1. These swabs are 

described in further detail in Table 3.1. Polypropylene centrifuge tubes (15 ml; Cole Palmer, UK) were 

used to hold the liquid that would be used for the experiment. The geometry of the tube allowed for 

each swab to be fully submerged in 1 ml of deionized water (DI H2O). A Mettler AC 100 Analytical 

Balance was used to weigh each of the tubes.  

 

 
Figure 3.1 – A comparison between the 12 commercially available swabs tested in this study  

1, Cotton (Standard Tip); 2, Dacron (Standard Tip); 3, FLOQSwab® (Standard Tip); 4, Nylon, Flock (Standard Tip); 

5, Polyester (Standard Tip); 6, Viscose (Standard Tip); 7, Rayon (Standard Tip); 8, Polyurethane (ENT Tip);  

9, Cotton (Mini-Tip); 10, Nylon Flock 1 (Mini-Tip); 11, Nylon Flock 2 (Mini-Tip); 12, Nylon Flock 3 (Mini-Tip) 

 

Table 3.1 – List of Swabs used for the Swab Absorption Experiment 

Swab Material (Bud) Bud Size Material (Shaft) Company REF 

1 Cotton Standard Wood Technical Service Consultants (UK) [338] 

2 Dacron Standard Plasticised Paper MWE Medical Wire (UK) [339] 

3 FLOQSwab® Standard Polymer Copan (Italy) [340] 

4 Nylon, Flock Standard Polymer MWE Medical Wire (UK) [341] 

5 Polyester Standard Polymer MWE Medical Wire (UK) [339] 

6 Viscose Standard Polymer Technical Service Consultants (UK) [342] 

7 Rayon Standard Polymer MWE Medical Wire (UK) [339] 

8 Polyurethane ENT Polymer MWE Medical Wire (UK) [343] 

9 Cotton Mini-Tip Plasticised Paper Technical Service Consultants (UK) [344] 

10 Nylon, Flock Mini-Tip Polymer Goodwood Medical Care LTD (China) [345] 

11 Nylon, Flock Mini-Tip Polymer Jiangsu HanHeng Medical Technology (China) [346] 

12 Nylon, Flock Mini-Tip Plasticised Paper MWE Medical Wire (UK) [341] 
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3.2.3.2. Methodology 

Before conducting the experiment, the ambient temperature and the temperature of the liquid were 

measured using a Brannan Immersion Glass Thermometer (RS Components, Corby, England), recorded 

as 24 and 22 °C, respectively. Each of the centrifuge tubes were labelled and weighed using the 

analytical balance to determine the initial empty mass of the tubes (m0). 1 ml of DI H2O was added to 

each container, sealed with its lid and weighed to determine the initial mass (m1). Each swab was then 

placed into each tube, agitated within the liquid using a circular motion for ten seconds and then left 

to sit in the liquid for an additional 10 seconds. The swab was then removed, discarded and the tubes 

were sealed and weighed to determine the final mass (m2). The difference in mass (∆m) between the 

final and initial weights were calculated using Equation 3.1. 

 

 𝑀𝑎𝑠𝑠 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠  [kg] Equation 3.1 

 ∆𝑚 = (𝑚2 −𝑚0) − (𝑚1 −𝑚0)   
 

 

Finally, the volume absorbed by the swab (∆V) was calculated using Equation 3.2, where the density 

of the DI H2O was assumed to be 997.77 kg/m3.  

 

 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑤𝑎𝑏 =  

𝑀𝑎𝑠𝑠 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒

𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑤𝑎𝑡𝑒𝑟)
  [m3] Equation 3.2  

 
∆𝑉 =

∆𝑚

𝜌
  

  

 

Care was taken during the experiment to prevent the swabs from touching the sides of the tubes 

which could release an indeterminable amount of liquid from the swab, causing discrepancies 

between results. It was important that all of the tubes remained sealed outside of the addition of the 

DI H2O and the insertion and removal of the swab. This would ensure the mass did not change due to 

additional particulates or liquid loss by evaporation. It was observed during the experiment that 

minute fluctuations (±0.5 mg) would occur on the recordings displayed on the analytical balance. To 

account for the fluctuations, an average between 3 readings were taken for each measurement, with 

5 measurements taken for each swab type. 
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3.2.4. Results and Discussion  

3.2.4.1. Results  

A comparison between the initial and final volumes for each swab is shown in Figure 3.2, tabulated in 

Table 3.2. The swab with absorbed the least volume of fluid was swab 8 which had an average 

absorption of 27.5 μL.  

 

 
Figure 3.2 – Box plot comparing the initial and final volumes for each swab 

1, Cotton (Standard Tip); 2, Dacron (Standard Tip); 3, FLOQSwab® (Standard Tip); 4, Nylon, Flock (Standard Tip); 

5, Polyester (Standard Tip); 6, Viscose (Standard Tip); 7, Rayon (Standard Tip); 8, Polyurethane (ENT Tip);  

9, Cotton (Mini-Tip); 10, Nylon Flock 1 (Mini-Tip); 11, Nylon Flock 2 (Mini-Tip); 12, Nylon Flock 3 (Mini-Tip) 

 

Table 3.2 – Volume of water absorbed by various types of swabs (μL) 

Results for the range and mean are given to 1DP. The standard deviation is given to 2DP. 

Swab Mean ± SD Range 

1 Cotton, Standard Tip 111.6 ± 7.28 16.8 

2 Dacron, Standard Tip 154.7 ± 7.33 15.9 

3 FLOQSwab®, Standard Tip 92.5 ± 15.10 35.7 

4 Nylon Flock, Standard Tip 156.5 ± 13.43 36.4 

5 Polyester, Standard Tip  164.6 ± 18.64 46.4 

6 Viscose, Standard Tip 249.3 ± 10.33 24.6 

7 Rayon, Standard Tip 142.6 ± 12.44 31.4 

8 Polyurethane, ENT Tip 27.5 ± 12.75 30.6 

9 Cotton, Mini-Tip 28.7 ± 0.82 2.2 

10 Nylon Flock, Mini-Tip (1)  112.1 ± 8.81 21.7 

11 Nylon Flock, Mini-Tip (2) 79.2 ± 6.58 13.7 

12 Nylon Flock, Mini-Tip (3) 41.6 ± 6.62 16.0 
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3.2.4.2. Discussion 

There were no recorded results determined to be outliers within 2 standard deviations, based on the 

results shown in Table 3.2. it was found that the ENT-tip polyurethane had the best lowest absorption 

rate among the swab types tested, closely followed by the mini-tip cotton swab. Those with the 

highest absorption rate were the standard-tip viscose and standard-tip polyester swabs. Among the 

five nylon flock swabs tested, three (swabs 3, 11 and 12) offered a favourable performance, absorbing 

less than 100 µL of fluid. However, the remaining two nylon flock swabs (swabs 4 and 10) were among 

the most absorbent among their respective tip types, that being standard-tip and mini-tip. Thus, it is 

important to source the correct type of nylon flock swab, due to the discrepancy between the results.  

A comparison of the volume of fluid lost between the standard- and mini-tip swabs can be seen in 

Figure 3.3 and Figure 3.4, respectively. The range of the standard tip swabs was 92.5 – 249.3 µL, while 

the range of the mini-tip swabs was 27.5 – 112.1 µL, demonstrating that mini-tip swabs are preferable 

in terms of volume loss. However, the smaller surface area of the mini-tip swabs may collect a lower 

volume of secretions than standard-tip swabs, lowering the chance of collecting the target pathogen.  

 

  

Figure 3.3 – Comparison between Volume of Fluid Lost 

between Standard-Tip swabs 

Figure 3.4 – Comparison between Volume of Fluid Lost 

between ENT and Mini-Tip swabs 
  

1, Cotton (Standard Tip); 2, Dacron (Standard Tip); 3, FLOQSwab® (Standard Tip); 4, Nylon, Flock (Standard Tip); 

5, Polyester (Standard Tip); 6, Viscose (Standard Tip); 7, Rayon (Standard Tip); 8, Polyurethane (ENT Tip);  

9, Cotton (Mini-Tip); 10, Nylon Flock 1 (Mini-Tip); 11, Nylon Flock 2 (Mini-Tip); 12, Nylon Flock 3 (Mini-Tip) 
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As stated in section 2.1.3.5, samples are pooled to save the time and costs involved with sample 

preparation. When considering the pooling of swabs in a single medium, it is vital that a usable volume 

remains in order to be actuated through the device. Based on the assumption that 5 swab samples 

would be pooled into a single medium, then a starting volume of at least 2.25 ml would be required 

to allow for each swab tested in this experiment to be utilised with this device.  

A study by Zasada et al. compared the volume of water absorbed by various swabs with the results 

shown in Figure 3.5 [336]. A comparison between the study in this report and the study conducted by 

Zasada et al. both concluded that the polyurethane swabs had a much lower absorption rate of water 

compared to the swabs in each of the studies. The performance of the Dacron and rayon tip swabs 

also offered results which agreed with each other, with the performance of the Dacron band rayon 

being comparable; however, with the rayon tip having a slightly lower absorption rate when compared 

to the Dacron tip. The results for the nylon flock swabs however disagreed with each other. The 

FLOQSwabs® tested in this study offered a lower absorption rate than both the dacron and rayon tip 

swabs; however, the FLOQSwabs® tested in the study by Zasada et al. reported a higher absorption 

rate than the two. However, when comparing the performance of the standard-tip nylon flock from 

MWE Medical Wire testing in this study, the performance agrees with those reported by Zasada et al. 

The study by Zasada et al. was extended to conduct research into the DNA recovery from the tested 

swabs, shown in Figure 3.6 [336]. The nylon flock swabs demonstrated the highest DNA recovery, 

followed by the polyurethane swabs. Consequently, nylon swabs may be considered as a preferable 

option in this regard.  

 

  
Figure 3.5 – The volume of water absorbed by investigated 

types of swabs [336] 
Figure 3.6 – Amount of DNA recovered from investigated 

types of swabs [336] 

The swabs tested by Zasada et al. were compared to swabs tested in this study as follows: Nylon – Swab 3; Dacron – 

Swab 2; Rayon – Swab 7; and Polyurethane – Swab 8. 
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A study conducted by Kahamba et al. compared the performance of 3 mini-tip nylon flock swabs in 

PBS solution [337]. The performance of the mini-tip nylon flock swabs tested in this study agreed with 

the performance of the swabs reported by Kahamba et al. (see Figure 3.7). 

 

 
Figure 3.7 – Volume of spiked PBS absorbed and released by the nasopharyngeal swabs [337] 

The swabs tested by Kahamba et al. were compared to those in this study as follows: Type 1 – Swab 10; Type 2 – Swab 11; 

Type 3 – Swab 12 

 

Panpradist et al. showed similar results to Zasada et al. and this study when comparing six swab types 

(Figure 3.8) [347]. The polyurethane swab showed the lowest absorption rate. However, the results 

for the remaining swab types gave conflicting results. For the results presented in this thesis, the 

volume absorbed by the polyester swab was higher than the nylon, rayon and cotton swabs tested. A 

comparison between both nylon swabs sourced from Copan diagnostics (Italy) and both cotton swabs 

yielded comparable results.  

However, in the study conducted by Panpradist et al., it was reported that the absorption rate of the 

polyester swabs was much lower than the nylon, rayon and cotton alternatives. Panpradist et al. used 

a mini-tip polyester swab whilst a standard-tip was used in this study. A similar discrepancy was noted 

between the results for the rayon tip swabs, with the rayon tip used by Panpradist et al. reporting an 

average volume loss of 63 µL, while the rayon test in this study reported over twice the volume loss, 

at 143 µL.  
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Figure 3.8 – Comparison of the Volume Recovery from each swab [347] 

The swabs tested by Panpradist et al. were compared to those in this study as follows: Cotton – Swab 1; Nylon – Swab 3; 

Rayon – Swab 7; MTN Flocked Nylon – Swab 12; Polyester – Swab 5; and Polyurethane – Swab 8 

 

Based on the results, the hypothesis that polymer-based materials being less absorbent than the 

alternative materials was both proven by the favourable performance of the polyurethane and nylon 

swabs and disproven by the performance of the polyester swabs. The performance of the cotton 

swabs also disproved the hypothesis, with the mini-tip cotton swab being among those with the lowest 

absorption rate. The premise of the larger swabs being more absorbent than the smaller swabs was 

also supported by this experiment; however, the performance of the FLOQSwab® highlighted the 

significance of material choice. Among three of the five nylon swab types tested, a disparity in 

performance was noted, independent of swab size. While this could suggest that the material choice 

has a greater influence on the absorption than the swab size, a performance comparison between the 

nylon swabs (4, 10, 11 and 12), as well as the two cotton swabs (1 and 9) suggests that the head size 

is as influential as the swab material. Some of the challenges with this experiment was the inability to 

standardise the swabs, particularly regarding the shaft material. As the difference in absorption 

between the plasticised paper, wood and polymers shafts was not tested, the variance as a result 

remains a variable. Further testing may be useful to determine this variation. 

In light of this experiment, it was decided that the polyurethane swabs would be preferable for use in 

further experiments, due to having the lowest volume of absorption. This decision was supported by 

the research conducted by Zasada et al., which also suggested that the DNA recovery would be 

sufficient without absorbing a large percentage of the solution the swab would be inserted into.  
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3.3. Droplet Size Experiment 

3.3.1. Introduction 

There is an increasing demand to supply small liquid volumes for the miniaturisation of diagnostic 

assays, or to fabricate microscale components. To produce droplets ≤1 µL, microdroplet dispensing 

technologies are required. In such cases, knowing the exact volume of the droplet is vital. Microdroplet 

dispensing may be divided into continuous and drop on-demand (DOD) techniques [348]. As the name 

suggests, continuous droplet dispensing is a process in which a continuous stream of droplets is 

ejected from the dispenser; in contrast, DOD generates a single droplet when needed, offering an 

improvement in control [348]. These two categories may further be classified by the dispensing 

mechanism they employ, contact and non-contact. Contact dispensing typically requires a larger 

driving force and simpler control methods in comparison to non-contact dispensing [349]. 

Furthermore, the interaction between the dispensing nozzle and the target may lead to contamination 

[350,351]. Thus, non-contact dispensing is seen as preferable for biological sampling. 

There are several non-contact systems that have been developed, including, but not limited to 

piezoelectric, pneumatic, thermal and electrostatic. Thermal dispensers typically utilise a heat of over 

100 °C, creating bubbles within a nozzle. This results in an increase in pressure, displacing the fluid 

and ejecting a small volume from the nozzle. While the method is highly flexible and is able to be 

integrated into a system in numerous ways, the high temperatures may damage biological samples 

[352]. Pneumatic systems involve the use of a pneumatic actuation unit and a “dispensing well plate”, 

which consists of a reservoir, a nozzle and a connection channel. The nozzle is primed using capillary 

forces from the reservoir and through the connection channel. Following the application of a pressure 

pulse to the dispensing well plate, the liquid is driven out of the nozzle. Whilst this method allows for 

the production of droplets in the nanolitre range, there is a need to manually transfer the sample into 

the reservoir prior to use, which introduces potential contamination associated with manual handling 

[353]. In a similar approach, piezoelectric dispensing is achieved by applying an electrical pulse across 

a piezoelectric material. When adjoined to a rigid material, the piezoelectric material will deform, 

either generating an impulse or creating a pressure increase sufficient to cause the fluid to be ejected 

from the nozzle. A drawback to this approach is the need to overpressure the reservoir to prevent 

backflow into the microchannels that supply the fluid [354]. Finally, electrostatic dispensing utilises a 

pair of electrodes at a different potential to generate an electrical field, causing fluid to elongate and 

eventually detach from the nozzle [355,356]. 
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3.3.2. Aims and Objectives 

The device developed throughout this project required a method to dispense small droplets with a 

precise volume into PCR tubes following adequate sample preparation steps. This method would need 

to prime the dispenser nozzle and operate without contacting the target or operator without 

producing unwanted (satellite) droplets. An output of 3 µL was required for the analysis of poultry 

related samples. Following the shift in focus to SARS-CoV-2, a protocol was developed which required 

an output of 1 µL.  

This section studied the effects of the nozzle diameter on the droplets produced, assessing dispenser 

needles with different gauges. This experiment determined the range and limits of droplet volumes 

that could be achieved through natural dripping, prior to deciding if the aforementioned non-contact 

dispensing methods would be required for droplet attachment. Needles with an increasing gauge had 

a smaller inner and outer diameter, resulting in a smaller surface area at the tip of the needle. Thus, 

it was expected that the increase in gauge would result in a decrease in the droplet volume, due to 

the reduction in weight that would be required to overcome the surface tension.  

 

 

3.3.3. Experimental Setup 

3.3.3.1. Materials 

A total of 5 commercially available blunt tip dispenser needles of 6 differing gauges were tested, the 

dimensions of which can be seen in Table 3.3. Extraction buffer tubes sourced from Flowflex™ SARS-

CoV-2 Antigen Rapid Test kits (Flowflex Components LTD, Buxton, England, UK) were also analysed in 

this experiment. A Fusion 200 Two-channel syringe pump (Chemyx, Stafford, Texas, USA) was used to 

supply a steady rate of droplets from the dispenser needle while ensuring that the process would not 

be subject to sudden impulses which could cause non-uniform droplet detachment. A 10 mL BD 

syringe was used, which was filled with DI H2O. 15 mL Polypropylene centrifuge tubes were used to 

contain the liquid that was ejected from the dispenser tip. A 3D printed jig was used to hold the 

dispenser needle perpendicular to the ground to reduce any variations caused by differing angles. 

Finally, a Mettler AC 100 Analytical Balance was used to weigh each of the tubes.  
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Table 3.3 – List of Needles used for the Droplet Size Experiment [357] 

Needle  

Gauge 

Inner Diameter Inner Area Outer Diameter Outer Area Needle Length 

(mm) (mm2) (mm) (mm2) (mm) 

14 0.84 0.5554 1.27 1.2668 12.7 

18 0.51 0.204 0.81 0.5153 25.4 

20 0.41 0.132 0.71 0.3959 12.7 

21 0.33 0.0855 0.64 0.3217 12.7 

25 0.25 0.0491 0.51 0.2043 12.7 

30 0.15 0.0177 0.3 0.07069 12.7 

 

3.3.3.2. Methodology 

Before conducting the experiment, the ambient temperature and the temperature of the liquid were 

measured using a Brannan Immersion Glass Thermometer, recorded as 23 and 22 °C, respectively. 

Each of the centrifuge tubes were assigned to a specific dispensing needle or extraction tube and 

labelled accordingly. The initial weight of each of the tubes were weighed using the analytical balance 

to determine the initial mass of the tubes (m1). 

 

3.3.3.3. Droplet Size Experiment using the Flowflex Extraction Buffer Tubes 

Each of the Flowflex extraction buffer tubes were filled with 1 mL of DI H2O, which were then closed 

and labelled. A total of 10 drops were then released from extraction buffer tubes into the assigned 

centrifuge tubes, which were immediately sealed with a lid and weighed to obtain the final mass (m2). 

 

3.3.3.4. Droplet Size Experiment using the Dispenser Needles 

The syringe was filled with 10mL of DI H2O and inserted into the syringe pump. The syringe was then 

connected by silicon tubing to a barb-to-male Luer-lock connector, which was secured into a 3D 

printed jig by interference fit. The jig was then secured to a laboratory stand, allowing the needle to 

be held in place in a vertical position (Figure 3.9).  
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Figure 3.9 – Setup for the droplet experiment 

 

The first needle was secured to the Luer-lock connector and its assigned tube was placed in a rack 

placed directly underneath the dispenser needle. To ensure standardised results were obtained and 

to reduce potential errors, the syringe pump was set to a flow rate of 1 mm3/s (3.6 mL/hr on the 

syringe pump) and used to eject 10 droplets from the dispenser needle and into the tube. The tube 

was then removed from the rack, sealed with its lid and then weighed to obtain the final mass (m2). 

The process was then repeated for each dispenser needle. 

The difference in mass (∆m) between the final and initial weights were calculated using Equation 3.3. 

The mass difference was divided by 10 to obtain an estimate for the weight of a single droplet. Finally, 

the volume (∆V) was calculated using Equation 3.2, where density was assumed to be 997.77 kg/m3.  

 

 
𝑀𝑎𝑠𝑠 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 =  

𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 

10
 [kg] Equation 3.3 

 ∆𝑚 =
𝑚2 −𝑚1
10

  
 

 

 

Tubes remained sealed to avoid contamination or evaporation. To account for the minor fluctuations 

on the balance, an average between 3 readings were taken for each measurement, with 5 

measurements taken for each dispenser needle and extraction tube. 
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3.3.4. Results and Discussion 

3.3.4.1. Results 

A visual and graphical comparison between the dispensing methods can be seen in Figure 3.10 and 

Figure 3.11, respectively. Droplets produced during the experiment ranged between 6.10 and 43.05 

μL. The 30-gauge dispenser needle yielded the smallest average volume per droplet at 6.24 μL. The 

25, 21, 20, 18, and 14-gauge needles had an increasing droplet volume of 9.28, 13.97, 15.75, 20.82 μL 

and 35.23 μL, respectively. Finally, the Flowflex extraction tubes yielded the largest droplets among 

the dispensing methods, with an average droplet volume of 40.08 μL.  

 

 
Figure 3.10 – Comparison between droplet volumes for needles used in the experiment 

A – 14-gauge; B – 18-gauge; C – 20-gauge; D – 21-gauge; E – 25-gauge; F – 30-gauge 

 

 

 
Figure 3.11 – Box plot of average droplet volumes from dispenser needles 
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3.3.4.2. Discussion 

The results demonstrated that an increase in the needle gauge resulted in a decrease in the droplet 

volume. This supported the hypothesis. Five outliers were discovered among the Flowflex extraction 

buffer tubes within 2 standard deviations. There were no outliers among the dispenser needles of any 

gauge size. The variation between the results among the 18-gauge needles was significantly larger 

than the other dispenser needles tested during this experiment, at 3.72 μL. In comparison, the 

variation between the other of dispenser needles ranged from 0.18 – 1.89 μL. These results can be 

seen in Table 3.4. A possible reason for this larger variation between the ranges can be attributed to 

variations in the manufacturing process as a result of the needles being sourced from different 

companies.  

 
Table 3.4 – Average Volume of Droplets Dispensed from Dispenser Needles, given to 2DP. 

Gauge 14 (n = 5); Gauge 18 (n = 5); Gauge 20 (n = 5); Gauge 21 (n = 5); Gauge 25 (n = 5); Gauge 30 (n = 5); Flowflex (n = 20) 

Needle Gauge Mean ± SD (μL)  Range (μL) 

Flowflex 40.07 ± 0.97 5.62 

14 35.23 ± 0.49 1.11 

18 20.83 ± 1.41 3.72 

20 15.75 ± 0.58 1.64 

21 13.97 ± 0.61 1.89 

25 9.28 ± 0.27 0.72 

30 6.24 ± 0.07 0.18 

 

Plastic droppers are cheaper and easier to manufacture than dispenser needles. However, they yield 

a significantly larger mean and range between the droplet volumes [358]. While manual actuation 

plays a large role in the variation between results, it is accepted that decreasing the tip diameter will 

decrease the average droplet size. Thus, a similar expectation can be expected for dispenser needles.  

Works by Tripp et al. also studied the effects of needle gauge sizes ranging between 22G and 30G. This 

experiment also considered the needle type and orientation of the droplet volume dispensed 

employing a similar methodology. It was reported that blunt tip needles yielded a larger droplet 

volume when compared with sharp bevel tip needles; however, these differences were not considered 

to be statistically relevant. It was also reported that needles in a vertical configuration produce 

droplets two and three times larger than droplets produced from the same needles in a horizontal 

configuration [359]. As droplets typically adhere to the surface area of the tip due to surface tension, 

a change in orientation away from the vertical orientation reduces the cross-sectional area of which 

the droplet is attached to; and thus, the weight required to overcome the surface tension and detach 

the droplet is reduced [358]. It should be noted that a comparison between the results of the 
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experiment conducted by Tripp et al. reported droplet sizes of 10.1 μL for a 30G needle in a vertical 

orientation. In contrast, the results from this experiment yielded droplets 6.24 μL in volume. A reason 

for this discrepancy was attributed to the larger flow rate (30 mL/hr) used in comparison to this 

experiment (3.6 mL/hr). 

The experiment conducted in this thesis was repeated using the 14- and 30-gauge needles to study 

the effects of the needle orientation on the droplet size. The results from this experiment yielded 

conflicting results. The average droplet volume for the 14-gauge needles in the horizontal orientation 

decreased to 30.84 μL, a 12.4% decrease when compared to the droplets yielded by the vertical 

orientation (Figure 3.12). In contrast, the average droplet volume for the 30-gauge needles in the 

horizontal orientation increased to 10.75 μL, a 72.3% increase when compared to the droplets yielded 

by the vertical orientation (Figure 3.13). It was observed during the experiment that the droplets 

expelled from the 30-gauge needles would adhere to the outside of the shaft before detaching from 

the tip, and thus, the surface area in the horizontal orientation served to increase the surface area. 

This meant that a greater droplet weight was required to overcome the surface tension. It was also 

observed that the range between the droplet sizes in the horizontal orientation increased by an order 

of magnitude in comparison to the vertical orientation, with the 14- and 30- gauge needles yielding 

ranges of 10.4 (from 1.11 μL) and 2.4 μL (from 0.18 μL), respectively. Thus, the accuracy of the droplet 

production in the horizontal orientation was less reliable in comparison to the vertical orientation.  

 

 

Figure 3.12 – Box plot comparison between orientations 

(14-gauge needles) 

 

Figure 3.13 – Box plot comparison between orientations 

(30-gauge needles) 
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There are several ways to dispense DOD within the microlitre range within a high level of precision 

and accuracy. A platform developed by Haber et al. featured an 8-way manifold which employed a 

small jet from a pressurised reservoir, controlled by solenoid valves [360]. This system was able to 

handle fluids with viscosities in the range of 1 – 3 mPa∙s, producing droplets within the range of 25 – 

250 nL within an accuracy of 6.72%. In a similar approach, Liu et al. developed a non-contact 

dispensing system, utilising a similar 8-way manifold controlled by solenoid valves. This system 

contained an integrated control sensor, allowing for the opening time of the solenoid valves to be 

adjusted in real-time to dispense volumes over a range of viscosities, while also detecting the presence 

of clogs and air bubbles. The platform was able to produce droplets as small as 0.1 µL for liquids 

ranging from deionised water (≈1 mPa·s) to a 1:1 mixture of deionised water and glycerol (≈8.37 

mPa·s). A platform developed by Bammesberger et al. used a piezoelectric plunger to create a 

mechanical impulse within a PipeJet dispensing pipe (length 18 mm, diameter 500 µm; BioFluidix, 

Freiburg, Germany), providing enough momentum to the droplet to cause it to detach [361]. The 

platform was reported to handle fluids with a wide range of rheological properties (surface tension: 

30.49 – 70.83 mN/m, viscosity: 1.03–16.98 mPa∙s), demonstrating the ability of the platform to handle 

a wide range of biological samples.  

Castrejón-Pita et al. developed an acoustic actuator to produce droplets either on-demand or as a 

continuous jet [362]. The device utilised a flexible membrane fixed to a Plexiglass cartridge. A 

loudspeaker was used to supply a pressure pulse to the membrane, which deformed to eject the liquid 

from the nozzle. The device operated at a low voltage (< 30 V) and was reported to deliver droplets 

with a radius of 1.05 mm (≈4.85 µL) for liquids ranging in viscosity and surface tension from 2.4518 – 

8.3650 mPa∙s and 63 – 72 mN/m, respectively. Kim and Park modified a commercial piezoelectric 

printer to dispense DOD for microarrays [363]. A minimum droplet diameter of 70.17 µm (≈1.481 nL) 

was reported; however, the rheological properties of the liquids were not provided. 
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3.4. Development of a Sample Preparation Protocol for Poultry Samples  

3.4.1. Introduction 

Rapid and accurate detection of pathogenic diseases is crucial for their control and prevention of 

outbreaks. As presented in Chapter 2, cloacal samples contain a large quantity of genetic material and 

offers a wide array of options to analyse intestinal infections through simple and non-invasive 

methods. However, these samples are complex in nature, containing several compounds which can 

inhibit PCR and iNAAT methods, resulting in false negatives. Traditional sample preparation can prove 

labour intensive, particularly for a large number of samples [187]. Furthermore, materials commonly 

used for sample preparation such as salts, detergents and alcohols, can also act as inhibitors. As stated 

in section 1.4., the initial aim of the project was to develop a platform capable of preparing cloacal or 

faecal samples for the purpose of detecting poultry related pathogens in the developing world. Due 

to the environment the platform would be deployed in, the resources available were of paramount 

concern due to their expected scarcity. This section will present a fast and robust sample preparation 

method (the boiling method) that was used to detect E. coli within cloacal samples. A faecal sample 

was collected, taken from the bottom of the hen house during cleaning, from a local family in the UK 

that keeps layer hens for fresh eggs. This allowed for a proof-of-concept assay to be tested on real 

samples. The performance of the boiling method was compared to a commercial kit to assess the yield 

and purity of the DNA.  

 

 

3.4.2. Materials and Methods 

3.4.2.1. Preparation of the Crude Lysates 

Following collection, 100 mg from the collected cloacal sample was aliquoted into individual 1.5 mL 

microcentrifuge tubes, which were then homogenised in 200 μL of each medium by vortexing. These 

mediums were: DNase/RNase-Free Distilled Water (DH2O); Tris-EDTA buffer solution (1M Tris/HCL pH 

8.0; TE); PBS buffer solution (PBS); and Tris-EDTA and proteinase K solution (TE/PK). Each homogenised 

sample was then incubated in a Peqlab HX-2 Digital Block Heater (VWR, Erlangen, Germany) at 95 °C 

for 15 minutes. The samples were then centrifuged at maximum speed for 3 minutes and the 

supernatants were then transferred into new 1.5 mL tubes. These lysates were then labelled and 

frozen at –20 °C to prevent degradation. 
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3.4.2.2. Preparation of the Lysates using the Genomic DNA Kit 

The protocol for preparing the gram-negative bacterial cell lysate was used [364], using a PureLink™ 

Genomic DNA Mini Kit [365]. 100 mg of the collected cloacal sample was aliquoted into 1.5 mL 

microcentrifuge tubes, which were then homogenised in 180 μL of PureLink™ Genomic Digestion 

Buffer and 40 μL Proteinase K (20 mg/mL) by vortexing, followed by brief centrifugation at 2,000 g to 

remove bubbles. The tubes were then incubated at 55 °C for 30 minutes, vortexed at 10-minute 

intervals. Following incubation, 20 μL of RNase-A (20 mg/ml) was mixed with each sample by vortexing 

and incubated at room temperature for 2 minutes. 200 μL PureLink™ Genomic Lysis/Binding Buffer 

and 200 μL of 96% ethanol was added to each of the tubes, which were then vortexed briefly.  

The tubes were centrifuged at maximum speed for 3 minutes and 640 μL from each tube was then 

transferred into a PureLink® Spin Column with Collection Tubes. The spin column was centrifuged at 

10,000g for 1 minute at room temperature and the spin column was transferred into a clean PureLink® 

Collection Tube. 500 μL of PureLink™ Genomic Wash Buffer 1 mixed with 96% ethanol was added to 

the spin column, which was then centrifuged at 10,000 g for 1 minute at room temperature. 500 μL 

of PureLink™ Genomic Wash Buffer 2 mixed with 96% ethanol was added to the spin column, which 

was then centrifuged at maximum speed for 3 minutes at room temperature. The spin column was 

then transferred into sterile 1.5 mL microcentrifuge tubes beside a lit Bunsen burner and 200 μL of 

PureLink™ Genomic Elution Buffer was added to the spin column. Following incubation at room 

temperature for 1 minute, the spin column was centrifuged at maximum speed for 1 minute at room 

temperature. The eluates (Purelink) were then frozen at –20 °C to prevent degradation. 

 

3.4.2.3. Preparation of the 1:10 Dilution Samples  

Following the preparation of the crude lysates and the lysates prepared using the PureLink™ Genomic 

DNA Mini Kit, a 1:10 dilution was performed. Each of the samples were thawed at room temperature 

and placed on ice to prevent degradation. 20 μL of each of the thawed lysates were transferred into 

sterile 1.5 mL microcentrifuge tubes, which were then mixed with 180 μL of DH2O by vortexing. These 

diluted lysates were then labelled and refrozen at –20 °C to prevent degradation. 
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3.4.2.4. Nanodrop Quantification  

The quantity and purity of the lysates were analysed using a NanoPhotometer® N60 (Nanodrop). All 

lysates were thawed at room temperature and placed on ice to prevent degradation during the 

process. The Nanodrop was switched on and “Nucleic Acid” was selected from the main menu. The 

sensor pedestal was wiped with a Kimwipe and 2 μL of DH2O was pipetted onto the sensor pedestal 

to initialise the equipment. The Nanodrop was then blanked against the corresponding medium (DH2O 

for the crude lysates in DH2O; TE for the crude lysates in TE; PBS for the crude lysates in PBS; and TE/PK 

for the crude lysates in TE/PK), before 2 μL of each sample was measured on the Nanodrop, selecting 

DNA-50 from the sample type menu. The quantification process was repeated for each of the 1:10 

dilution lysates; with each sample set as blank against DH2O. 

 

3.4.2.5. Qubit Quantification  

The Qubit™ 1X dsDNA HS (High Sensitivity) Assay Kit was used to quantify the DNA content in each 

lysate [366]. A Qubit™ working solution was prepared by vortexing the components for 5 seconds. The 

composition of the master mix can be seen in Table 3.5. 10 μL from each of the pure lysates were 

transferred into labelled Qubit™ Assay Tubes and 190 μL of Qubit™ working solution was added to 

each tube. The solutions were vortexed for 5 seconds and all tubes were incubated at room 

temperature for 2 minutes. The readings were taken on a Qubit 2.0 Fluorometer, using the 1X dsDNA 

High Sensitivity (HS) assay setting. Following the reading of standards 1 and 2, each of the assay tubes 

were loaded into the sample chamber and the tubes were read. 

 

Table 3.5 – Volumes of Mastermix for Qubit™ working solution 

10 μL of template DNA from each of the tested lysates were combined with 190 μL of Qubit™ working solution to create a 

total volume of 200 µL in each tube.An excess of 2 additional reactions was prepared to account for pipetting errors. 

 Volume (μL) 

Component A – Qubit™ 1X dsDNA HS Working Solution 2890 

Component B – Qubit™ 1X dsDNA HS Standard #1 170 

Component C – Qubit™ 1X dsDNA HS Standard #2 170 
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3.4.2.6. PCR Amplification and Gel Electrophoresis on Prepared Lysates  

A PCR master mix was prepared in a 1.5 mL microcentrifuge tube. Each master mix consisted of 12.5 

μL of DreamTaq Green PCR Master Mix (2X) (ThermoFisher Scientific, Waltham, Massachusetts, USA), 

1 μL each of 1 μM forward and reverse primers (Table 3.6) and 9.5 μL of DH2O. All pure lysates were 

thawed at room temperature and centrifuged before being placed on ice to prevent degradation. 1 μl 

of template DNA from each sample was combined with 24 μl of the prepared master mix in 200 μl PCR 

tubes. For the positive and negative controls, 1 μl of Gardnerella Vaginalis and 1 μl of DH2O was 

combined with 24 μl of the master mix, respectively. 

The lysates were loaded into a GeneAmp 9700 PCR System (Applied Biosystems, Waltham, 

Massachusetts, USA) and PCR was conducted under the program shown in Table 3.7. The process was 

repeated with the diluted lysates using the same methodology. The amplified products were then 

analysed by gel electrophoresis in a 1% agarose gel solution (Sigma-Aldrich, St. Louis, Missouri, USA) 

using 1x TAE buffer (Sigma-Aldrich, St. Louis, Missouri, USA) at 80 V for 45 minutes. To visualise the 

DNA bands, the DNA was stained using a SYBR® Safe DNA Gel Stain dye (ThermoFisher Scientific, 

Waltham, Massachusetts, USA) and visualised under UV light with a Biorad Universal Hood II Imaging 

System (Bio-Rad Laboratories, Hercules, California, USA).  

 

Table 3.6 – PCR Primers used in this study [367] 

 Sequence 

F3_PCR_ECOLI CKGTAGAAACCCCAACCCG 

B3_PCR_ECOLI AWACGCAGCACGATACGC 

 

Table 3.7 – Recommended Thermocycling Conditions 

 Temp 

(°C) 

Time 

(hh:mm:ss) 

Number of 

cycles 

1 Initial Denaturation 95 00:05:00 1 

2 Denaturation 95 00:01:00 

30 3 Annealing 55 00:00:30 

4 Extension 72 00:01:00 

5 Final Extension 72 00:10:00 1 
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3.4.2.7. LAMP Amplification 

The primers used for this LAMP assay were designed by Farhan et al. [367]. The primers were 

resuspended in DH2O (the primers and corresponding volumes can be seen in Table 3.8). A 10X LAMP 

Primer Mix was prepared in a 1.5 mL centrifuge tube, consisting of 16 μL each of the 100 μM forward 

and backward inner primers, 2 μL each of the 100 μM forward and backward outer primers, 4 μL each 

of the 100 μM loop forward and loop backward primers and 56 μL of DH2O. 1 μL of template DNA was 

combined with 12.5 μL of WarmStart Colorimetric LAMP 2X Master Mix (New England Biolabs, Ipswich, 

Massachusetts, USA), 2.5 μL of the prepared master mix and 9 μL of DH2O in 200 μL PCR tubes by 

vortexing, followed by brief centrifugation. For the positive and negative controls, 1 μL of E. coli DH5α 

and 1 μL of DH2O was combined with 24 μL of the master mix, respectively. Prior to amplification, each 

tube was checked for a bright pink colour, ensuring a suitable pH for a successful LAMP amplification. 

The lysates were loaded into a GeneAmp 9700 PCR System and LAMP was conducted under the 

program shown in Table 3.9. 

 

Table 3.8 – LAMP Primers used in this study [367] 

Each oligonucleotide concentration was prepared at 100 μM through suspension in DH2O using the provided volumes 

Primer Sequence Volume of DH2O 

FIP TAACGCGCTTTCCCACCAACGGCCTGTGGGCATTCAGTC 280 μL 

BIP TAACGATCAGTTCGCCGATGCACTGCCCAACCTTTCGGTAT 288 μL 

F3 CKGTAGAAACCCCAACCCG 238 μL 

B3 AWACGCAGCACGATACGC 290 μL 

LoopF TCCACAGTTTTCGCGATCCA 250 μL 

LoopB ACGTCTGGTATCAGCGCGAAGT 227 μL 

 

Table 3.9 – Setup used for the LAMP reaction. 

The Lid temperature was maintained at 100 °C for the duration of the heating process to prevent evaporation. A final 

heating step at 95 °C for 5 min was used to stop the LAMP reaction 

 Temp 

(°C) 

Time 

(hh:mm:ss) 

Number of 

cycles 

1 Heating Step 65 00:30:00 1 

2 Termination Step 95 00:05:00 1 
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3.4.3. Results 

The purpose of this project was to develop a simple protocol which can be employed in low-resource 

settings. The ensuing section will report the results of the boiling method used on the cloacal samples, 

in comparison to the commercial sample preparation method. 

 

3.4.3.1. Sample Comparison  

To determine if inhibitors present in crude lysates would prevent PCR and LAMP amplification, faecal 

samples were suspended in 200 μL of various mediums and boiled for 15 minutes. The samples were 

then centrifuged to remove sediment from the samples, allowing the supernatant to be collected. 

These were treated as crude lysates, which were amplified using PCR and LAMP. Figure 3.14 compares 

the crude lysates produced using the boiling method against purified DNA produced using the 

PureLink™ Genomic DNA Mini Kit before and after dilution. The pure lysates (Figure 3.14a) obtained 

using the boiling method exhibited a brown colouring, which indicated the presence of contaminants 

in the sample. This brown colouring was greatly reduced following the 1:10 dilution (Figure 3.14b), 

indicating a reduction in contaminants. This brown colouring was not observed for either of the 

eluates produced using the PureLink™ Genomic DNA Mini Kit.  

pH testing was conducted on both the pure lysates prior to further analysis. The pH of each of the 

lysates in DH₂O and PBS were 6. The pH of the lysates in solely TE ranged from 6 to 8, while the pH of 

the lysates in TE/PK ranged between 7 and 8. The pH of the lysate produced using the PureLink™ 

Genomic DNA Mini Kit was 8. Following dilution, pH testing was repeated on the diluted samples. The 

pH of the diluted lysates in DH₂O ranged between 6 and 7. The pH of the lysates in PBS buffer and the 

TE/PK was 7. The pH of the lysates in solely TE ranged between 7 and 8. The pH of the lysate produced 

using the PureLink™ Genomic DNA Mini Kit ranged between 7 and 8. 
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Figure 3.14 – Comparison between crude lysates from boiling and spin column methods 

A. Pure lysates  B. 1:10 dilution lysates 

 

3.4.3.2. DNA Yield and Purity from the Qubit and Nanodrop  

Qubit readings were taken to quantify the DNA yield of each of the 4 crude lysates and the Purelink 

eluate. The results can be seen in Figure 3.15. The Purelink Genomic DNA Extraction Kit produced the 

highest DNA yield (354 ng/μL). For the crude lysates produced by boiling the sample in a buffer, the 

PBS produced the highest yield (182 ng/μL), followed by the TE (141 ng/μL), followed by the DH2O 

(114 ng/μL). The crude lysate boiled in TE/PK yielded the lowest amount of DNA (113 ng/μL).  

 

 
Figure 3.15 – DNA Quantification on Pure Lysates using the Qubit 2.0 Fluorometer 
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Nanodrop readings were taken to quantify the DNA yield and to assess the purity of the obtained DNA 

from the 4 crude lysates and the Purelink eluate. The results can be seen in Figure 3.16. The TE/PK 

produced the highest yield of DNA (634 ng/μL), followed by the TE (598 ng/μL), followed by the PBS 

(394 ng/μL), followed by the DH2O (340 ng/μL). The Purelink Genomic DNA Extraction Kit produced 

the lowest DNA yield (124 ng/μL). The results for the diluted lysates were also quantified using a 

Nanodrop, as shown in Figure 3.17. In this instance, the TE buffer gave the highest average yield of 

DNA (226 ng/μL), followed by the PBS (195 ng/μL), followed by the DH2O (187 ng/μL), followed by the 

TE/PK (125 ng/μL). Akin to the pure lysates, the Purelink Genomic DNA Extraction Kit produced the 

lowest DNA yield (17.4 ng/μL). 

 

 

Figure 3.16 – DNA Quantification on Pure Lysates using 
the Nanodrop 

 

Figure 3.17 – DNA Quantification on Diluted Lysates using 
the Nanodrop 

 

The results for the DNA purity of the pure lysates were also recorded, which can be seen in Figure 

3.18. The A260/280 ratio values are as follows: DH2O, 1.04; PBS, 1.04; TE, 1.10; TE/PK, 1.06; Purelink, 

2.15. The A260/230 ratio values are as follows: DH2O, 0.326; PBS, 0.313; TE, 0.410; TE/PK, 0.437; 

Purelink, 1.68. 

Following dilution, the DNA purify was reanalysed, which can be seen in Figure 3.19. The A260/280 

ratio values are as follows: DH2O, 1.11; PBS, 1.09; TE, 0.895; TE/PK, 1.02; Purelink, 2.04. The A260/230 

ratio values are as follows: DH2O, 0.368; PBS, 0.324; TE, 0.356; TE/PK, 0.340; Purelink, 1.50. 
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Figure 3.18 – DNA Purity reading on Pure Lysates using the 
Nanodrop 

 

Figure 3.19 – DNA Purity reading on Pure Lysates using the 
Nanodrop 

 

3.4.3.3. PCR Amplification and Gel Electrophoresis Results 

The pure lysates were analysed by a 1% agarose gel electrophoresis study, shown in Figure 3.20. Non-

distinct banding was observed in lanes 1 – 12, indicating the presence of DNA in each lane. However, 

there was also a large amount of smearing observed, indicating potential protein contamination in the 

lanes. A clearer banding was observed in lanes 13 – 15, indicating less contamination for the samples 

prepared using the PureLink™ Genomic DNA Mini Kit in comparison with the pure lysates.  

The products of conventional PCR amplification on the pure lysates was also subjected to a 1% agarose 

gel electrophoresis study, which can be seen in Figure 3.21. In this instance, the presence of a clear 

DNA band was only observed in lanes 10 and 11, corresponding to the crude lysate in TE/PK. The 

products of conventional PCR amplification on the diluted lysates was also subjected to a 1% agarose 

gel electrophoretic study, which can be seen in Figure 3.22. In this instance, the presence of a clear 

DNA band was observed in lanes 1 – 7 and 10 – 15, demonstrating the presence of DNA in each sample. 

DNA bands were not observed in lanes 8 and 9, indicating a lack of DNA in the tested samples. 
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Figure 3.20 – Gel Electrophoresis on pure cloacal samples prepared by the boiling method 

Lanes 1 – 3, DH2O; Lanes 4 – 6, PBS; Lanes 7 – 9, TE; Lanes 10 – 12, TE/PK; Lanes 13 – 15, PureLink™ 

 

 

 
Figure 3.21 – Gel Electrophoresis on pure lysates of cloacal samples after PCR amplification 

Lanes 1 – 3, DH2O; 4 – 6, PBS; 7 – 9, TE; 10 – 12, TE/PK; 13 – 15, PureLink™; + and – signify the positive (Gardnerella 

Vaginalis) and negative (DH2O) controls, respectively; L signifies the DNA ladder used for this electrophoretic study 

 

 

 
Figure 3.22 – Gel Electrophoresis on 1:10 diluted lysates after PCR amplification 

Lanes 1 – 3, DH2O; 4 – 6, PBS; 7 – 9, TE; 10 – 12, TE/PK; 13 – 15, PureLink™; + and – signify the positive (Gardnerella 

Vaginalis) and negative (DH2O) controls, respectively; L signifies the DNA ladder used for this electrophoretic study 
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3.4.3.4. LAMP Amplification 

The LAMP products of the pure lysates can be seen in Figure 3.23. A visual colour change was observed 

in each tube with the exception of tubes 8 and 9. The colour change from pink to yellow indicates the 

presence of E. coli. The products of the diluted samples can be seen in Figure 3.24. A visual colour 

change was observed in each tube indicating the presence of E. coli in each of the samples, with the 

exception of tube 8. By comparing the products of each experiment, a stronger visual colour change 

was observed among the diluted lysates when compared to the crude lysates, indicating an 

improvement in performance following dilution. 

 

 
Figure 3.23 – LAMP products of pure cloacal lysates prepared by the boiling method 

1 – 3, DH2O; 4 – 6, PBS; 7 – 9, TE; 10 – 12, TE/PK; 13 – 15, PureLink™;  

+ and – signify the positive (E. coli DH5α) and negative (DH2O) controls, respectively  

 

 
Figure 3.24 – LAMP products of 1:10 diluted cloacal lysates prepared by the boiling method 

1 – 3, DH2O; 4 – 6, PBS; 7 – 9, TE; 10 – 12, TE/PK; 13 – 15, PureLink™;  

+ and – signify the positive (E. coli DH5α) and negative (DH2O) controls, respectively  
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As LAMP was performed using pH sensitive dyes, it was hypothesised that the weakly acidic (pH ≈6) 

samples could cause a colour change, resulting in false positives. The LAMP reaction was repeated 

with the lysates in DH2O, without including the LAMP primers. The result (Figure 3.25) demonstrated 

no colour change, indicating that the pH of the samples was not the cause of the colour change.  

 

 
Figure 3.25 – LAMP products of DH2O cloacal lysates without LAMP primers 

 

 

3.4.4. Discussion 

A major limiting factor was the centrifugation step to precipitate the solid particulates within the 

lysate prior to the aliquoting of samples. It was hypothesised that, following cell lysis, filtration using 

a membrane with an appropriate pore size would be sufficient for removing particulates and cellular 

debris. An aim in section 1.4 was to deliver DNA and RNA; however bacterial cells, viral particles, as 

well as their contained NAs, are heterogenous in topologies [368]. As a result, DNA and RNA protocols 

are typically performed separately. Kim and Gale have reported that small micropores provide a better 

extraction efficiency for pure DNA samples; however, mid-sized nanopores (100 nm) are better when 

used with realistic samples [369]. A centrifugation-free extraction system was reported by Lee et al., 

using vacuum pressure within the range of 0.7 – 3.3 kPa to draw a fluid through a silica membrane 

adapted from a QIAamp circulating nucleic acid kit (QIAGEN, Hilden, Germany) [370]. A DNA yield of 

90% that of centrifugation at 12,000 g was reported, independent of the initial volume, demonstrating 

the effectiveness of this method. However, the inclusion of mineral oil as an immiscible phase atop 

the elution buffer plays a crucial role in the process, that is, to block pores upon contact to prevent 

irregular openings. It was also reported that this approach was limited to a 70% volume recovery 

without the inclusion of the mineral oil, with the volume recovery was as low as 16% in extreme cases. 
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It has been reported that commonly used materials within NA extraction, such as cellulose and 

nitrocellulose, can inhibit PCR [371]. Alternatively, materials such as polytetrafluoroethylene (PTFE) 

and polycarbonate (PC) are recommended, as they have been reported not to present inhibitory 

effects. It has also been reported that silica membranes can absorb between 40 – 50 µL of liquid [370]. 

Thus, further research to determine a membrane material compatible with LAMP is needed, 

particularly, to study potential inhibitory effects. The results seem to indicate that a dilution step could 

be used to circumvent the need for additional sample preparation, simplifying the process and 

improving suitability for resource-stressed settings; however, further research is needed to support 

this claim. Furthermore, faecal samples were collected from a hen house for analysis. These samples 

were expected to be abundant in E. coli and would serve to verify the functionality of the protocol. 

However, determining a LOD using spiked samples would offer quantitative values to which the target 

analyte could be detected with a level of stated probability.  

 

3.4.4.1. LAMP vs. PCR 

A comparison between the PCR and LAMP products showed that LAMP outperformed PCR 

amplification for both pure and diluted lysates. A comparison between the amplification techniques 

performed on crude lysates revealed that LAMP successfully detected E. coli in each of the samples, 

with the exception of samples 8 and 9 (Figure 3.23). Contrastingly, PCR produced weak bands in 

samples 10 and 11 (Figure 3.21). Following the dilution step, both the LAMP and PCR techniques 

demonstrated an improvement in performance. PCR detected E. coli in each of the samples, with the 

exception of samples 8 and 9 (Figure 3.22). LAMP detected E. coli in each of the samples, with the 

exception of sample 9 (Figure 3.24). This improvement in performance for both the PCR and LAMP 

techniques signify the importance of the dilution step; however, LAMP was better suited towards the 

higher quantity of DNA and contaminants when compared to PCR. 

Both amplification techniques were unsuccessful in detecting the presence of E. coli in sample 8. The 

corresponding readings from the Nanodrop reported unreliable results prior to and after dilution 

(3005 and 3.5 ng/μL, respectively). These were determined to be outliers within 2 standard deviations 

and were thus excluded from the presented results. These discrepancies would allude to the lack of 

E. coli being present in sample 8, indicating the sample was of low quality.  

The introduction of real-world samples into microfluidic cartridges remains a challenge. Stool sampling 

in particular is considered to be a major challenge, requiring several laborious pre-treatment steps 

including chemical treatment and centrifugation prior to insertion into a cartridge [372,373]. 
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However, examples of direct sample insertion into a device have been shown. Mosley et al. 

demonstrated an immiscible filtration assisted by the surface tension (IFAST) system to process clinical 

stool samples within a single cartridge in 7 minutes [374], developing upon previous IFAST applications 

for NA extraction [375-379]. This method offers a solution to the issue commonly encountered in 

regards to magnetic bead-based approaches to sample preparation, that being the requirement for 

complex cartridge designs to conduct multistep washing and purification steps [380,381]. Despite the 

sophistication of this approach; however, careful calculation and adjustment of the interfacial 

energies is required. Furthermore, following PCR amplification, weak and no PCR products were 

observed in the 3-chamber design, despite reporting A260/A280 ratios in the range of 1.1 – 1.3 [374].  

One might expect that such crude lysates would significantly inhibit the performance of the PCR and 

LAMP amplification techniques. The data in this experiment revealed similar signs of amplification 

inhibition for the PCR process for crude lysates (Figure 3.21), showing weak PCR products across 2 of 

the 12 crude lysates. The LAMP products in comparison (Figure 3.23) revealed signs of amplification 

inhibition across 2 of the 12 crude lysates, demonstrating the difference in efficacy between the two 

processes. Furthermore, the 1:10 dilution step was seemingly sufficient to circumvent the effects of 

the inhibitors, improving the efficacy of both the PCR (Figure 3.22) and LAMP (Figure 3.24) processes. 

 

3.4.4.2. Qubit vs. Nanodrop Detection   

A comparison between the Qubit and Nanodrop results (Figure 3.26) offered conflicting results. The 

Nanodrop detected a much higher concentration of DNA in each sample when compared to the Qubit. 

Pure nucleic acid ratios (A260/280) should have a range of 1.8 – 2.1, with 1.8 being accepted as pure 

for DNA and 2.0 being accepted as pure for RNA [382]. When considering the DNA quality ratios 

produced by the Nanodrop, each of the crude lysates produced by the boiling method in various 

mediums has a relatively low value (0.825 – 1.184), indicating a high level of impurities within the 

samples. In comparison, the DNA extracted using the Purelink Genomic DNA Extraction kit 

demonstrated an A260/280 ratio ranging between 2.132 and 2.155, indicating a high level of purity. 

From the pH test, it was observed that many of the samples were slightly acidic, at pH 6. It has been 

reported that acidic solutions can cause the A260/280 ratio to be under-represented by 0.2 – 0.3 [383]. 

Furthermore, many spectrophotometers have a wavelength accuracy of ±1 nm, which can result in a 

variance of ±0.4 in the A260/280 ratio.  

For nucleic acid ratios (A260/230), values for “pure” nucleic acids are typically higher than the 

A260/280 ratios, in the range of 2.0 and 2.2. Ratios lower than 1.8 indicate the presence of 
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contaminants [382]. Due to a low level of sample preparation steps performed on the crude lysates, 

the presence of contaminants was expected, resulting in a significantly lower A260/230 ratio than the 

standard. However, it was demonstrated by the LAMP products that these contaminants would not 

prevent the detection of the E. coli present in the sample; however, the presence of these 

contaminants may have had an effect on the PCR amplification.   

The quantification of NAs through the Nanodrop employs spectrophotometry to measure ultraviolet 

(UV) light absorbance at 260 nm. However, as the spectrophotometer is unable to distinguish between 

DNA, RNA and proteins, results can be unreliable [384-387]. Cloacal samples contain varying amounts 

of proteins and bacterial biomasses [84]. As the crude lysates did not undergo NA extraction or 

purification, it is likely that the DNA yield was overrepresented. The Qubit™ 2.0 Fluorometer uses a 

fluorescent dye which specifically binds to the DNA. As a result, DNA quantification may be provided 

with an improved specificity [388-390]. The results for the DNA yield provided by the Qubit were 

deemed to be more reliable. Nevertheless, the results for the Nanodrop were useful for determining 

the DNA purity, which the Qubit could not. As expected, the purity of the crude lysates was 

significantly lower than the eluates produced by the PureLink™ Genomic DNA Mini Kit. Despite the 

low purity values however; both PCR and LAMP products were able to detect the presence of E. coli 

following the 1:10 dilution step. This was an interesting result compared to work by Mosley et al., 

where PCR inhibition was reported despite higher A260/280 values [374].  

 

 

Figure 3.26 – Comparison of readings taken from the Qubit 2.0 and the Nanodrop 
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3.5. Chapter Summary  

There were many crucial lessons learned from each of the experiments presented in this chapter. The 

absorption across the commercially available swabs ranged between 27.5 – 249.3 μL. From a fluidic 

perspective, nylon flock, cotton or polyurethane mini-tip swabs are favourable. Furthermore, this 

experiment provided concrete values of absorption rates for both single and pooled sampling, 

providing insight into the geometry of a swab interface that was required to facilitate either case, 

mitigating the requirement for further redesigns. 

The volume of the droplets yielded by the dispenser tip needles were smaller than those by the 

Flowflex extraction tubes. With a decrease in needle size from 14 to 30-gauge, a significant decrease 

in the droplet volume was observed, from 35.23 to 6.24 μL. While the 25- and 30-gauge needles were 

capable of producing droplets within the single microliter range, assistance would be required to reach 

the desired goal of 1 – 3 µL. Thus, assistance to release a hanging droplet was required, in conjunction 

with a 30-gauge needle.  

Finally, the sample preparation protocol demonstrated the significant different in the quality of the 

DNA produced by crude extraction methods in comparison to the gold standard. Despite this vast 

difference; however, LAMP was able to achieve detection at a higher sensitivity compared to the gold 

standard, PCR, demonstrating the potential of iNAAT techniques. Based on the results of this 

experiment, using a PBS buffer offered the highest yield of DNA among the crude lysates, while each 

offered similar levels of purity. Therefore, a PBS buffer was recommended for subsequent protocols. 

Moreover, this experiment demonstrated that a simple dilution step in DH2O greatly improved the 

performance of both the PCR and LAMP methods. Ultimately, a simple protocol with the potential for 

use in a low-resource setting was created, which could easily be integrated into a sample preparation 

platform.  
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4. Design of a Sample Preparation Platform  

4.1. Introduction 

Based on the literature review presented in Chapter 2 and the preliminary experiments presented in 

Chapter 3, initial design specifications were drafted. Throughout the project, the design specifications 

were frequently adjusted to suit new user needs. As a result, the designs underwent several changes 

to accommodate each updated set of design specifications. The design specifications presented in this 

chapter show the user needs for the sample preparation platform following the change in focus from 

poultry related infections to SARS-CoV-2. The final design specifications were tabulated and used to 

develop a final design idea that was fabricated and tested. A discussion is given highlighting some of 

the major challenges faced during the design stage.  
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4.2. Design Specifications 

Guidelines for a sample preparation device were developed based on a set of criteria using the 

MUMSFACES method: Material, User, Manufacture, Size, Function, Aesthetics, Cost, Ergonomics and 

Safety. As the aesthetics and ergonomics of the platform were less important due to the research 

nature of the project, these criteria were therefore discounted.  

 

 

4.2.1. Function 

The platform was designed to accept raw macro-sized swab samples, perform sample preparation and 

dispense purified NAs in an aqueous solution in “micro-sized” volumes. A sample was collected using 

traditional swab sampling and inserted directly into a chemical buffer. Heat treating was then used to 

deactivate and thermally lyse the pathogenic cells, yielding a crude lysate containing the target NAs. 

Following lysis, an aliquot of the sample was dispensed from the total volume into 200 µL 8-strip PCR 

Tubes with attached caps (STARLAB, Milton Keynes, UK). The PCR tube was then transferred to a 

portable POCT platform, where the sample underwent a LAMP reaction, followed by end-point 

colorimetric detection. This allowed for sample-to-answer POCT to be achieved at virtually any site. 

As discussed in 2.3.3. many POCT devices employ single-use cartridges to conduct sample preparation. 

The proposed platform developed during this project utilised similar technology, a single-use 

collection device containing necessary components to achieve sample preparation. The difference 

between the state-of-the-art and the platform developed during this project is that downstream 

amplification and detection was conducted within a separate device. This allowed for the sample 

preparation process itself to be tailored towards multiple applications. Finally, the collection device 

was disposable, to prevent cross-contamination through repeated use.  

A fluid control system was used to move the aqueous sample through the collection device and to 

dispense the aliquots into the PCR tubes. Furthermore, as lysis was achieved through a combination 

of chemical and thermal means, a heating system was included. This would be powered using a USB 

power bank instead of using a mains power supply, increasing the portability of the device. In order 

to prevent both overheating and unnecessary power consumption, a system was developed to 

monitor and control the temperature during operation.   
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4.2.2. User 

The initial users of the device were veterinarians in the Philippines. During the progression of the 

Covid-19 outbreak, the user evolved to include adults with limited biological knowledge. 

Consequently, the device was redesigned to collect and prepare NAs from virtually any biological cell. 

Currently, there are no commercially available platforms applicable to all sample types. As discussed 

in Chapter 2, swab sampling is a convenient method for collecting several sample types with minimal 

invasiveness, reducing the risk of contamination and preventing trauma during collection. For human 

sampling, swab samples can be self-collected, reducing the costs involved with hiring trained 

personnel to obtain the samples. The proposed platform was designed to accept swab samples. 

The device was intended to be lightweight and portable, to allow for easy transportation and 

convenient use. As is the nature of POCT, the device would be subjected to testing in sub-optimal 

environments, meaning robust techniques were required to allow functionality in such conditions. In 

addition, the platform was designed to require minimal user interaction following the insertion of the 

swab sample into the device. This would reduce the amount of training necessary for the operation 

and ensure more reliable results were achieved. Furthermore, access to the sections of the device 

would be restricted in order to prevent user interaction with the internal components. This would 

prevent sample contamination and protect the user and the device from damage.  

  

 

4.2.3. Size 

The focus of the project was to develop a portable sample preparation device. A device is considered 

portable if the weight is less than 10 kg, and thus, this was considered as the maximum weight [235]. 

A maximum footprint of 20 x 30 x 20 cm (L x W x H) was chosen to make the device manageable by 

one person. A power bank (20,000 mAh capacity, 18 W output) was selected in place of mains 

electricity, the specifications of which were chosen based on common commercially available options. 

It has been reported that the viral transfer efficiency is low for swabs eluted into volumes of VTM less 

than 100 µL and close to 100% for volumes above 500 µL [197]. This meant that the initial starting 

volume must be above 500 µL. Furthermore, as demonstrated in section 3.2, the absorption rate of 

commercial swabs ranged between 27.5 and 249.3 µL. To factor in allowances for the volume of fluid 

lost for both singular and pooled samples, a starting volume of 2.25 mL was selected. The swab inlet 

was designed to allow for a volume in excess of 3 mL, to account for any displacement caused by the 

insertion and agitation of the swab, as well as volume losses caused by absorption. 
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4.2.4. Manufacture 

The platform was developed in the UK for fabrication in the Philippines following a technology 

transfer. It was important to utilise simple and low-cost manufacturing steps. As discussed in section 

2.3, many platforms conduct sample preparation inside a microfluidic cartridge. These are designed 

in individual layers by hot embossing and injection moulding plastic materials [391,392], or using soft 

lithography techniques [393,394]. In both cases, layers are constructed using suitable moulds for each 

component, requiring fabrication in specialised facilities (i.e. a cleanroom). Following fabrication, they 

must carefully be aligned and bonded together [395,396]. This significantly increases the fabrication 

time, making developers apprehensive to attempt such techniques for novel devices.  

As many of the components would be designed from thermoplastic polymers, injection moulding was 

considered for end-point fabrication, due to the ability to create high strength components with a 

complex geometry. In conjunction with automation, it was possible to manufacture components at a 

high production rate. A major advantage of this method was the ability to include inserts and create 

internal channels within the device, without post-machining. Despite its advantages, however, the 

high initial tooling costs made this option unviable during the development of the device. As a result, 

3D printing became the main method considered to manufacture and test prototype components. 3D 

printing can reduce the time required for developing components. In contrast to hot embossing or 

injection moulding, 3D printed components can be manufactured in one step, omitting the need for 

layer-by-layer fabrication and bonding. 3D printing does not need to be conducted in a cleanroom, 

allowing for components to be manufactured in non-specialised locations. Ultimately, this allows for 

trial-and-error fabrication to be utilised while being less costly in terms of time and resources [396].  

Stereolithography (SLA) is a viable option for creating components with complex internal features. 

Such devices are printed layer-by-layer from photosensitive resins, which are cured using a light 

source. Following the printing process, uncured resin is drained to create internal channels; omitting 

the need for bonding and alignment [397]. Despite the high resolution of SLA printing, the technique 

is limited to commercially available resins, which may be incompatible with biological materials [396]. 

A low-cost alternative is fusion deposition modelling (FDM), where a thermoplastic material is 

extruded through a nozzle head onto a build plate. The material hardens as it cools post extrusion, 

meaning a light source is not needed to cure the material. A disadvantage to this approach is the low 

interlayer structural strength, increasing the potential for leaks to occur [398]. Furthermore, support 

material can be required between layers, which can be difficult to remove, particularly for internal 

features [399].  
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4.2.5. Material 

Many microfluidic devices are prototyped using polydimethylsiloxane (PDMS), which are favourable 

due to the low cost of the raw materials and safe fabrication steps [400]. Moreover, it is transparent, 

allowing for optical elements to be incorporated; flexible, allowing for elastically deformable 

components to be incorporated; and biocompatible, allowing for use in medical applications [397]. 

However, PDMS requires fabrication in a cleanroom using predesigned moulds, both of which require 

specific facilities and increase costs. PDMS and related polymers are also subject to the adsorption of 

NAs and other biological components [401,402]. In diagnostics, this can lead to a misdiagnosis or an 

incorrect quantification due to an underrepresentation of a pathogen of interest within a sample. 

The materials used for the sample preparation device were established based on the user needs. The 

platform needed to be lightweight, robust and impact resistant, to enable portability and to prevent 

damage during transportation or mishandling. As electrical components were used within the device, 

ensuring the platform was electrically insulated would reduce shock hazards. In addition, as heating 

elements would reach temperatures up to 100 °C, thermal resistance was required.  

Thermoplastic polymers were considered for end-point fabrication, due to their mechanical and 

chemical properties. Typical thermoplastics used for the production of such components are 

polystyrene, poly(methyl methacrylate) (PMMA) and polyurethane [398]. However, many of the 

materials that were compatible with the available manufacturing methods featured glass transition 

temperatures around or below 100 °C. Thus, the components directly in contact with heating elements 

were fabricated from a heat resistant resin. 

 

 

4.2.6. Cost 

It was important that the final platform was low-cost, both in terms of the raw materials required and 

the manufacturing processes used. While many of the sections, such as the outer casing, external fluid 

control components and heating elements, were reusable, others, such as the disposable component 

and internal fluid control components were single-use, resulting in increased costs. During the 

progression of this project, off-the-shelf components were integrated into the platform to replace 

costly components, reducing the cost per prototype. Many of the components were also designed to 

be fabricated using low-cost 3D printing methods, meaning parts could be produced cheaply. Due to 

the aim of this project being to develop the platform, concerns regarding the cost were considered to 

be of greater importance once the device has reached the commercialisation stage. 
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4.2.7. Safety 

There were three primary safety concerns. The heating elements presented a risk of burns. This was 

addressed by placing the high temperature heating elements within insulative components to prevent 

direct contact. The high voltage module contained wiring that presented a shocking hazard. The 

platform was designed to place these components within insulative materials and beyond reach. The 

major concern was the risk of potentially infectious samples coming into contact with the user should 

the components in contact with the sample rupture. Consequently, the platform was designed to be 

self-contained, to ensure that ruptures within the platform would result in the system leaking into 

itself in place of into the surroundings where it could come into contact with the user. 

POCT is typically required in low-resource settings. Such environments can have a low level of 

biosecurity and contamination is a high possibility. The sample within the device must be separated 

from external airborne particulates, such as dust, dirt and aerosols. Many of the theorised designs 

were developed to prevent contaminants from entering into the device, while also preventing any 

reagents and chemicals within the device from escaping into the environment. As mentioned in 

section 4.2.5, the optimal materials to use were thermoplastic polymers, which are thermally and 

electrically insulative and resistant to both environmental and chemical pollutants. 

 

 

4.2.8. Summary of Design Specifications 

The product specifications were drafted with reference to the specifications presented in this section, 

shown in Table 4.1. These served as guidelines during the development of the device. The device 

would be designed to accept swab samples which were inserted into 3 mL of fluid. Following sample 

preparation, 3 µL of the purified NA in solution was expelled from the device directly into PCR tubes 

for the analysis of poultry related infections, while 1 µL was expelled for the analysis of SARS-CoV-2.  

It was decided that the proposed platform should produce uniform droplets with a fixed 1 µL volume 

on-demand, allowing for the desired volume to be released in increments. This was considered to be 

a simpler solution in comparison to metering specifically sized droplets. This also circumvented 

another major issue encountered during the project, which was the frequent alterations to the desired 

accepted and dispensed volumes as per new user needs. The control and release of a 1 µL droplet 

posed a major challenge, as a precise level of accuracy was required within an extremely limited 

budget, which greatly limited the fluid control methods available.  
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The footprint and mass requirements were chosen to ensure the device would be operable and 

manoeuvrable by a single person. As a result of ensuring portability, the device was to be powered by 

a power bank, which set the power requirements. In order to ensure functionality using a standard 

20,000 mAh power bank, the start-up and total processing time were minimised. The operating 

conditions were selected based on the conditions of both the UK and the Philippines. In the UK, the 

temperature and humidity ranges are 1 – 21 °C and 40 – 60%, respectively [403]. In the Philippines, 

the temperature and humidity ranges are 6 – 42 °C and 71 – 85%, respectively [404]. Thus, the 

extremes of each environment were chosen. 

 

Table 4.1 – A summary of the specifications for the sample collection and preparation device 

Sample Type Cloacal swab (Poultry related infections) 

NP and OP swab (SARS-CoV-2) 

Volume of Fluid In ≤ 3 mL 

Volume of Fluid Out 3 µL (Poultry related infections)  

1 µL (SARS-CoV-2) 

Maximum Footprint 20 x 30 x 20 cm 

Maximum Mass < 10 kg 

Start Up Time 2 – 5 min 

Processing Time 30 – 60 min 

Power Requirements 10 – 18 W  

(capacity of power bank ≈20,000 mAh) 

Operating Environment Temperature range: 1 – 42 °C 

Humidity range: 40 – 85%  

Operating Skills Required Minimal 

ISO/Medical Standards • Device should be corrosion and chemical resistant (BS6105:1981) 

• ISO 9001:2015 standards must be adhered to, to maintain level of quality 

• ISO 13485:2016 standards of quality management for the design and 

manufacture of medical devices must be adhered to 

• Electrical components must be disposed of in the Waste Electrical and 

Electronic Equipment Direction (WEEE 2012/19/EU) 

• Spare parts must be available for product 3 years should the product is 

replaced with a newer model (ISO 14040:2006) 
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4.3. Design Ideas 

The platform was discretised into two major components: The sample collection device (SCD) and the 

sample preparation device (SPD). The designs presented in this section of the thesis were not 

indicative of the final design specifications presented in section 4.2.8; however, these designs serve 

as crucial building blocks from which the final specifications were constructed.  

 

 

4.3.1. Initial Design Ideas  

Initial Design Idea 1 (Figure 4.1) was designed as a handheld SPD. A collected swab sample would be 

placed within a disposable SCD containing the lysis buffer, which would then be inserted into the SPD 

along with a disposable cartridge. A small volume (0.5 – 1 mL) from the lysis buffer would be drawn 

into the disposable cartridge using a non-contact internal pumping system and a heater would then 

be used to heat and lyse the cells. Following lysis, the pumping system would then expel the lysate 

from the cartridge and through the dispenser needle. Valving would be used to prevent backflow into 

the SCD. Following use, the SCD, the disposable cartridge and the dispenser needle components would 

be removed and discarded, while the SPD would be stored for future use. Internal sensors will be used 

to monitor the process and report errors on a screen. 

 

 
Figure 4.1 – Initial Design Idea 1 (Side View, Annotated) 
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The first iteration of the SCD (Figure 4.2) was based on a Hygiena™ UltraSnap Surface ATP Test 

(Camarillo, California, USA) [405]. Following the collection of the sample, the swab would be inserted 

into the swab container and the VTM holder would be squeezed to release either a UTM or VTM into 

the swab container, allowing the cells to be suspended within the solution. The lysis buffer container 

would also be squeezed to release the chemical lysis buffer. Both valves would restrict backflow from 

the swab container into the respective holders. A schematic demonstrating the function of the SCD 

can be seen in Figure 4.3. Finally, the VTM holder would be removed and the SCD would be inserted 

into the SPD (see Figure 4.4).  

 

 
Figure 4.2 – Initial Design Idea, Sample Collection Device 1 (Side View, Annotated) 

 

This SCD was designed for simplicity, allowing for use with little training. Each SCD would contain a 

specific volume of UTM and lysis buffer to suspend and lyse each sample. This would ensure that 

should sample pooling be necessary, then the rheological properties of the sample would remain 

consistent, ensuring that downstream detection methods were not affected. Furthermore, should the 

use of VTM be omitted as discussed in section 2.1.2.2, the sample may be directly suspended into the 

lysis buffer. In this case, the function of the VTM holder may be repurposed as a lysis buffer holder 

and the lysis buffer container may be repurposed as a SCD – SPD interface. This would reduce the 

number of components and steps involved in the process.  

A major concern with this design was the openings on either end of the swab container, which 

increased the risk of contamination should the device leak. Furthermore, the swabs proposed with 

this design required the fabrication of customised shafts to introduce the reagent into the sample, 

making it incompatible with off-the-shelf swabs. 
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Figure 4.3 – Function of Sample Collection Device 1 

A. Insertion of swabs into the sample collection device B. Release of the VTM into the sample collection device 

C. Release of the lysis buffer into the sample collection device 
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Figure 4.4 – Insertion of the Sample Collection Device 1 into the Sample Preparation Device 

 

The second iteration of the SCD (Figure 4.5) was designed to integrate pumping directly into the SCD, 

which would reduce the complexity of the SPD. This iteration would use a graduated pumping 

configuration, (Figure 4.6) employing a series of fluidic diodes and a membrane pump to guide the 

fluid from the swab container, through a metering well and into the SPD through the interface. The 

pumping concept was based on a design reported by Xu, Begley and Landers [406]. The graduated 

pumping system was designed to produce repeatable pumping with simple finger activation, reducing 

power consumption. The pump could also be automated using an actuator, increasing the 

repeatability of the process.  

 

 
Figure 4.5 – Initial Design Idea, Sample Collection Device 2 (Side View, Annotated) 
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For this design iteration, a collected swab sample would perforate a foil seal within the SCD, allowing 

the swab to interact with the lysis buffer. The swab holder would seal the SCD following the insertion 

of the sample and the SCD would be inserted into the SPD in a similar approach shown in Figure 4.4. 

When the pump is pressed, the air is expelled through the outlet, creating a negative pressure within 

the SCD. When the pump is released, the sample is drawn in through the inlet at the desired volume, 

with the excess fluid being stored within the pump. When the pump is pressed again, the fluid would 

be expelled from the well and through the outlet. Fluidic diodes would be included to restrict backflow 

to ensure that fluid will flow as desired throughout the device.  

 

 
Figure 4.6 – Function of Membrane Pump within Sample Collection Device 2 [406]  

Instances of permitted and restricted flow have been highlighted green and red, respectively. 
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4.3.2. Design Idea 1 

The SCD (Figure 4.7 and Figure 4.8) was developed based on works by Krawzak et al. [407]. The SCD 

consisted of a reservoir and dispenser chamber, connected by a one-way check valve. Following the 

insertion of the swab into the reservoir chamber, a moving piston would be inserted and the chamber 

would be sealed using a cap. A lysis buffer would be introduced to the sample through the plug to fill 

the reservoir and the moving piston would displace upwards during the filling process. 

The spring-loaded plunger would then be pressed, expelling air from the dispenser chamber. As the 

plunger returned to its original position, the negative pressure would cause the ball check valve 

between the nozzle and dispenser chamber to seal. This would force the one-way valve between the 

reservoir and dispenser chambers to open, drawing liquid into the dispenser chamber. A subsequent 

press of the plunger would expel liquid contained in the dispenser chamber through the ball check 

valve, where it would be dispensed through the needle. The ball check valve would contain grooves 

to ensure the sample could flow around the ball and to the nozzle. Fluid flow from the dispenser 

chamber back into the reservoir would be prevented due to the one-way valve between the chambers. 

As the volume within the reservoir chamber decreased, the moving piston would move in contact with 

the liquid, meaning little air would be present within the reservoir chamber during priming or use. 

The SCD would be mounted in a vertical orientation to reduce the risk of leaks during operation. This 

device was also designed to ensure that no metallic parts came into contact with the liquid during 

operation. The spring which operated the plunger was mounted outside of the plunger system and 

both the ball and one-way valves would be fabricated from polymer materials.  

 

 
Figure 4.7 – Design Idea 1, Sample Collection Device 1 (Side View, Annotated) 

A. Side View of Sample Collection Device 1 B. Transparent Side View of Sample Collection Device 1 
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Figure 4.8 – Design Idea 1, First Iteration 1 (Side View, Dimensions) 

 

This SCD underwent several design iterations. The first iteration (Figure 4.8) had a main body length 

of 75 mm, which was too small to be comfortably operable in a human hand. Thus, the second design 

iteration (Figure 4.9) adjusted the dimensions of the SCD to resemble those of a handheld pipette. The 

main body length was increased to 175 mm and the profile of the device was changed to give the 

device an oval shape. In addition, the spring-loaded system was changed to a sliding switch-based 

system, to prevent the SCD from automatically re-priming and making the overall dispensing process 

more controllable. A transparent pipette tip was also included in place of the opaque dispensing 

needle to allow for the function of the device to be observed visually.  

 

 
Figure 4.9 – Design Idea 1, Second Iteration (Plan View, Dimensions) 
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The third design iteration (Figure 4.10) removed many of the flat edges which were present in the 

second design iteration. Furthermore, due to the larger dead volume within the pipette tip, the design 

returned to the use of a dispenser needle. The major change between the second and third design 

iterations was the reduction in the size of the plunger actuator head and the redesign of the spring-

loaded system which would function in a similar means to a retractable pen. This allowed for the 

advantage of automatic priming offered by the spring-loaded system shown in Figure 4.7, as well as 

the controllability of the sliding switch-based system shown in Figure 4.8. 

 

 
Figure 4.10 – Design Idea 1, Third Iteration (Isometric View) 

 

The fourth design iteration (Figure 4.11) underwent further iterations, based on the open source 

micropipette developed by Baden et al. [408]. This iteration allowed for each of the components to 

be fabricated using low-cost FDM 3D printing techniques, reducing costs during prototyping. In 

contrast to the preceding designs, the plunger shaft would utilise a biro pen filling and spring to 

actuate the fluid through the device. A laboratory glove would be used to create an airtight seal 

between the T-junction and the main body, allowing the deforming glove material to act as an elastic 

membrane pump. This would remove the need to utilise soft lithography fabrication techniques to 

develop PDMS membrane pumps. This design also included 3D printable components to house 

commercially available valves. This redesign was necessary due to the difficulty in installing the valves 

into the previous designs without increasing the risk of leaks.  
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Figure 4.11 – Design Idea 1, Fourth Iteration (Side View, Annotated) 

 

The final design iteration (Figure 4.12) created a suitable casing for the small components. This 

redesign also included Luer connectors between the switch valve and the valve housing, as well as 

between the T-junction and the main body. This allowed for the purification cartridge and the 

dispenser chamber designs to be prototyped using commercially available syringes. In addition, the 

valve housing and T-junction components (Figure 4.11) were combined into a single component, both 

reducing the material and time required for fabrication. 

 

 
Figure 4.12 – Design Idea 1, Final 

A. Isometric View B. Section View (Isometric) C. Section View (Side) 

The fluid pathway has been highlighted blue, and the one-way valves has been highlighted in red. 
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4.3.3. Design Idea 2 

Due to the uncertainties involved in fluid handling for the designs shown in section 4.3.2, the SPD was 

designed utilising a SPME configuration in place of a through-flow configuration. The ensuing section 

will discuss the design iterations of the SCD component of this design idea. The SCD would act as a 

cartridge substitute to be inserted into and controlled by a larger SPD. Due to time constraints, the 

corresponding SPD was not designed. 

Swab samples would be loaded into an opening within the SPD where a lysis buffer was contained; 

however, instead of the sample being actuated through a purification cartridge, a sorbent coated swab 

would be used to adsorb NAs directly from the lysate. While isolated on the coated swab, the NAs 

would be purified by subsequent washing steps, prior to elution within individual capsules. The 

purified NAs would then be transferred from the final capsule into the PCR tubes when required.  

By using a sorbent coated swab, uncertainties with fluid handling could be avoided, as fluid handling 

would be restricted to the interaction between the coated swab and the specific reagent. This meant 

that a complex purification cartridge with integrated valving could be omitted, reducing the 

engineering complexity. Furthermore, the process could be easily tailored to match a large array of 

sample types by tailoring the arrangement of the capsules, without the need to redesign a purification 

cartridge compatible with individual sample types. Finally, the number of disposable parts would be 

greatly reduced, as only the individual capsules would require disposal following use.  

This design consisted of a sorbent coated swab holder (Figure 4.13) and a reagent capsule holder 

(Figure 4.14). The swab holder (Figure 4.13) would be spring loaded for manual configurations, or 

controlled by an actuator mounted within the SPD for automated configurations. Similar to work by 

Park et al. [8], a nylon swab was used as a template. However, with this approach, the nylon swab 

would be dip coated in chitosan, which would act as the sorbent material and adsorb NAs in acidic 

conditions (≈pH 5) and desorb DNA in alkaline conditions (≈pH 9), as reported in works by Cao et al. 

[409]. This approach was deemed to be compatible with the downstream process, LAMP, which would 

utilise a pH change to confirm the presence of the pathogen of interest and typically requires the 

lysate to be slightly alkaline to function correctly. Furthermore, due to the dip coating process being 

simple, low-cost and reproducible, the fabrication of the polymer coated swabs could be achieved in 

low-resource settings.  
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Figure 4.13 – Design Idea 2, Sorbent Coated Swab Holder (Isometric View) 
A. Swab Covered B. Swab Exposed 

 

The reagent capsule holder (Figure 4.14) contained capsules which would conduct individual sample 

preparation steps. The sorbent coated swab would be introduced to each capsule in series until the 

NA is eluted into the final capsule. Following use, each of the capsules would be removed and 

discarded, while the holder would remain uncontaminated. Two configurations of the reagent capsule 

holder were designed. The cylindrical configuration (Figure 4.14a) reduced the footprint of the device, 

while the linear configuration (Figure 4.14b) allowed for the simpler alignment of the coated swab 

with the reagent capsules, reducing engineering complexity.  

 

 
Figure 4.14 – Design Idea 2, Reagent Capsule Holder (Isometric View) 

A. Cylindrical Configuration B. Linear Configuration 

 

The two components would function in unison as depicted in Figure 4.15. The swab holder would be 

stationary, while the reagent capsule holder would move relative to the swab holder to align the swab 
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with the reagent capsule, controlled by the SPD. For the cylindrical configuration, a barrel contained 

within the reagent capsule holder would rotate to align the swab with the correct tube, while the 

entire reagent capsule holder would move the capsules linearly for the linear configuration. Following 

use, the SCD would be removed from the SPD and the contaminated components would be discarded.  

 

 

Figure 4.15 – Design Idea 2, First Design Iteration (Isometric View) 
A. Cylindrical Configuration B. Linear Configuration 

 

Due to the larger footprint of the linear configuration, the cylindrical design was retained for the 

subsequent design iterations (see Figure 4.16). The operation of this design remained consistent with 

the iteration; however, the rotating barrel design was improved to incorporate resistive heating 

elements, allowing heating to be conducted within the device, if necessary. The heating elements 

developed for this design idea will be discussed in further detail in Chapters 5 and 6.  

 

 
Figure 4.16 – Design Idea 2, Final Design Iteration 

A. Isometric View B. Isometric View (transparent lid) 
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4.3.4. Design Idea 3 

During the progression of the project, research into Tesla valves (demonstrated in section 5.2.4) led 

to the design idea proposed in this section. This design marked the shift in focus from the preparation 

of cloacal samples for the detection of poultry related infections to respiratory samples for the 

detection of SARS-CoV-2. As a result, the less labour-intensive sample preparation steps allowed for 

the simplification of the device designs. Due to time constraints, only the SCD was designed. 

The SCD consisted of a swab receiver (Figure 4.17) and a main body (Figure 4.18a), which fit together 

as shown in Figure 4.18b. The swab receiver was separated in 3 sections by foil seals. Following the 

insertion of the swab into the swab receiver, the swab would perforate the first foil seal, introducing 

the sample to the VTM. The perforation of the second and third foil seals allowed the sample to react 

with the lysis buffer. The final foil seal would then create room for the sample and lysis buffer to be 

mixed. The sample would then be heated by the SPD. Following lysis, the lysate would be drawn from 

the swab receiver into a 1 mL BD Plastipak Luer Slip Syringes (BD, New Jersey, USA) which would act 

as a metering chamber. The Tesla valve geometry would restrict airflow from the outlet into the 

metering chamber. When expelled from the metering chamber, the lysate would travel through the 

Tesla valves to the outlet, while backflow into the swab receiver would be restricted. By using Tesla 

valves, the single directional flow was achievable without the need for valves requiring moving parts. 

Furthermore, by using a syringe to actuate fluid through the device, the external mechanism within 

the corresponding SPD could be designed with simple internal components to facilitate actuation.  

 

 
Figure 4.17 – Design Idea 3, Swab Receiver 

The three sections of the swab receiver were designed to insert into each other, resulting in a system in which swab could 

interact with each reagent in series by pushing the swab through the foil seal. 
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Figure 4.18 – Design Idea 3, First Design Iteration 

A. Fully Assembled Device (Isometric View) B. Side View of the Main Body (Internal Lines Visible, Annotated) 

 

The design underwent subsequent design iterations, resulting in the SCD shown in Figure 4.19. The 

length of the main body was extended to fully encase the swab receiver, while the internal Tesla valve 

design was retained for fluid control through the SCD. While a second iteration was created to process 

a single sample (Figure 4.19a), a third iteration (Figure 4.19b) was created to allow for up to 8 samples 

to be processed in parallel.  

 

 

 
Figure 4.19 – Design Idea 3, Second Iteration (Isometric View) 

A. Single Device B. 8-way manifold 

 

A final design iteration was created, shown in Figure 4.20. The 8-way manifold design was retained 

from the second design iteration (Figure 4.19); however, the central distance between the SCDs was 
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reduced to 9 mm (Figure 4.20a). The resulting manifold can be seen in (Figure 4.20b). Following the 

redesign, each individual SCD was in alignment with each PCR tube, as shown in Figure 4.20c.  

As shown in Figure 4.20a, the 1 mL BD Plastipak Luer Slip Syringe had a radius of 5.1 mm, meaning 

each syringe would obstruct the adjacent syringe and affect the function of the device. Therefore, 

despite the potential for the 8-way manifold, it was questionable whether this design would be a 

viable option. During a computational analysis shown in Chapter 5, it was determined that Tesla valves 

would be an unfeasible option due to being ineffective at the predicted flow rates. Thus, this design 

idea was discarded for future consideration.  

 

 

Figure 4.20 – Design Idea 3, Final Design Iteration  
A. Top View – The diameter of the 1 ml BD syringe (highlighted blue) exceeds the distance between the individual SCDs, and 

thus, would interfere with each other during use. B. Isometric View – Depiction of the relationship between the SCDs and 

the PCR tubes. C. Front View – The distance between the PCR tubes and the alignment between each tube with the 

corresponding SCD can be seen.  
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4.3.5. Design Idea 4 

This design idea (Figure 4.21) was developed from Design Idea 3, replacing the unviable Tesla valve 

system with membrane valves. The design features a swab inlet, two membrane valves, a 1 mL heating 

chamber and an inflow and outflow pump port, as shown in Figure 4.21b. Each membrane valve would 

be controlled by air-filled chambers adjacent to each valve, which would deform following an increase 

in pressure within the chamber, restricting fluid flow through the valve. These control channels can 

be seen in Figure 4.21c. Each port was designed to interface with 1.5 mm ID barbed connectors, 

allowing each section of the SCD to connect to syringe pumps; which would be used to control both 

the fluid flow and the membrane valves.  

 

 
Figure 4.21 – Design Idea 4, Sample Collection Device 1 

A. Isometric View B. The internal channels for the valve controls have been removed, allowing for the visualisation of the 

fluidic channels (dark blue) used to connect the swab inlet (green), the heating chamber (red), the membrane valves 

(orange) and the pump port (magenta) C. The internal channels for the valve controls have been included to depict their 

location in relation to the membrane valves. The control channel for the inflow valve is coloured light blue, while the 

channel for the outflow valve port is coloured magenta. The inflow and outflow channels are blue and red, respectively. 
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The swab would be loaded into the swab inlet, in which a volume of lysis buffer would be contained. 

Following the insertion of the swab into the swab inlet, the SCD would be sealed and inserted into the 

SPD (Figure 4.22 and Figure 4.23). The outflow valve control would then be activated, closing the 

outflow membrane valve. The inflow membrane valve would remain open. A syringe pump would 

then be used to draw the sample from the swab inlet, through the first membrane valve and into the 

heating chamber, with the excess sample being drawn into the channel connecting the heating 

chamber to the inflow pump port. The heater block would then supply heat to the sample, thermally 

lysing the cells. Following lysis, the inflow membrane valve would close and the outflow membrane 

valve would open. The syringe pump connected to the outflow pump port would then be used to drive 

the lysate from the heating chamber, through the second membrane valve and out of the dispenser 

needle. Following use, the SCD would be disconnected from the SPD and discarded. 

For this design, the intended goal was to 3D print the SCDs from the flexible filament thermoplastic 

polyurethane (TPU). This would allow for the SCDs to be printed in a single step, removing all assembly 

steps while incorporating valving into a compact design. A trade-off compared with Design Idea 3, 

however, was the necessity for more fluidic control components, increasing the power requirements 

and the engineering complexity. A concern for the fluidic control was the formation of air bubbles 

within the heating chamber. Thus, a computational simulation (Two-Phase Flow Modelling) was used 

to analyse the performance of the design, which can be found in section 5.2.5. Another concern was 

the ability to produce functional membrane valves using FDM printing, due to the rigidness of the 

material compared PDMS alternatives. An analysis of the mechanical performance of various 3D 

printing materials was performed (Membrane Valve Designs), which can be found in section 5.3.3. 

 

 
Figure 4.22 – Design Idea 4 (Isometric View) 

The SCD shown in Figure 4.21 is inserted into a moving tray (highlighted light blue), allowing it to interface with the fluid 

control ports. The tray also aligns the sample collection device with the heater block (red). 
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Figure 4.23 – Design Idea 4 

A. Front View – The SCD (grey) aligns between each of the grooves in the heater block (red). Each SCD would also attach to 

a dispenser needle, which would guide the lysate into the PCR tubes. B. Side View – The alignment of the SCD to the heater 

block can be visualised. The heater block sits on either side of the heating chamber, creating uniform heating during use. 

 

 

4.3.6. Final Design Idea 

The design presented in this section served as a functional proof-of-concept for the sample collection 

and preparation device, as establishing a working concept was of paramount importance. This design 

was a culmination of the previous design ideas, with Design Idea 4 serving as the main template for 

this design. The use of external syringe pumps connected into the SPD to control the fluid flow through 

the SCD was retained from Design Idea 4; however, a single bidirectional syringe pump would be used 

to both draw and push the sample through the SCD. This syringe pump was altered from an open 

source model described in Chapter 6 and provided low-cost and accurate fluidic control. 

The SCD (Figure 4.24) would accept a swab sample into the swab receiver, which contained the desired 

volume of a lysis buffer. The use of switch valves was taken from Design Idea 1 (Figure 4.11); however, 

the modified design (see Figure 4.25a) used silicon tubing to directly contact the sample, while the 

main body functioned without direct contact. The valve consisted of a main body with a fixed lower 

pinch ridge, silicon tubing and a lever with an oval shaped moving pinch bar (referred to as the switch 

valve). The silicon tubing was held in place by barbed connectors at either end, preventing movement 

during use. While in its open configuration (Figure 4.25b), the upper pitch bar was at a 45° angle with 

respect to the silicon tubing. The upper and lower pitch bars were not in contact with the silicon tubing 

would be open. As a result, fluid flow was possible through the tubing. While in its closed configuration 

(Figure 4.25c), the switch valve was perpendicular to the silicon tubing and the two pinch bars came 

into contact with each other, pinching the silicon tubing and restricting fluid flow. 
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Figure 4.24 – Final Design Idea, Sample Collection Device 1 (Isometric View, Annotated) 

 

 

Figure 4.25 – Final Design Idea, Switch Valves (Section View) 
A. A schematic of the Switch valve. B. Open Configuration C. Closed Configuration 

1, Silicon Tube Housing (magenta); 2, 1.5 mm inch barbed connector housing (green), 3, Flexible Silicon Tube (black lines, 

dashed); 4, Upper and Lower Pinch Bars (blue and red, respectively) 
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The accompanying SPD can be seen in Figure 4.26. As it is advised to heat the entire sample to 

deactivate the virus, the heating element (Figure 4.27) was moved to either side of the swab receiver 

to allow for heating to be conducted immediately following the insertion of the SCD into the SPD. This 

was in contrast to Design Idea 4, where heating was initiated following the metering of a 1 mL volume 

into a heating chamber. A pair of heater blocks were designed to clamp over either side of the SCD, 

ensuring a uniform dissipation of heat across the sample during the heating process. These heater 

blocks would be secured to a pair of moving jaws, which would move along a pair of guide rods, 

allowing the heater blocks to clamp around the SCD during the heating process and to allow clearance 

to insert and remove the SCD during its loading and discarding, respectively. A computational 

simulation demonstrating the performance of this heating design can be seen in section 5.4.4. 

 

 
Figure 4.26 – Final Design Idea, Sample Preparation Device 

 

 
Figure 4.27 – Final Design Idea, Sample Preparation Device (Upper Section) 
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The syringe pump was then initiated to actuate fluid through the SCD, creating a 1 µL hanging droplet 

at the dispenser needle tip. A high electric potential would be supplied to the dispenser needle to 

overcome the surface tension holding the droplet to the tip of the needle. A design of this 

arrangement can be seen in Figure 4.28. The high voltage electrode was static, while the grounded 

electrode was able to be moved along the z-axis to adjust the strength of the electrical field. This 

feature was included to overcome the limitations of standard droplet production through dripping, as 

shown in section 3.3. A demonstration of this system can be seen in 6.4.1. A computational model 

using electrostatics was also attempted. This can be seen in section 5.2.6.  

 

 
Figure 4.28 – Final Design Idea, Sample Preparation Device (Lower Section) 
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4.4. Chapter Summary 

There were many challenges which were highlighted during the generation of the design ideas. While 

an open-source syringe pump served as a low-cost method to achieve actuation through the device, 

the prevention of backflow presented a major challenge within a low complexity SCD. Many 

commercially available fluidic controls performed on the sub-millilitre scale were expensive, and thus; 

low-cost alternatives had to be designed. For the final design idea, a simple yet effective switch valve 

design was utilised within the SCD to prevent backflow; however, the size of the valves significantly 

increased the overall size. The miniaturisation of the valves would greatly reduce the size of the SCD. 

Another concern was the dead volume within the SCD devices. During the prototyping of the design 

ideas, priming and pumping inaccuracies were observed, as well as non-uniform droplet production. 

This was deemed to be a result of air compressibility and the formation of bubbles within the channels. 

The components which would come into contact with the sample and the chemical reagents needed 

to be fluid and chemical resistant to prevent degradation of either the sample or the components, or 

cross-reactivity with the reagents [399]. By limiting the sections in contact with the sample, the 

number of components requiring replacement would also be reduced. Fluid control components were 

designed to be as non-contact as possible, allowing the contaminated sections to be replaceable 

following use, while the remainder of the device would remain intact.  

A major aim of the designs was to limit the number of components which would come into contact 

with the sample and reagents during operation. Typically, disposable plastic products are preferred, 

as alternatives can contain RNases which can degrade the RNA; however, this increases the amount 

of non-biodegradable waste. Furthermore, the tooling costs rendered many of the manufacturing 

processes inaccessible due to budget concerns. Many thermoplastic polymers, including PMMA and 

PC can crack or craze as a result of insufficient heat treatment. Such polymers require normalising and 

other stress-relieving procedures to be applied during the machining processes, which can greatly 

increase the engineering complexities. While suitable facilities may be available in developed 

countries, these concerns increase in significance following a technology transfer to resource-stressed 

settings.  

The designs presented were developed to be compatible with in house FDM printers to reduce costs 

during the prototyping stage. A substantial amount of optimisation was required when testing new 

materials, resulting in significant delays in progress. Leaks between layers were observed due to weak 

interlayer bonding. Recent FDM approaches have attempted to improve the structural integrity of 

fabricated components. It has been reported that the interlayer bonding may be improved by 
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fabricating parts within a heated enclosure to increase interlayer fusion, improving structural integrity 

[398]. An alternative method employed thermally reversible Diels–Alder reactions to allow the heated 

flow of the polymer, followed by covalent bond formation. This minimised thermal distortion 

associated with non-uniform cooling and also reinforced the interlayer bonding between layers [410]. 

The attempt to improve cross linking between the thermoplastic layers was also attempted by 

exposing the component to ionizing gamma radiation post printing, in order to strengthen the parts 

and reduce anisotropy. This was reported to be successful in the production of PLA devices, where 

thermomechanical properties were increased, as well as the solvent resistance [411].  

Both FDM and SLA printers offer different benefits and challenges; however, both techniques are 

limited by the resolution of the specific 3D printer used. Table 4.2 exhibits the features of common 

FDM and SLA printers. Through a comparison, the discrepancies in individual printer capabilities 

becomes apparent. While each printing technique offered higher and lower end printing abilities, the 

higher and lower costs associated with each option resulted in trade-offs being necessary, particularly 

when fabrication in resource stressed settings was an important aim for the project. This lack of access 

to high-end 3D printers greatly restricted the materials available, particularly for SLA printing. While 

FDM printers are limited by the diameter of the filament, SLA printers are severely limited by the 

choice of resin. A thorough review into biocompatible 3D printing resins has been described elsewhere 

[412]. These resins cure at explicit wavelengths, supplied by specific printers. Thus, further research is 

needed to source biocompatible resins which are compatible with suitable SLA printers. 

 

Table 4.2 – A comparison between commercially available 3D printers 

SLA, Stereolithography; FDM, Fusion Deposition Modelling 

Name Type Build Volume  

(mm) 

z Resolution 

(mm) 

x-y Resolution 

(mm) 

Price 

(USD) 

REF 

Anycubic Photon Mono 4K SLA 132 x 80 x 165 0.01 0.035 $289 [413] 

Anycubic Photon Mono X SLA 192 x 120 x 245 0.01 0.034 $759 [414] 

Elegoo Mars 2 Pro SLA 129 x 80 x 160 0.01 0.035 $289 [415] 

Elegoo Mars 3 SLA 143 x 90 x 165 0.01 0.035 $349 [416] 

Formlabs Form 3+ SLA 145 x 145 x 185 0.025 0.025 $3,499 [417] 

Formlabs Form 3L SLA 335 × 200 × 300 0.025 0.025 $11,999 [418] 

Anycubic 4Max Pro 2.0 FDM 270 x 210 x 190 0.05 0.01 $499 [419] 

Anycubic Chiron FDM 400 x 400 x 450 0.05 0.0125 $479 [420] 

Creality Ender-2 Pro FDM 165 x 165 x 180 0.1 0.01 $169 [421] 

Creality Ender-3 V2 FDM 220 x 220 x 250 0.1 0.01 $262 [422] 

Prusa i3 MK3S+ FDM 250 x 210 x 210 0.05 0.01 $749 [423] 

Ultimaker S3 FDM 230 x 190 x 200 0.02 0.01 $3,850 [424] 

Ultimaker S5 FDM 330 x 240 x 300 0.02 0.01 $6,355 [425] 
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Common power banks typically offer a capacity of 10,000 – 20,000 mAh, with a power output ranging 

from 10 to 18 W. Thus, the SPD power requirements were designed around these criteria. Ultra-high 

capacity power banks are commercially available, with a capacity and power output up to 72,000 mAh 

and 45 W, respectively; however, these options are much scarcer and more expensive.  

In conclusion, this chapter presented a clear and defined set of specifications which were used to 

construct designs which would be validated and optimised computationally, prior to prototyping and 

physical testing. Work conducted in this chapter was exploratory research into an area commonly 

described as the bottleneck of diagnostics. The final design was a culmination of different avenues 

explored based on the literature presented in Chapter 2. Due to the time at which crucial information 

became available, changes to design approaches were necessary to better meet the user’s needs. The 

shift from poultry related infections to SARS-CoV-2 resulted in substantial delays in progression; 

however, allowed for major lessons learned from novel sample preparation techniques to be 

integrated into later designs. Ultimately, the final design served as a proof-of-concept for SARS-CoV-2 

detection, able to prepare samples for LAMP amplification in a single thermal heating step. 

Furthermore, the platform produced 1 µL by utilising an electrical field, allowing for accurate non-

contact droplet production on demand. This simple and low-cost platform may be modified with 

future iterations to include additional preparation steps, building upon this preliminary research 

towards the goal of universal sample preparation.  
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5. Development of a Sample Preparation Platform  

5.1. Introduction 

Following the drafting of the design ideas proposed in Chapter 4, assessing which designs were viable 

and how they could be optimised to improve performance was vital. While prototyping was used to 

analyse certain designs, the high tooling costs required to manufacture, as well as the large order lead 

time to outsource components, imposed restraints which made this option infeasible for others. 

Hence, an alternative solution to assess and optimise the designs was required.  

Finite Element Analysis (FEA) is a computational tool used to perform engineering analysis by 

simulating the behaviour of a component under set conditions [426]. FEA is of particular use when 

analysing problems within complex geometrical systems, or when said systems undergo changes over 

a time period. FEA has been implemented in many fields, including, fluid dynamics, electrostatics, 

structural analysis, and heat transfer, among others. FEA may be used during the developmental stage 

of a project to analyse either individual or an assembly of components with dissimilar material 

properties or complex geometries, allowing for parts to be optimised without needing to create and 

test physical prototypes [427].  

The ensuing chapter of this thesis will report work conducted using the software COMSOL Multiphysics 

5.5, for the purpose of analysing single and multiphase fluid flow, structural bending of a membrane 

valve under an applied boundary load, heat transfer through joule heating, and electrohydrodynamic 

dripping under an applied electrical potential. Results obtained from these designs were used as part 

of an iterative process to improve upon or to neglect the designs which were impractical.  
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5.2. Computational Fluid Dynamics  

5.2.1. An Introduction to Fluid Dynamics 

The more fluid control processes that are integrated into a platform, the more complex the resulting 

platform will be. Computational Fluid Dynamics (CFD) is used to study the flow of fluids and how forces 

affect them. By analysing the properties of a fluid within a system, including the density, pressure, 

velocity, surface tension, temperature, and viscosity, as functions of space and time, practical 

problems within a wide range of applications can be solved.   

 

 

5.2.2. Classifications and Governing Equations 

5.2.2.1. Liquids and gases 

Fluids are classified into liquids and gases. Liquids consist of relatively tightly packed molecules, which 

can be attributed to a higher density. Alternatively, gases consist of loosely packed molecules which 

assume the shape of the vessel they are contained in, resulting in a much lower density.  

 

5.2.2.2. Compressible and incompressible flow  

Fluid density (ρ) is defined as the mass of the object with respect to its volume. Different fluids have 

different densities, influencing their performance within a system. Compressibility is defined as the 

ability of a fluid to change its density due to changes in pressure or temperature. While all fluids are 

theoretically compressible, many liquids will yield negligible changes in density from pressure or 

temperature changes. As a result, they are considered to be incompressible. Thus, the compressibility 

may be expressed as shown in Equation 5.1. Alternatively, due to the vast space between gas 

molecules, they can be easily condensed into a smaller volume. As a result, most gases are considered 

to be compressible [428].  

 

 𝜌 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 Equation 5.1 



Development of a Sample Preparation Platform 

138 | P a g e  

5.2.2.3. Steady vs. unsteady flow 

The fluid velocity (U) is used to monitor the change of the position of a particle in the fluid, with respect 

to time (t). From this, it is possible to assess several fluid properties, such as the volumetric (Q̇), mass 

(ṁ) and momentum (Ṁ) flow rates. The volumetric flow rate assesses the rate to which the fluid 

travels through a given area (A), while the mass flow rate assesses the rate to which the fluid travels 

through an area with consideration of the fluid density. Finally, the momentum flow rate assesses the 

rate to which a fluid travels through a given area, in the direction of the fluid flow [428].  

Fluid flow that does not exhibit changes to its properties within a system over time is known as steady 

flow. Alternatively, unsteady flow (also known as transient or time-dependent flow) pertains to a flow 

where the fluid properties within a system exhibit changes over time. Turbulent flow (explained later 

on) is inherently unsteady by nature; however, if the fluid properties are statistically constant over 

shifts in time, then the flow may be considered to be statistically stationary. Mathematically, steady 

flows may be expressed using the conservation of mass equations shown in Equation 5.2, where u, v 

and w are the fluid velocities in the x, y and z directions, respectively [428]. Should the flow be 

considered unsteady, a compressibility term must be introduced, as shown in Equation 5.3 [428]. 

 

 𝜕𝒖

𝜕𝑥
+
𝜕𝒗

𝜕𝑦
+
𝜕𝒘

𝜕𝑧
= 0 Equation 5.2 
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𝜕𝒗

𝜕𝑦
+
𝜕𝒘

𝜕𝑧
= 0  Equation 5.3 

 

Within a system where external forces are considered to be negligible, it is possible to express steady 

and unsteady flows by using the Navier-Stokes equations, as shown in Equation 5.4, Equation 5.5 and 

Equation 5.6, respectively [428]. 
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5.2.2.4. Newtonian vs. Non-Newtonian Fluids  

Forces which act normally to a fluid surface are known as pressure forces, while forces which act 

tangentially to the fluid surface are known as shear stresses. The rate at which a fluid will deform is 

dependent on the magnitude of the force applied to it, as well as the fluid’s resistance to deformation. 

This is known as the fluid viscosity (μ). The more viscous a fluid, the more force is required to generate 

fluid flow. While all fluids are viscous, Newtonian fluids exhibit a linear relationship between the 

velocity gradient and the strain rate (τ), shown in Equation 5.7 [428]. In contrast, non-Newtonian fluids 

exhibit a non-linear stress-strain behaviour dependent on the individual fluid’s rheological properties.  

 

 
𝜏 = 𝜇

𝑑𝑢

𝑑𝑦
 [s-1] Equation 5.7 

 

5.2.2.5. Laminar vs. turbulent flow 

Laminar flow occurs at low velocities, where the fluid flows without mixing between parallel layers. 

As a result, the flow characteristics and predictable. Alternatively, turbulent flow is the “apparent 

randomness” as a result of instabilities caused by recirculation and eddies. In contrast, turbulent flow 

does not travel in ordered parallel layers, but in chaotic fluctuations leading to sporadic changes in 

velocity and pressure with respect to space and time that can be estimated using the Navier-Stokes 

equations. For liquids, the classification of these flows can be determined by the Reynolds number 

(Re), as shown in Equation 5.8, where D is the diameter of the pipe [428]. In liquids, Reynolds numbers 

below 2000 are considered to be laminar, while Reynolds numbers above 4000 are considered to be 

turbulent; however, flow close to the walls of the pipe may still be laminar. For Reynolds numbers 

between 2000 and 4000, the both laminar and turbulent properties will be exhibited.  

 

 
𝑅𝑒 =

𝜌𝑈𝐷

𝜇
 [Pa] Equation 5.8 

 

5.2.2.6. Inviscid vs. Stokes flow  

The Reynolds number is the ratio between the inertial and viscous effects acting on the fluid. In typical 

steady state flows with Reynolds number is significantly greater than 1, the inertial effects will have a 

greater effect on the fluid than the viscous effects. As a result, the flow may be considered to be 

inviscid, allowing for viscous effects to be neglected. For extreme cases where the Reynolds number 
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is significantly smaller than 1, Stokes flow (also known as creeping flow) occurs. In this case, the strong 

viscous forces dominate over the inertial effects. As a result, the inertial effects may be neglected. It 

is common in CFD modelling to utilise models which neglect the viscous forces further from the wall 

of the system, while utilising specific equations within the region close to the wall known as the 

boundary layer, where viscous forces are dominant.  

 

5.2.2.7. Surface Tension 

The tendency for a fluid to retain its droplet shape over a flat surface is known as the surface tension 

(γ). Liquids with a high surface tension will retain their spherical shape, while liquids with a low surface 

tension will flatten. Larger droplets tend to have a higher surface tension, due to being more receptive 

to gravitational effects. The importance of viscosity and surface tension increases as the scale of the 

fluid flow decreases, eventually becoming the dominant force acting on the liquid [428]. 

As surface tension acts around the entire surface of a droplet and is opposed by pressure forces inside 

the droplet above ambient pressure. Both of these forces may be represented by the following 

expressions, where d is the diameter of the droplet, pi is the pressure within the droplet, p0 is the 

ambient pressure and A is the area over which the pressure is exerted: 

 

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 𝑎𝑐𝑡𝑖𝑛𝑔 𝑎𝑟𝑜𝑢𝑛𝑑 𝑡ℎ𝑒 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝛾 ∙ 𝜋𝐷 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑓𝑜𝑟𝑐𝑒 𝑒𝑥𝑒𝑟𝑡𝑒𝑑 𝑜𝑛 𝑡ℎ𝑒 𝑎𝑟𝑒𝑎 = ∆𝑝 ∙ 𝐴 = (𝑝𝑖 − 𝑝0) ∙
𝜋𝐷2

4
 

 

By assuming that these forces are in equilibrium, they may be equated to each other, resulting in the 

following expression: 

 

(𝑝𝑖 − 𝑝0) ∙
𝜋𝐷2

4
= 𝛾 ∙ 𝜋𝐷 

 

Rearrangement and simplification results in the expression shown in Equation 5.9. It can be concluded 

from this expression that the pressure intensity decreases as the size of the droplet increases.  

 

 
∆𝑝 =

4𝛾

𝐷
 [Pa] Equation 5.9 
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5.2.2.8. Contact Angle and Wettability  

Wetting is the ability of a liquid to maintain contact with a solid surface. The magnitude of wetting, 

known as the wettability, is characterised by the contact angle (θ), defined by the angle formed where 

a liquid, solid surface and vapour medium interact. The contact angle provides an indication of the 

surface properties, mainly, its cleanliness, its adhesiveness, the homogeneity of a surface coating, and 

the effectiveness of other surface modifications. There are three interfacial forces acting at the three-

phase intersection as shown in Figure 5.1. By measuring the three-phase intersection of a droplet, the 

contact angle may be determined [429]. 

 

 

Figure 5.1 – Contact Angle [430] 
γSG, solid-gas surface tension; γSL, solid-liquid surface tension; γLG, liquid-gas surface tension; θ, contact angle 

 

The contact angle is determined by performing a balance between adhesive and cohesive forces using 

the Young equation shown in Equation 5.10, where γSG is the solid-gas surface tension, γSL is the solid-

liquid surface tension and γLG is the liquid-gas surface tension [431]. As the contact angle of a fluid 

within a system are influenced by changes in temperature and pressure, it is assumed that the three 

interfacial forces are thermodynamically stable.  

 

 γ𝑆𝐺 = γ𝑆𝐿 + 𝛾𝐿𝐺 cos𝜃 [N/m] Equation 5.10 

 

By modifying the Young equation (Equation 5.11), the contact angle can be calculated [430]. 

 

 cos(𝜃) =
γ𝑆𝐺 − γ𝑆𝐿
γ𝐿𝐺

 [°] Equation 5.11 
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Water droplets on a surface may be characterised based on the resulting contact angle. For contact 

angles less than 90°, a surface is considered to be hydrophilic, indicating a high wettability. For contact 

angles larger than 90°, a surface is considered to be hydrophobic, indicating a low wettability. In cases 

where the contact angle exceeds 150°, the surface may be considered as superhydrophobic [432]. 

The contact angle is dependent on the rheological properties of the liquid, the inclination and 

roughness of the solid surface, and the properties of the ambient gas medium above the free surface 

of the liquid. The contact angle is also extremely susceptible to surface contamination and is typically 

only reproducible within an accuracy of a few degrees within laboratory conditions [433]. 

 

 

5.2.3. Individual Tesla Valve Design  

5.2.3.1. Introduction  

A Tesla valve (Figure 5.2) is a no moving parts (NMP) passive valve with an anisotropic flow resistance, 

designed by Nikola Tesla in 1920 [434]. This valve utilises a fixed geometry which encourages the fluid 

to flow freely along the path of least resistance in one direction (forward flow) while forcing the fluid 

to diverge and converge on itself in the opposite direction (reverse flow), generating high frictional 

forces where the two flows converge. This results in the fluid being allowed to flow freely in one 

direction, but not in the opposite. When combined with an oscillating static pressure able to draw in 

and expel fluid from the valve, a positive net flow rate can be generated in the desired (forward) 

direction. The main advantages to the Tesla valve are the lack of moving parts involved with the 

design, simplifying fabrication steps [435]. These valves are also less sensitive to particulates 

compared to conventional valves, making them beneficial in the field of microfluidics, where the 

ability to control the transport fluids containing particles may be needed [436].  
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Figure 5.2 – Geometry of a T45a Tesla Valve 

 

The performance of the Tesla valve is determined by the ratio between the pressure drops in the 

reverse and forward flow directions, known as the diodicity (Di). This relationship can be seen in 

Equation 5.12, where Δpr and Δpf are the pressure drops corresponding to flow in the reverse and 

forward flow directions, respectively. For a working valve, the pressure drop in the reverse flow 

direction is greater than that the forward flow direction, resulting in a diodicity value greater than 1. 

A higher diodicity signifies a higher quality of Tesla valve. A diodicity between 1 and 2 is expected 

based on a review of literature [437]; however, values up to 4 have been reported [438,439]. In the 

case for low flow rates (Re < 10), the inertial effects will become negligible, and as such, the diodicity 

will become 1, causing the valve to fail. In the case of high flow rates (Re < 1000), transient flow effects 

will be introduced. Thus, it is advised to use a moderate flow rate (100 < Re < 900) for valve analysis 

and optimisation [435].  

 

 
𝐷𝑖 =  

∆𝑝𝑟
∆𝑝𝑓

 Equation 5.12 

 

5.2.3.2. Problem Description 

The aim was to design, simulate and compare various Tesla valve geometries using CFD. The valves 

were modelled using Solidworks 2018 (Dassault Systèmes, Vélizy-Villacoublay, France), which were 

imported into COMSOL Multiphysics 5.5 (COMSOL AB, Stockholm, Sweden) for analysis. A 2D 

stationary single-phase flow study was conducted for each of the 5 valve designs at specified flow 

rates and the velocity and pressure values both upstream and downstream of the valve were 

recorded. These values were used to calculate the Reynolds number and diodicity for each valve, 

allowing for a comparison in performance.  
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The geometry of the T45a-type Tesla valve (Figure 5.3) was designed based on methodologies shown 

in section 8.3.1, adapted from works by Truong and Nguyen [440], which was then adapted to produce 

the T45c, TMW and GMF-type valves. The D-type valve was designed based on work reported by De 

Vries et al. [441]. The variations between the channel geometries upstream and downstream of the 

valve were minimised to keep the fluid flow within the channels consistent, allowing the effect of the 

geometry on the fluid flow to be assessed. Furthermore, inflow and outflow measurements could be 

taken at consistent locations to ensure accurate results. Finally, a converging inlet and a diverging 

outlet of the same dimensions was added to each valve, creating common inflow and outflow 

parameters and allowing the flow to become fully developed prior to entering the valve. This created 

common points within the designs where pressure and velocity profiles could be measured.  

 

 
Figure 5.3 – T45a Tesla Valve Geometry with added inlet and outlet features 

The cut line at point 1 indicated the inlet for forward flow and the cut line at point 2 indicated the inlet for reverse flow. 

 

5.2.3.3. Numerical Simulation  

The model was setup as a 2D single-phase laminar flow model to be studied as a stationary flow 

problem, using water (ρ = 1000 kg/m3, μ = 1 mPa∙s) as the fluid within the domain, assumed to be 

incompressible. The valves were imported as .dxf files into COMSOL Multiphysics 5.5. The boundary 

conditions for the inlet and outlet were specified which would simulate forward flow conditions within 

the valve. For the inlet, a normal inflow velocity of 0.005 m/s was used, increasing in increments of 

0.005 to 0.05 m/s. For the outlet, a pressure outlet of 0 Pa was used. No-slip wall conditions were 

applied to simplify the model. The computed velocity and pressure plots were observed and a 1D plot 

group was used to generate velocity and pressure plots at points 1 and 2, which were exported for 

further analysis. The simulation was then repeated, with the boundary conditions set for reverse flow.  
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5.2.3.4. Results and Discussion  

In the forward flow velocity profiles, the bulk of the fluid is observed to travel through the inlet (Figure 

5.4) and into the main (straight) channel, while a portion is drawn into the side (curved) channel. The 

two flows are observed to converge at the junction at near to parallel streamlines, resulting in little 

impact on the fluid flow at the outlet (Figure 5.5). For the reverse flow velocity profiles, the bulk of 

the fluid is observed to be diverted from the inlet (Figure 5.6) and into the side channel, while the 

remainder of the fluid flow travels through the main channel. When the two flows converge at the 

junction (Figure 5.7), the streamlines are observed to interact at a close to perpendicular angle to each 

other, resulting in a restriction in the flow. This difference becomes more apparent at increased 

Reynolds numbers. This is not observed to the same magnitude for the TMW valve.  

 

  
Figure 5.4 – Forward velocity flow profile within a T45a 

Tesla valve at point 1 (V= 50 mm/s) 

Figure 5.5 – Forward velocity flow profile within a T45a 

Tesla valve at point 2 (V= 50 mm/s) 

 

 
 

  
Figure 5.6 – Reverse velocity flow profile within a T45a 

Tesla valve at point 2 (V= 50 mm/s) 

Figure 5.7 – Reverse velocity flow profile within a T45a 

Tesla valve at point 1 (V= 50 mm/s) 
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The difference between the pressure drop in the reverse and forward flow directions were used to 

calculate the diodicity for each valve, shown in Figure 5.8. Among the five designs, the T45c-type valve 

had the best performance, followed by the D-type, the GMF-type, the T45a followed by the TMW-

type valve. Images demonstrating the performance of each valve can be seen in sections 8.3.2 – 8.3.6. 

 

 
Figure 5.8 – Plot of diodicity against the Reynolds number for each valve type 

 

To determine a reference point for the following assessments of the T45c Tesla valve design, a mesh 

independence study was performed for both forward and reversed flow. Physics-controlled meshes 

with ranging from “extremely coarse” to “extremely fine” were used, corresponding to element sizes 

from 409 to 22,638 elements. A plot of the maximum velocity against the element size was generated, 

which can be seen in Figure 5.10. The forward flow solution obtained mesh independence at 

approximately 5,000 elements, corresponding with the finer mesh. The reverse flow solution obtained 

mesh independence at approximately 20,000 elements, corresponding with the extremely fine mesh.  

 

 

Figure 5.9 – Mesh Sizes at point 2 for the T45c Tesla valves 
A, Extremely coarse; B, Extra coarse; C, Coarser; D, Coarse;  

E, Normal; F, Fine; G, Finer; H, Extra Fine  
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Figure 5.10 – Maximum velocity convergence plot for the T45c Tesla valve 
Mesh independence was obtained at approximately 5000 elements for the forward flow profiles 

 

 

5.2.4. Tesla Valve Simulation 

5.2.4.1. Numerical Simulation 

Based on the results reported in section 5.2.3, the T45c-type Tesla valve design was used as a template 

for a 2D transient single-phase flow simulation using an extremely fine mess to assess the functionality 

of the SCD described in section 4.3.4. The model was adapted from the simulation of a MEMS 

micropump mechanism described elsewhere [442]. A multi-stage Tesla valve design (Figure 5.11) was 

designed using Solidworks 2019, which was exported into COMSOL Multiphysics 5.5. 

The flow rate at the left (inlet) and right (outlet) of the model were calculated using two boundary 

integration coupling components, with a net volume determined by calculating the difference 

between these two values. An inflow velocity from 10 – 50 mm/s was used, in increasing increments 

of 10 mm/s. To obtain a flow rate, a domain thickness of 0.5 mm was used, matching the channel 

thickness for the proposed SCD. For simplification, an oscillating pump mechanism (reciprocating 

input) was used to simulate pumping, omitting the necessity to model a moving input. The oscillating 

pump mechanism allowed for the pressure at the reciprocating input to vary sinusoidally over a 1 

second period, allowing for both cases of priming and discharging to be observed. The simulation was 

performed over a duration of 2 seconds, allowing for two full oscillations. 

 

0

0.4

0.8

1.2

1.6

2

0 5000 10000 15000 20000 25000

M
ax

 V
el

o
ci

ty
 (

m
/s

)

Number of Elements

Mesh Convergence Plot

Reverse Flow Forward Flow



Development of a Sample Preparation Platform 

148 | P a g e  

 
Figure 5.11 – Geometry of a multi-staged Tesla Valve design 

 

5.2.4.2. Results and Discussion 

The downstroke action occurs between 0 – 0.5 and 1 – 1.5 seconds, signifying when fluid is pushed 

from the sinusoidal input into the Tesla valves. Figure 5.12 shows a solution at time 0.25 seconds when 

the magnitude of the downstroke is at its maximum. During the downstroke, it is shown that the fluid 

flows more easily from the sinusoidal output towards the outlet along the main channel, than towards 

the inlet, where the two diverging flow paths act against each other at the junction. The upstroke 

action occurs between 0.5 – 1 and 1.5 – 2 seconds, signifying when fluid is drawn from the Tesla valves 

and into the sinusoidal input. Figure 5.13 shows a solution at time 0.75 seconds when the magnitude 

of the upstroke is at its maximum. During the upstroke, the fluid is drawn more easily through the 

inlet and through the main channels towards the sinusoidal input when compared to fluid drawn 

through the outlet, where the diverging flow paths act against each other. The result of this action 

yields a net flow rate from the inlet to the outlet.  
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Figure 5.12 – Velocity flow field during the downstroke action (t = 0.25s; V= 50 mm/s) 

 

 

 
Figure 5.13 – Velocity flow field during the upstroke action (t = 0.75s; V= 50 mm/s) 

 

A comparison between the net volumes pumped from left to right at different inflow velocities can be 

seen in Figure 5.14. There is a sinusoidal variation to the curve with increasing and decreasing 

gradients corresponding to the downstroke and upstroke actions, respectively. Times between 0.5 – 

1 and 1.5 – 2 have the highest gradient, corresponding with the upstroke. It can be concluded that a 
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greater volume of fluid is being drawn into the SCD through the inlet in comparison to the outlet, 

signifying the valve design to work as intended. Times between 0 – 0.5 and 1 – 1.5 have a lower 

gradient, corresponding with the downstroke. It can be concluded that there is a smaller difference 

between the fluid travelling through the inlet and outlet during this time span, indicating some 

backflow towards the inlet. An assessment of the velocity profile at 10 mm/s (Figure 5.15) shows that 

there are instances of decreasing net flow, confirming backflow. The range of the Reynolds numbers 

assessed were within the range of 5.61 and 28.1, significantly lower than the advised flow rate [435]. 

Due to issues with the software, it was observed that Reynolds numbers above 64.6 would fail to 

converge, significantly lower than the advised flow rate.  

 

 
Figure 5.14 – Net Volume pumped from left-to-right (0 – 2 seconds) 

 

 
Figure 5.15 – Net Volume pumped from left-to-right (0.48 – 0.6 seconds) 
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It was discovered during a review of literature that under multiphase conditions, air bubbles can form 

within the side channels, diverting fluid flow into the main channel [443]. This claim was also 

supported by work by De Vries et al., who reported bubble formation in the side channel for forward 

and reverse flow conditions [441]. In light of these findings, the priming of the pumping system was 

determined to be unreliable, and thus, a decision was made to progress from this design to Design 

Idea 4. Possible future work for this design include the modelling of multiphase fluid flow through the 

device and topology optimisation. Multiphase modelling is crucial to determine how the valve will 

perform during priming conditions and how air within the device following priming may affect the 

performance. It should be noted that the valve designs used for sections 5.2.3 and 5.2.4 were not 

optimised, and thus, the next logical stage would be to perform topology optimisation to minimise the 

valve size and maximise diodicity.  

 

 

5.2.5. Two-Phase Flow Modelling 

5.2.5.1. Problem Description 

As previously discussed in section 4.3.5, fluid was to be drawn into a heating chamber from the sample 

inlet and then expelled through an outlet from the heating chamber using a syringe pump as a driving 

mechanism. A concern was the formation of bubbles as liquid displaces the air within the channels, a 

common issue in microfluidic applications, also noted in section 5.2.4.2. While physical modelling may 

be used to assess the formation of bubbles within the internal channels, this approach can prove 

expensive, particularly when redesigns are necessary. Thus, a computational model was generated to 

assess the fluid flow through the cartridge.  

The computational model was developed on COMSOL Multiphysics 5.5 (Figure 5.16), which was used 

to simulate two cases. The first case (Figure 5.17) simulated the drawing of the liquid from the sample 

inlet and into the heating chamber using negative pressure supplied from the pump port, with the 

membrane valve between the heating chamber and the outlet used to prevent airflow into the 

cartridge. The second case (Figure 5.18)  simulated the ejecting of the fluid from the heating chamber 

and out of the outlet using positive pressure supplied from the pump port, with the membrane valve 

between the sample inlet and the heating chamber preventing backflow.  
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Figure 5.16 – Comparison between computational models Designed for Design Idea 4 

A. 2D geometry designed on COMSOL Multiphysics 5.5  B. 3D CAD model designed in Solidworks 2020. 

The control channels for the valve controls were not included in the for the computational simulation as they were 

unnecessary for simulating the fluid flow through the cartridge. 

 

The geometry was imported from Solidworks 2020. Akin to the tesla valves presented in section 5.2.3, 

the width of the channels was 0.5 mm. To simulate the closed valve, a circle with a diameter 40 µm 

smaller than that of the membrane valve was added to the model at the centre of each valve, 

representing the flexible membrane coming into contact with the base of the valve. The clearance 

around the “closed valve” would be used to assess if air would be drawn into the cartridge in case 1 

and if backflow would occur from the heating chamber into the sample inlet in case 2. In a real-life 

situation, contact would occur during the closing of a valve; however, for this model, the 40 µm 

difference was used to create an offset to preserve the fluid-domain topology while preventing any 

significant flow.  

For case 1, the height of the liquid was set to simulate 1 mL of fluid being present in the swab inlet. 

Valve 1 was set to “open” by retaining the area within the circle, while valve 2 was set to “closed” by 

removing this area with the difference function in COMSOL. For case 2, the domains connecting the 

sample inlet to the pump port were assumed to be completely filled with only liquid and the fluid 

within the swab inlet was assumed to have been drawn into the channels. The settings of valves 1 and 

2 were set to “closed” and “open”, respectively, through a similar method as described for case 1.  
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5.2.5.2. Numerical Simulation 

A 2D, transient two-phase laminar flow with level set model was used. In both cases, water (ρ = 1000 

kg/m3, μ = 1 mPa∙s) and air (ρ = 1.225 kg/m3, μ = 0.01789 mPa∙s) were used as the fluids within the 

simulation. As the thickness of the channels, heating chamber and membrane valves were 0.5 mm, 

the model could be simulated along a 2D plane to conserve computational power. High pressure 

values were chosen to simulate flow rates at the upper limits of which a commercially available syringe 

pump would be able to provide, which would be the conditions most likely to yield errors. For case 1 

(Figure 5.19), the three boundaries were defined. Inlet 1 and Inlet 2 were set as a pressure inlet at 

atmospheric pressure, to simulate the function of the device at ambient conditions. As shown in Figure 

5.17, the outlet was set to -1 kPa, to simulate the negative pressure supplied by the syringe pump. For 

case 2 (Figure 5.20), Outlet 1 and Outlet 2 were set as pressure outlets at atmospheric pressure, while 

inlet 1, as shown in Figure 5.18, was set to 0.5 kPa. No-slip wall conditions were applied to simplify the 

model and to reduce computational power.  

 

  
Figure 5.17 – 2D Model of Case 1 

The two fluids are water (blue) and air (grey) 

Figure 5.18 – 2D Model of Case 2 

The two fluids are water (blue) and air (grey) 

 
 

  
Figure 5.19 – Definition of Inlets and Outlets for Case 1 Figure 5.20 – Definition of Inlets and Outlets for Case 2 
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The level set method defined the interface between the two fluids using a level set function derived 

from the convection equation shown in Equation 5.13, where φ is the level set function and u is the 

velocity field. The function changes as it moves along the fluid velocity with respect to time. When 

coupled with the Volume of Fluid method (VoF), it can discriminate between the fluids within a domain 

[444]. At φ = 1, the domain is completely filled with fluid 1; and at φ = 0, the domain is completely 

filled with fluid 2. Cells with an interaction between the two fluids are defined by 0 < φ < 1. For this 

model, air was defined as φ = 0, while water was defined by φ = 1. The two-phase flow, level set 

Multiphysics module was then used to couple the laminar flow fluid model to the level set moving 

interface. Surface tension was included for the model, defined by a liquid/gas interface of water/air.  

 

 𝑑φ

𝑑𝑡
+ 𝒖 ∙ ∇φ = 0 Equation 5.13 

 

A physics-controlled mesh with a fine mesh size was used, shown in Figure 5.21. The use of a physics-

controlled mesh allowed for the correct mesh density to be estimated. The size of the mesh elements 

can be seen to decrease at the entrance to the first microchannel (Figure 5.21b) and at the entrance 

and exit channels to the trapezoidal chamber (Figure 5.21c). The mesh at the open and closed 

membrane valves (Figure 5.21d and Figure 5.21e) also contained very small element sizes due to the 

geometric design of the valves, leading to an increase in time taken to achieve a solution. A time 

dependent study was used, solving between 0 and 0.75 seconds with a time step of 0.01 seconds. The 

simulation was run, calculating for velocity, pressure and volume of fluid fraction. 

 

 
Figure 5.21 – Mesh refinement using a Physics-controlled Mesh (Element Size Fine) 

A. Whole Mesh  B. Sample inlet C. Trapezoidal heating chamber D. Open valve E. Closed valve 
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5.2.5.3. Results and Discussion 

Case 1 

The results for case 1 can be seen in Figure 5.22. At 0.03 seconds, the liquid can be seen travelling 

from the sample inlet and passing through the open valve. At 0.07 seconds, the liquid enters into the 

trapezoidal heating chamber. The interaction of the liquid with the channel along the right-hand side 

results in an imbalance of entry along the trapezoidal chamber (0.16 seconds), resulting in a formation 

of a bubble at 0.28 seconds above the channel. At 0.62 seconds, the liquid reaches the outlet. It was 

observed that a second air bubble had formed in the top left-hand side of the trapezoidal chamber. 

Both air bubbles remained until the end of the simulation, at 0.75 seconds. There was no observed 

flow of liquid from the trapezoidal chamber in the direction towards the closed valve. Figure 5.23 

depicts the pressure gradient across the closed valve. An averaged pressure plot was taken on either 

side of the closed valve, shown in Figure 5.24. As suction was supplied from the syringe pump 

upstream of the valve, a decrease in pressure to a maximum of -1.01 kPa was observed. At 0.28 

seconds, the pressure increased rapidly to -0.63 kPa, coinciding with the fluid reaching the end of the 

trapezoidal chamber. The pressure downstream of the valve remained constant at gauge pressure, 

indicating no interaction between the channels on either side.  

 

 
Figure 5.22 – Volume fractions of fluid for Case 1 (t = 0 – 0.75s) 
Refer to the figure legend for interpretation. 0 = water, 1 = air 
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Figure 5.23 – Pressure Plot across the closed valve for Case 1 

The active section of the channel (blue) varied in pressure, while the inactive section of the channel (red) remained constant, 

demonstrating the successful restriction of significant airflow across the valve 

 

 
Figure 5.24 – Averaged pressure plot taken on either side of the closed valve (Case 1) 

The red line represents the fluid flow across the inactive side of the pump, while the blue line represents the fluid flow 

across the active side of the pump 
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Case 2 

The results for case 2 can be seen in Figure 5.25. At 0.04 seconds, the liquid can be seen travelling 

from the heated chamber and along the serpentine path leading towards the open valve, reaching the 

open valve at 0.07 seconds. The air can be seen to displace the liquid in the trapezoidal chamber. At 

0.15 seconds, an imbalance in the profile of the fluid meniscus can be observed in the heating 

chamber. This imbalance increases until 0.24 seconds, where the meniscus begins to flatten. At 0.7 

seconds, the bulk of the liquid has been displaced from the heating chamber. There was no observed 

increase in height of the fluid into the sample inlet, and thus, in can be determined that there was no 

backflow through the closed valve. 

Figure 5.26 depicts the pressure gradient across the closed valve. An averaged pressure plot was taken 

on either side of the closed valve, shown in Figure 5.27. As the liquid was pumped in the direction of 

the closed valve, a rapid increase in pressure to 0.5 kPa was observed. At 0.04 seconds, a slight 

decrease in pressure across the active channel was observed as the liquid was diverted in the direction 

of the closed valve. For the remainder of the simulation, the pressure across the active channel 

remained constant at 0.5 kPa. Slight perturbations were detected in the inactive channel, however, 

the pressure remained relatively consistent at gauge pressure.  

 

 
Figure 5.25 – Volume fractions of fluid for Case 1 (t = 0 – 0.75s) 

Refer to the figure legend for interpretation. 0 = water, 1 = air 
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Figure 5.26 – Pressure Plot across the closed valve for Case 2 

The active section of the channel (red) increased in pressure from time 0.01 – 0.04 seconds, while the inactive section of the 

valve (blue) remained constant. The increase in pressure along the channel on the right-hand side of the trapezoidal 

chamber indicated that the valve diverted the fluid flow. 

 

 

 
Figure 5.27 – Averaged pressure plot taken on either side of the closed valve (Case 2) 

The red line represents the fluid flow across the active side of the pump, while the blue line represents the fluid flow across 

the inactive side of the pump 
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The aim was to study the impact of the valves on the fluid flow. A multiphase simulation of fluid flow 

through the cartridge design for 2 cases was conducted. The simulation revealed that the valve design 

proposed in section 4.3.5 would work for both filling the heating chamber and dispensing a discreet 

volume. While the results from case 2 were useful for demonstrating the ability of the valves to 

prevent liquid backflow from the heating chamber into the sample inlet, the results for case 1 were 

more substantial, as they demonstrated the ability of the valve to restrict airflow into the cartridge, 

which would have a greater impact on the pumping performance and the total volume drawn into the 

heating chamber. Due to the progression from this design to the final design idea, no further work 

was conducted on this simulation. Future works would include mesh refinement and the assessment 

of mesh independence.  

 

 

5.2.6. Electrohydrodynamics 

5.2.6.1. Problem Description 

Many technologies require the dispensing of liquids on a micro or nanolitre scale in a precise and 

controlled manner. This is difficult to achieve, as the resistance caused by both the fluid viscosity and 

surface tension must be overcome, which requires either a large amount of energy or the integration 

of complex components [445]. While several thermal [446] and piezoelectric inkjet [447] methods are 

available, the small variation in the physical properties of the liquids hinders the direct application of 

these methods.  

Electrohydrodynamic (EHD) spraying of liquids is a technique in which a high electrical potential is 

applied to the surface of a liquid continuously flowing through a thin metal capillary [448,449]. This 

electrical potential creates a shear stress, which causes the meniscus formed at the outlet of a capillary 

to elongate. This elongation expands and forms a conical shape, eventually causing the droplet formed 

at the capillary to detach [449]. Droplets created by EHD can be smaller than 1 μm in diameter [450]. 

EHD is governed by the physical properties of the liquid, such as surface tension, viscosity, density, 

and conductivity; as well as the physical properties of the device, such as the diameter of the capillary, 

the electrical potential, the dielectric strength of the ambient medium, and the liquid flow rate 

[449,450]. In ambient air, a potential difference of several kilovolts is required between the metal 

capillary and a grounded electrode with a difference of several centimetres [449,451].  
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EHD spraying can be conducted in several “modes” by changing either the voltage or flow rate. These 

modes are characterised by the changes in the geometrical form in which the liquid is expelled from 

the capillary. The main spraying modes are dripping and spindle modes, in which fragments of the 

liquid are released from the capillary; and jet mode, in which a continuous stream is released from the 

capillary. These modes are typically sustained within a certain voltages or flow rates and will abruptly 

change into other modes, or a combination of modes, should they stray outside of these ranges 

[449,450]. Due to the requirement of the project, only dripping modes will be discussed.  

While the weight of the droplet typically overcomes capillary forces in natural dripping, a voltage may 

be supplied as a supplementary electrical force to overcome the capillary force, resulting in the 

production of much smaller droplets typically at regular time intervals [448,450]. This process is known 

as field enhanced dripping. The electric potential can be increased to reduce the droplet diameter and 

increase the dripping frequency; however, the mode will transition into a jet mode beyond a given 

voltage. This transition to jet modes can be offset by increasing the flow rate [452]. This increase will 

not increase the droplet diameter, but will increase the dripping frequency [451]. For viscous liquids, 

the droplet will remain connected to the meniscus by a thin thread, which will break and fragment 

into smaller (satellite) droplets upon the detachment of the main droplet [449].  

For low flow rate configurations using liquids with a dielectric constant below 10-6 S/m, a micro 

dripping mode of EHD will occur, in which droplets smaller than the diameter of the capillary (ranging 

from single to hundreds of micrometres in diameter) will continuously be formed at the apex of the 

stable liquid meniscus [449,450]. The droplets will increase in size as the liquid accumulates before 

separating from the meniscus, allowing the cycle to begin again [449]. In contrast to the standard 

dripping mode, the meniscus does not contract towards the capillary following droplet separation 

[448]. However, similar to the standard dripping mode, the frequency and volume of the individual 

droplet production can become uniform under the right conditions, with up to tens of thousands of 

droplets being produced per second [449]. For viscous liquids, a short filament will form between the 

micro droplet and the meniscus; however, unlike the standard dripping mode, no satellite droplets 

are produced when the droplet is detached [450].  

As demonstrated in section 3.3, a droplet size experiment was setup to determine the achievable size 

of droplets through standard dripping using commercially available dispenser needles. The average 

droplet volumes ranged from 6.24 to 35.23 μL, significantly larger than the desired droplet volume of 

1 μL. Thus, for the purpose of creating precise and highly controllable micro droplets, a non-contact 

EHD dripping device was devised, based on work by Speranza et al. [451,452] and Lee et al. [453]. A 

metal dispenser needle (henceforth, referred to as a capillary) was attached to a high voltage power 
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supply. An electrical potential of several kilovolts was applied to the needle, with respect to a 

grounded metal plate which was located a distance below the capillary. This distance would be 

adjustable using a Z-stage controller, as described in other works [453]. The resulting electrical field 

would elongate and break the meniscus of a liquid droplet formed at the outlet of the capillary, causing 

it to detach. The liquid would be supplied to the capillary using an external fluid flow control. A simple 

schematic demonstrating the setup used can be seen in Figure 5.28. Despite several attempts to 

configure the model, all attempts to run the simulation of the EHD configuration failed to compute.    

 

 
Figure 5.28 – Electrohydrodynamic Dripping Arrangement 

D = grounded electrode hole diameter; Fe = electrostatic force; Fg = force (gravity); Fst = force (surface tension); R = needle 

radius, V = high voltage input, W = droplet diameter (neck); Z = distance between needle and grounded electrode 

 

5.2.6.2. Numerical Description 

An EHD simulation was devised based on models produced by Collins et al. [454] and Ouedraogo et 

al. [455]. The simulation was modelled using the Electric Currents and Laminar Two-Phase Flow (Level 

Set) physics modules in COMSOL Multiphysics 5.5. The geometrical configuration (Figure 5.29) was 

designed based on the works of Speranza et al. [451,452], models designed by Singh and Subramanian 

[456]. The model simulated a liquid droplet being expelled from a capillary and through ambient air, 

assisted by an electric field, as shown in Figure 5.28. The orientation of the capillary axis was selected 

to be parallel to the direction of the gravitational acceleration, allowing the fluid flow to be modelled 
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in the direction parallel to gravity. This allowed the flow of the droplet to be simulated using axial 

symmetry about the z-axis, reducing the problem to a 2D axisymmetric model, which reduced the 

computational requirements. 

 

 

Figure 5.29 – Front View of the EHD Model Geometry (taken from COMSOL Multiphysics 5.5) 

The two fluids used for this study are water (blue) and air (grey) 

 

The valves used to define the parameters of the EHD simulation can be seen in Table 5.1. The 

parameters for the capillary were determined using the valves of a 25-gauge dispenser tip needle 

which was presented in section 3.3.3 (Table 3.3). The distance between the electrode and the capillary 

(Z) was set to 3 mm, providing an electric field strength of 1 kV/mm under an applied potential (E0) of 

3 kV. The fluid velocity (U_out) was defined based on the area of the capillary and the flow rate 

(Q_out), allowing a 1 µL droplet to be dispensed over a 1 second period.  

 

Table 5.1 – Geometry and Fluid Parameters used for the setup of the EHD model 

Name Description Expression 

D_i Inner Diameter, Needle 0.25[mm] 

D_o Outer Diameter, Needle 0.51[mm] 

r_i Inner Radius, Needle Di_n/2 

r_o Outer Radius, Needle Do_n/2 

A_i Inner Area (Needle) pi*(Ri_n^2) 

A_o Outer Area (Needle) pi*(Ro_n^2) 

Q_out Flow Rate 1[mm^3/s] 

U_out Outlet Velocity Q_out/A_n 

E0 Electric Potential 3[kV] 

Z Distance (Needle-Electrode) 3[mm] 

kappa Conductivity 8.05e-6[S/m] 
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Two piecewise functions were used to define the fluid flow (pw1) and electric potential (pw2) within 

the model, shown in Table 5.2 and Table 5.3, respectively. Between time 0 – 1 seconds, the fluid flow 

would supply a droplet at a velocity of U_out, defined in Table 5.1. At 1.0 seconds, the flow would turn 

off, leaving a pendant droplet suspended from the dispenser needle tip. At a time of 1.5 seconds, an 

electric potential with a magnitude of E0 would release the pendant droplet from the needle tip.  

 

Pw1 – Fluid Flow 

Start End Function 

0 1 U_out 

1 1.55 0 
 

Pw2 – Electric Potential  

Start End Function 

0 1.50 0 

1.50 1.51 E0 

1.51 1.55 0 
 

Table 5.2 – Piecewise Function for Fluid Flow Table 5.3 – Piecewise Function for Electric Potential 

 

The two fluids used to obtain preliminary data for this setup were water and air, shown in Figure 5.29. 

At time 0, the needle was assumed to be completely filled with water, allowing for the 1 µL droplet to 

be expelled within the duration of the fluid flow piecewise function. Within the laminar flow module, 

an inlet (Figure 5.30) and outlet (Figure 5.31) were defined. The inlet was defined by the function 

pw1(t), corresponding to the piecewise function for the fluid flow. The flow profile was considered to 

be fully developed. A pressure outflow was selected at 0 Pa, representing the droplet being released 

into ambient conditions. Within the electrostatics module, a high potential (Figure 5.32) and ground 

(Figure 5.33) were defined. The high potential was defined by the function pw1(t), corresponding to 

the piecewise function for the electric potential. Finally, the effects of gravity were applied to the 

model to assist the formation of the pendant drop.  

 

  
Figure 5.30 – Laminar Flow Boundary conditions (inlet) 

(Fully developed flow, Uav = pw1(t) 

Figure 5.31 – Laminar Flow Boundary conditions (outlet) 

(Pressure, P0 = 0 Pa) 
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Figure 5.32 – Electrostatics Boundary conditions 

(Potential, V0 = pw2(t) 

Figure 5.33 – Electrostatics Boundary conditions 

(Ground) 

 

A level set function was applied to the model with a similar methodology to section 5.2.5. For this 

model, air was defined as φ = 1, while water was defined by φ = 0. The “two-phase flow, level set” 

Multiphysics module was then introduced to couple the laminar flow fluid model to the level set 

moving interface. Surface tension was included for the model, defined by a liquid/gas interface of 

water/air. Finally, a “Wetted Wall” Multiphysics module was introduced to define the contact angle 

and Navier slip length. The contact angle was defined as pi/2 radians and the Navier slip length was 

defined as h, an internal variable within COMSOL. By setting the Navier slip length to the element size 

h, the subsequent model mesh became independent.  

Following the drafting of mesh control lines in the model geometry, a Free-triangular user-controlled 

mesh was constructed for the model using the parameters shown in Table 5.4. The curvature factor 

was used to define the size of mesh elements along a curved boundary, and the resolution of narrow 

regions was used to define the size of mesh elements within narrow regions. The corresponding 

meshes can be seen in Figure 5.34 – Figure 5.37, with a fully constructed mesh shown in Figure 5.38. 

 

Table 5.4 – User-controlled mesh parameters 

 Size 1 Size 2 Size 3 Size 4 

Maximum Element Size (mm) 0.1 1.02 0.795 0.0152 

Minimum Element Size (mm) 0.000454 0.0454 0.0227 Sequence 

Maximum Element Growth Rate 1.05 1.15 1.13 Sequence 

Curvature Factor 0.2 0.3 0.3 Sequence 

Resolution of Narrow Regions 1 1 1 Sequence 

 

 



Development of a Sample Preparation Platform 

165 | P a g e  

  
Figure 5.34 – Mesh Definition (Size 1) Figure 5.35 – Mesh Definition (Size 2) 

  

  
Figure 5.36 – Mesh Definition (Size 3) Figure 5.37 – Mesh Definition (Size 4) 

 

 
Figure 5.38 – Fully constructed Mesh 
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5.2.6.3. Discussion 

A time dependant study in 1 millisecond increments between 0 and 1.55 seconds was initialised, 

solving for the Volume of Fluid, the Velocity and the Pressure. Despite extensive efforts, this model 

was unable to provide a solution for the full 1.55 seconds. Following the initiation of the piecewise 

function shown in Table 5.3, the droplet would begin to elongate as expected; however, artefacts 

would appear across the domain and the simulation would fail to converge, as shown in Figure 5.39. 

As a result, the performance of the EHD platform could not be optimised using this model and the 

dripping conditions for the module demonstrated in section 6.4.1 would be determined 

experimentally. 

 

 

Figure 5.39 – Volume fractions of fluid for Electrohydrodynamic Model (t = 1.48 – 1.52 s) 
Refer to the figure legend for interpretation. 1 = water, 0 = air 
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5.3. Structural Analysis  

5.3.1. An Introduction to Structural Analysis  

Structural analysis is a set of mechanical theories used to examine the influences of loads on physical 

components and structures. By analysing the geometry of the component in addition to mechanical 

properties of the material that component is comprised of, engineers can determine the resulting 

deformations, stresses, support reactions and internal forces when that component is subjected to a 

load. This can be used as a preface to physical testing to predict if and where the component will fail, 

while also studying the effects of vibration, fatigue and other mechanical factors [457]. 

 

 

5.3.2. Classifications and Governing Equations  

5.3.2.1. Normal and Shear Stresses 

In many cases of structural analysis, the assumption of a linear relationship between stress and strain 

is made. In this instance, materials are referred to as elastic. The assumption is also made that the 

material is isotropic, exhibiting identical behaviour independent of the direction of the applied force 

[457]. While not a completely accurate representation of real-world behaviour, these assumptions 

may be used for calculations that provide a reference point for complex structural problems. 

Stress (σS) is an external or internal force exerted on a body. There are three major categories of 

stresses: tensile stresses, where the applied forces “pull” the molecules apart; compressive stresses, 

where the forces “push” the molecules together; and shear stresses, where the forces cause the 

molecules to slide against each other. Normal stresses are forces which act in a direction parallel to 

the x, y and z axes, denoted by the terms σx σy and σz, respectively. Shear (tangential) stresses (τS) are 

forces acting in a direction parallel to the plane which are the summation of the two components 

acting along the surface in the y and z directions, denoted by the terms τxy and τxz, respectively [458].  

 

5.3.2.2. Yield Stress and von Mises Stress 

The strength of a material is determined by its ability to resist the effects of loading. A material may 

be subjected to axial stress (tensile or compressive), shear stress, bending and torsion [457]. When a 
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mechanical structure is subjected to an increasing load, the stress experienced by that structure will 

increase, eventually reaching a state where the structure strength will be exceeded. The structure will 

no longer undergo elastic deformation and will instead undergo plastic (permanent) deformation. This 

phenomenon is referred to as yielding. Stress can be significant even if deformation is negligible or 

non-existent; and thus, determining the maximum allowable load a structure can resist is vital [458]. 

In structural analysis, the yield criterion is often represented by the yield stress (σys). By assuming the 

structure is subject to uniaxial stress, a stress term known as the von Mises stress (σvM) may be 

introduced, shown in Equation 5.14. The material will undergo elastic failure (plastic deformation) 

when the von Mises stress exceeds the yield stress [458].  

 

 
𝜎𝑣𝑀 = √0.5 [(𝜎𝑥 − 𝜎𝑦)

2
+ (𝜎𝑦 − 𝜎𝑧)

2
+ (𝜎𝑧 − 𝜎𝑥)

2] [Pa] Equation 5.14 

 

5.3.2.3. Deflection and Displacement 

The susceptibility of a material to deflection under a load is determined by its stiffness (k). The 

structural stiffness is dependent on the material properties and the physical geometry. If the applied 

load exceeds the structural stiffness, the structure will undergo deflection (δ) along a length (L) across 

which the load is applied. Depending on whether axial or bending forces are applied, the structure will 

undergo axial or bending deflection, respectively [457]. 

 

 

5.3.2.4. Factor of Safety 

While structures are designed to support an expected load (the yield stress), factors such as fatigue 

from crack propagation or cyclic loading, manufacturing errors or material inconsistencies can lead to 

unexpected failures at a given load (the working stress). Thus, a factor of safety (FoS) is typically 

applied to ensure that the working stress experienced by the structure will never approach the yield 

stress, reducing the statistical likelihood of failure. The FoS may be calculated using Equation 5.15. A 

FoS of 1 will have a maximum working stress equal to its yield stress, while a FoS greater than 1 will 

be have a maximum working stress that many times smaller than its yield stress. 

 

 
𝐹𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑆𝑎𝑓𝑒𝑡𝑦 (𝐹𝑜𝑆) =

𝑌𝑖𝑒𝑙𝑑 𝑆𝑡𝑟𝑒𝑠𝑠

𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑆𝑡𝑟𝑒𝑠𝑠
 Equation 5.15 
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5.3.3. Membrane Valve Designs 

5.3.3.1. Problem Description 

Active components are used in microfluidic applications to facilitate fluid flow control [399]. Many 

microfluidic valves are composed of passive components, preventing controllability over the process 

[396]. While it is possible to develop active alternatives, these require access to expensive fabrication 

facilities and substantial engineering expertise [397]. As discussed in Chapter 3, 3D printing can be 

used to yield versatile microvalves without the requirement for specialised manufacturing facilities, 

making rapid prototyping accessible [399]. 

The aim was to develop a valve design compatible with the SCD presented in section 4.3.5 which would 

allow for fabrication using 3D printing in a single step. Following the assessment of the fluidic 

performance in section 5.2.5, a valve design was developed, shown in Figure 5.40. When pressure was 

supplied to the control channel, the membrane deformed in the direction of the fluidic channel, 

closing the valve. When the control pressure was reduced, the membrane returned to its original 

position, opening the valve. This design underwent FEA testing to determine whether functional 

prototypes could be fabricated with the manufacturing methods available. 

 

 
Figure 5.40 – Valve Design imported on COMSOL Multiphysics 5.5 
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5.3.3.2. Numerical Simulation 

The valves were designed for fabrication using the three 3D printers shown in Table 5.5. To achieve 

an accurate comparison between the 3D printing techniques, each valve started with a membrane 

thickness of 0.5 mm, which was reduced in increments of 0.1 mm until the valve closed with a supplied 

pressure. In order to close each valve, the membrane needed to deflect a distance of 0.25 mm. All 

dimensions of the fluid and control channels were kept consistent between the valve designs to 

standardise results between comparisons. It was determined that the in house Ultimaker 2+ (Utrecht, 

Netherlands) yielded average layer heights of 0.12 mm and the minimum number of layers the 

software could print was 3. Thus, the minimum height of the membrane developed by the Ultimaker 

2+ would be 0.36 mm, while its maximum height would be 0.48 mm.  

 

Table 5.5 – Information on the Available 3D Printing Techniques 

FDM, Fusion Deposition Modelling; SLA, Stereolithography; PLA, Polylactic acid; TPU, Thermoplastic polyurethane 

 Method Layer Height (µm) Materials REF 

Ultimaker 2+ FDM 60 – 150 (0.25 mm nozzle) 

20 – 200 (0.4 mm nozzle) 

• PLA 

• TPU 

[459] 

3D Systems Viper SLA 20 – 100 • Accura Xtreme [460] 

Stratasys Objet30 SLA 28 • VeroClear Resin [461] 

 

The model was setup as a 2D axisymmetric Solid Mechanics model, to be studied as a stationary flow 

problem. The schematic for the membrane valves of each thickness were designed in Solidworks 2019 

and imported into COMSOL Multiphysics 5.5 as .dxf files. The materials tested during this experiment 

were inserted as blank materials, using the material properties shown in Table 5.6. A boundary load 

was applied across the top of the control channel, representative of the pressure force supplied by 

the control channel. The boundary load was increased until the valve closed or until the maximum 

allowable working stress was reached. To ensure that the valves would not operate near the yield 

strength of the material, a factor of safety of 1.5 was used. The simulation was run and the resulting 

von Mises stress and deformation plots were observed.  

 

Table 5.6 – Material Properties used for the COMSOL Solid Mechanics simulation 

PDMS, Polydimethylsiloxane; TPU, Thermoplastic polyurethane 

Material Modulus of Elasticity 

(MPa) 

Poisson’s ratio 

(-) 

Density 

(kg/m3) 

Yield Stress 

(MPa) 

REF 

PDMS 0.75 0.49 970 0.7 [462] 

TPU 26 0.48 1220 8.6 [463] 

VeroClear 2000 – 3000 0.38 1160 50 – 65 [464] 

Accura Xtreme 1790 – 1980 0.35 1190 38 [465] 
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5.3.3.3. Results and Discussion  

A membrane valve was designed on Solidworks 2019 and analysed using the Solid Mechanics module 

in COMSOL Multiphysics 5.5 [466]. In order to establish a reference point and to determine mesh 

independence, the simulation was first performed using PDMS, using physics-controlled meshes with 

element sizes ranging from “extremely coarse” to “extremely fine”. A plot of the maximum 

displacement against element size was generated, which can be seen in Figure 5.41. The solution 

obtained mesh independence at approximately 2000 elements, corresponding with the extra fine 

mesh. Thus, an extra fine mesh was used to obtain results for the subsequent simulations. 

 

 
Figure 5.41 – Displacement convergence plot using the PDMS membrane valve 

Mesh independence was obtained at approximately 2000 elements 

 

Due to the application of a factor of safety of 1.5 for the membrane valve structure, the maximum von 

Mises stress for the PDMS, TPU, VeroClear and Accura Xtreme valves were 0.46, 5.73, 33.3 and 25.3 

MPa, respectively. The results for the initial valves which successfully closed under an applied pressure 

without meeting the maximum working stress can be seen in Figure 5.42 – Figure 5.45. 

The PDMS valve successfully closed at a membrane thickness of 0.5 mm when supplied with a 0.22 

kPa pressure from the control channel. The maximum von Mises stress exerted on the valve was 

0.0213 MPa, significantly below the yield stress. The FoS was 32.86. The TPU 95A membrane 

successfully closed at a membrane thickness of 0.48 mm with a pressure supply of 6.7 kPa. The 

maximum von Mises Stress exerted on the valve was 0.697 MPa. The FoS of 12.34. The Accura Xtreme 

membrane successfully closed at a membrane thickness of 0.3 mm with a pressure supply of 110 kPa. 
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The maximum von Mises Stress exerted on the valve was 25.4 MPa. The FoS of 1.5. The VeroClear 

membrane also successfully closed at a membrane thickness of 0.2 mm with a pressure supply of 46 

kPa. The maximum von Mises Stress exerted on the valve was 19.8 MPa, resulting in a FoS of 2.53.  

Based on similar works by Au et al., the pressure required to fully seal the valve was double the value 

required for its closure [397]. Thus, each simulation was repeated with a pressure value twice the 

magnitude of what was required to close the valve. With a supply pressure of 0.44 kPa, the PDMS 

valve experienced a maximum von Mises Stress of 0.0416 MPa, resulting in a FoS of 16.83. Thus, no 

further optimisations of the PDMS valve was deemed necessary. The TPU 95A membrane valve 

successfully sealed with a supply pressure of 12.7 kPa, resulting in a maximum von Mises stress of 

1.398 MPa. The resulting FoS was 6.15, and thus, no further optimisations were necessary.  

The Accura Xtreme membrane would require a 220 kPa pressure supply to fully seal, which resulted 

in a maximum von Mises stress of 51.67 MPa, above the yield strength of the material. Thus, the 

membrane was reduced to a thickness of 0.2 mm, where a 33.7 kPa pressure was required to close 

the valve, resulting in a maximum von Mises stress and FoS of 14.81 MPa and 2.57, respectively. To 

seal the valve, a pressure supply of 67.4 kPa was used, resulting in a maximum von Mises stress of 

29.61 MPa. While this was below the yield stress of the material, the resulting FoS was 1.28, and thus, 

the valve design was not considered viable. The VeroClear membrane experienced a 39.6 MPa von 

Mises stress when subject to the pressure supply of 92 kPa required to seal the valve. As a result of 

the FoS (1.26) being below the desired value, this valve design was also considered to be unviable.  

The pressure (p) required to yield the desired displacement (y) was approximated using Equation 5.16, 

where E is the Modulus of Elasticity, ν is the Poisson’s ratio and rm and tm are the radius and thickness 

of the membrane, respectively [458]. A comparison between the predicted results and the results 

from the simulation performed on COMSOL can be seen in Figure 5.46 – Figure 5.49. The predicted 

results ranged from 1.34 to 1.92 times larger than the values calculated by the COMSOL simulation at 

the lower and upper values, respectively; however, the trend of the predicted and calculated values 

agrees with each other.  

 

 
𝑝 =

𝐸𝑡𝑚
4

𝑟𝑚
4
[
5.33

1 − 𝜈2
∙
𝑦

𝑡𝑚
+

2.6

1 − 𝜈2
∙ (
𝑦

𝑡𝑚
)
3

] [Pa] Equation 5.16 
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Figure 5.42 – Stress and deformation profile for the PDMS 

membrane valve (0.5 mm) 

The desired deflection was obtained at a pressure force of 

0.22 kPa. The maximum von Mises Stress was 0.0213 MPa 

 
Figure 5.43 – Stress and deformation profile for the 

VeroClear membrane valve (0.2 mm) 

The desired deflection was obtained at a pressure force of 

46 kPa. The maximum von Mises Stress was 19.8 MPa 

  

 
Figure 5.44 – Stress and deformation profile for the Accura 

Xtreme membrane valve (0.3 mm) 

The desired deflection was obtained at a pressure force of 

110 kPa. The maximum von Mises Stress was 25.4 MPa 

 
Figure 5.45 – Stress and deformation profile for the TPU 

95A membrane valve (0.48 mm) 

The desired deflection was obtained at a pressure force of 

6.7 kPa. The maximum von Mises Stress was 0.697 MPa 
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Figure 5.46 – Pressure required to close a membrane valve 

(PDMS) 

 
Figure 5.47 – Pressure required to close a membrane valve 

(VeroClear) 

  

 
Figure 5.48 – Pressure required to close a membrane valve 

(Accura Xtreme) 

 
Figure 5.49 – Pressure required to close a membrane valve 

(TPU 95a) 

 

Works have gone into the development of active components for improved control on a microfluidic 

scale. Au et al. fabricated a microvalve design using an SLA 3D printer. The valve featured a control 

chamber beneath the fluid chamber, which would fill with pressurised air to deflect the roof of the 

control chamber (henceforth, referred to as a membrane). This membrane was 10 mm in diameter 

and 100 µm in thickness. When a pressure of ∼40 kPa was supplied to the control chamber, the 

membrane would deflect a distance of 200 µm and seal the fluid chamber. This valve design 

incorporated Luer-lock connectors increase modularity. Additionally, by placing the valves in series, 

could be used to form switches and micropumps [397]. Through a comparison against the results of 

the SLA valves presented in this section, the Accura Xtreme valve was able to close and seal with a 

lower pressure of 33.7 kPa at double the membrane thickness. Despite the results for the Accura 

Xtreme not meeting the desired FoS, the ability to design and fabricate valves with lower resolution 

requirements and a similar performance widens the overall accessibility.  
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In a similar approach, Rogers et al. also developed a pressure-controlled valve which offered 

consistent performance for up to 800 actuations which could be printed on an SLA printer in under 

and hour [396]. The device featured membranes 2 mm in diameter and less than 140 µm in thickness. 

When the control chamber was supplied with a pressure of ∼74 kPa, the membrane would deflect a 

distance of 250 µm to close the valve. Future works would attempt to design valves of a comparable 

size to determine how the materials tested will perform on a smaller scale.  

By analysing the pressure plots from section 5.2.5 for case 1 and case 2 (Figure 5.23 and Figure 5.27), 

the pressure the fluid exerted on the closed valve ranged from –1 to 0.5 kPa. Thus, the pressure 

required to seal the PDMS valve would be insufficient. While the integration of the valve designs 

presented in this section into the fluid flow model shown in section 5.2.5 would be the next logical 

stage of research, this was not achieved during the allotted time.  
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5.4. Heat Transfer Modelling through Joule Heating  

5.4.1. An Introduction to Heat Transfer  

Heat transfer is used to study the effects of thermal energy and how thermal energy may be generated 

by and exchanged between components [467]. Heat transfer in engineering may be used to study the 

flow of heat due to temperature differences. By studying the physical properties of a material, such 

as thermal conductivity, heat capacity, density and emissivity, common engineering problems 

involving heat generation, cooling, insulation, and phase changes, can be solved.  

 

 

5.4.2. Classifications and Governing Equations  

The study of heat transfer is commonly conducted within a defined body or between defined bodies, 

referred to as a thermodynamic system, which can be defined into three categories: open, closed and 

isolated systems. An open system is a system in which matter and energy may be transferred between 

the system and its surroundings. A closed system is a system in which matter may not be transferred 

between the system and the surroundings; however, energy may be gained by or lost to the 

surroundings. An isolated system is a type of closed system where neither energy of matter is 

transferred between the system and its surroundings. Heat transfer can be considered as a transfer 

of momentum and energy through three main mechanisms: conduction, convection and radiation. 

 

5.4.2.1. Conduction  

Conduction entails the exchanging of thermal energy between adjacent molecules by physical contact. 

When a system at a higher temperature comes into contact with a system at a lower temperature, 

thermal energy will be shared in the form of kinetic energy from the high temperature system to the 

low temperature system to bring the two systems into a state of thermal equilibrium. While 

conduction occurs within fluids, they are less conductive than solids due to a lower density of particles. 

For steady-state conduction within a system, the thermal energy entering into the system will equate 

to the thermal energy exiting the system, resulting in no net temperature changes. For transient 

conduction, the temperature changes as a function of time. The rate of heat energy transferred 

through conduction (Φċond) with a time, t, can be seen in Equation 5.17, where Φcond is the heat energy, 

κ is the thermal conductivity of the material, A is the area across which the heat is being conducted, 
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ΔT is the difference between the high (Thot) and cold (Tcold) temperatures and Δx is the distance the 

heat is travelling in the x-direction. By dividing through by the area, the expression in terms of the 

heat flux (φċond) is given, shown in Equation 5.18 [467]. 

 

 
�̇�𝑐𝑜𝑛𝑑 =

𝑑𝛷𝑐𝑜𝑛𝑑
𝑑𝑡

= −𝜅𝐴
∆𝑇

∆𝑥
= −𝜅𝐴

(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)

(𝑥2 − 𝑥1)
 [W] Equation 5.17 

 
�̇�𝑐𝑜𝑛𝑑 =

𝛷𝑐𝑜𝑛𝑑
𝐴

= −𝜅
(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)

(𝑥2 − 𝑥1)
 [W/m2] Equation 5.18 

 

It should be noted that the aforementioned conduction equation considers flow in one direction and 

flow of heat through a system in all three coordinate directions is expressed as shown in Equation 

5.19, where î, ĵ and k ̂are the unit vectors in the x, y and z directions, respectively.  

 

 
�̇�𝑐𝑜𝑛𝑑 = −𝜅 (

𝜕𝑇

𝜕𝑥
𝑖̂ +
𝜕𝑇

𝜕𝑦
𝑗̂ +
𝜕𝑇

𝜕𝑧
�̂�) Equation 5.19 

 

5.4.2.2. Convection 

Convection is the dominant form of heat transfer in fluids, entailing the dissipation of thermal energy 

through interaction with a solid at a different temperature to bring the fluid to a state of thermal 

equilibrium. In contrast to conduction, where thermal energy is shared through kinetic energy, 

convection relies on mass transfer which occurs as a fluid moves away from a heat source, transporting 

energy with it. Convection can be characterised as natural or forced. For natural convection, the fluid 

mass transfer occurs as a result of buoyancy forces created through temperature differences across 

the fluid. For forced convection, the fluid mass transfer is governed by an external control [467]. By 

considering the mass-density-volume equation (Equation 5.20), the mechanics of convection can be 

clarified. By assuming a constant mass, an inversely proportional relationship between the density and 

the volume can be observed. As a fluid gains heat, the volume will increase, and as a result, the density 

will decrease. Thus, the hotter fluid will ascend, while the colder and more dense fluid will descend. It 

should be noted that water between 0 and 4 °C will initially contact when it is heated up; however, 

this was not taken into consideration as it was assuled that the device would operate within ambient 

temperatures of 10 – 20 °C. 

 

 𝜌 =
𝑚

𝑉
 Equation 5.20 
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The equation for the rate of heat transfer through convection (Φċonv) can be seen in Equation 5.21 and 

Equation 5.22, where hc is the convective heat transfer coefficient and Ts and Tf are the temperatures 

of the solid surface and the fluid, respectively.  

 

 �̇�𝑐𝑜𝑛𝑣 = ℎ𝑐𝐴∆𝑇 = ℎ𝑐𝐴(𝑇𝑠 − 𝑇𝑓) [W] Equation 5.21 

 �̇�𝑐𝑜𝑛𝑣 = ℎ𝑐∆𝑇 = ℎ𝑐(𝑇𝑠 − 𝑇𝑓) [W/m2] Equation 5.22 

 

5.4.2.3. Radiation 

Radiation is the emission of heat energy from the surface of an object at a temperature above absolute 

zero in the form of electromagnetic energy. Radiation originates from the centre of the object and 

travels in an outwards direction from its origin. Heat transfer through radiation is calculated based on 

the concept of a “black body”, an ideal radiator which absorbs all electromagnetic radiation at its 

surface. As a result, no radiation is reflected or transmitted. Based on the assumption of a black body 

in a vacuum, the rate of radiation emission (Φ̇rad) can be calculated, shown in Equation 5.23, where ε 

is the emissivity, σSB is the Stefan-Boltzmann constant, A is the surface area of the black body and T is 

the absolute temperature of the black body. For a black body, the emissivity is equal to 1; however, 

for real objects, the emissivity varies based on the surface characteristics, temperature, the 

wavelength of the emitted radiation and the angle at which the wave is emitted [467]. 

 

 �̇�𝑟𝑎𝑑 = 𝜀𝜎𝑆𝐵𝐴𝑇
4 [W] Equation 5.23 

 

When radiation is transferred between two objects at different temperatures, the net rate of energy 

transfer can be determined through the use of Equation 5.24, where Ff is the view factor between the 

two surfaces a and b, and Ta and Tb are the absolute temperatures for the two objects [468].  

 

 �̇�𝑟𝑎𝑑(𝑎−𝑏) = 𝜎𝑆𝐵𝐹𝑓(𝑎−𝑏)(𝑇𝑎
4 − 𝑇𝑏

4) [W] Equation 5.24 

 

5.4.2.4. Joule Heating 

Joule heating, also known as resistive heating, is a type of conductive heating process in which heat is 

generated by passing an electric current through an electrical conductor. By applying a potential 

difference between two points of a conductor, internal charge carriers accelerate and gain kinetic 
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energy, which causes thermal energy to be generated [469]. While Joule heating is achievable through 

both direct (DC) and alternative (AC) current, only DC will be considered in the scope of this thesis. 

Equation 5.25 demonstrates the relationship between the power generated by the conductor (P), the 

voltage drop across the conductor (EA is the initial voltage, EB is the final voltage) and the current (I) 

flowing through the conductor. Assuming that the circuit is grounded, then EB will be equal to zero.  

 

 𝑃 = 𝐼(𝐸𝐴 − 𝐸𝐵)
𝑎𝑡 𝐸𝐵=0
→     𝑃 = 𝐼 ∙ 𝐸 [W] Equation 5.25 

 

Through the examination of Ohm’s law (Equation 5.26), where R is the resistance of the conductor, a 

relationship between the power and the resistance can be observed by substituting Equation 5.26 into 

Equation 5.25, as shown in Equation 5.27. 

 

 𝐸 = 𝐼 ∙ 𝑅 [V] Equation 5.26 

 𝑃 = 𝐼 ∙ 𝐸 = 𝐼 ∙ (𝐼 ∙ 𝑅) = 𝐼2 ∙ 𝑅 [W] Equation 5.27 

 

The resistance of the conductor may be calculated as shown in Equation 5.28, where ρR is the 

resistivity of the conductor, L is the length of the conductor between the two points of electrical 

potential application and A is the cross-sectional area of the conductor. 

 

 
𝑅 =

𝜌𝑅𝐿

𝐴
 [Ω] Equation 5.28 

 

The amount of heat generated by the conductor can be calculated as shown in Equation 5.29, where 

Φnet is the net heat generated after a time, t. 

 

 𝛷𝑛𝑒𝑡 = 𝑃 ∙ 𝑡 [W] Equation 5.29 

 

The change in temperature may then be calculated as shown in Equation 5.30, where cp is the specific 

heat of the material at constant pressure and m is the mass of the conductor. 

 

 
∆𝑇 =

𝛷𝑛𝑒𝑡
𝑐𝑝𝑚

 [K] Equation 5.30 
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5.4.3. Heating Design Using Nichrome Wire  

5.4.3.1. Problem Description 

As part of the preliminary work conducted into the development of a heating system for design idea 

2, proposed in section 4.3.3, a low-cost heater was designed (Figure 5.50). 30 Gauge AWG nichrome 

wire (30 cm, 0.254 mm outer diameter; Sourcingmap, China) was used as a resistive heating element, 

which would supply heat to a copper tube (25 mm x 15 mm outer diameter, 13.4 mm inner hole) 

through joule heating. The copper tube in turn would provide a uniform heat distribution across a 3D 

printed reagent capsule. Hi-Bond HB830 Amber Electrical Tape (RS Components, Corby, England) was 

placed between the nichrome wire and the copper tube to prevent an electrical short. 

 

 
Figure 5.50 – A low-cost heating system devised for Design Idea 2 

 

The energy requirements to heat both the copper tubing and the reagent capsule (assumed to be 

polyethylene) can be approximated using Equation 5.30. The mass estimates were taken from 

Solidworks 2019, while the specific heat capacities were taken from COMSOL Multiphysics 5.3. These 

values can be seen in Table 5.7. The electrical tape was assumed to be negligible for simplification.  

 

Table 5.7 – Properties used for the calculation of the energy requirements (Design Idea 2) 

Material Mass 

(g) 

Specific Heat Capacity 

(J/kg K) 

Copper Tube ≈7.468 385 

Polyethylene Capsule ≈1.517 1900 

 

 

 



Development of a Sample Preparation Platform 

181 | P a g e  

The temperature change was assumed to be 60 °C, to account for ambient temperature fluctuations 

which may prevent the platform from reaching the desired temperature. Using Equation 5.30: 

 

 𝛷𝑛𝑒𝑡 = 𝑚𝑐𝑝∆𝑇 = (𝑚𝑐𝑝∆𝑇)𝐶𝑜𝑝𝑝𝑒𝑟 𝑇𝑢𝑏𝑒
+ (𝑚𝑐𝑝∆𝑇)𝑃𝑜𝑙𝑦𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝐶𝑎𝑝𝑠𝑢𝑙𝑒

 

= [385𝑥(7.468𝑥10−3)𝑥60] + [1900𝑥(1.517𝑥10−3)𝑥60] 

𝛷𝑛𝑒𝑡 = 345.45 𝐽 

 

The power required to produce the total heat energy was then calculated using Equation 5.29. The 

time chosen to reach the desired temperature was 2 minutes (120 seconds), and thus:  

 

𝑃 =
𝛷𝑛𝑒𝑡
𝑡
=
345.45  

120
= 2.88 𝑊 

 

A total of 300 mm of nichrome wire was estimated to allow for a sufficient number of coils to be 

wrapped around the copper tubing. The diameter of the nichrome wire was 0.254 mm. The resistivity 

of the nichrome wire was taken as 1.12 x 10-6 Ω∙m [470]. Through the use of Equation 5.28, the total 

resistance of the nichrome wire could be estimated: 

 

𝑅 =
𝜌𝑅𝐿

𝐴
=
(1.12𝑥10−6)𝑥(300𝑥10−3)

𝜋(0.254𝑥10−3)2
= 6.63 𝛺 

 

Using Equation 5.27, the current could be calculated: 

 

𝑃 = 𝐼2 ∙ 𝑅 

𝐼 = √
𝑃

𝑅
= √

2.88

6.63
= 0.434 𝐴 

 

Using Equation 5.26, the voltage could be determined: 

 

𝐸 = 𝐼 ∙ 𝑅 = 0.434𝑥 6.63 

= 2.87 𝑉 
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5.4.3.2. Discussion 

A CAD assembly of the proposed design idea was imported from Solidworks 2019 into COMSOL 

Multiphysics 5.3, shown in Figure 5.51. The model consisted of a Heat Transfer in Solids and Fluids 

modul, and an Electric Currents module, coupled by an Electromagnetic Heating Multiphysics module. 

However, due to the computational complexity of the 3D model exceeding the computational 

memory, a simulation was unable to be provided. As a result, an experimental setup was used to 

assess the performance of this design idea. This experimental setup will be explored in further detail 

in section 6.4.2.1.  

 

 

Figure 5.51 – Heating System for Design Idea 2 imported into COMSOL Multiphysics 5.3 

 

 

5.4.4. Printed Circuit Board Heating Simulation   

5.4.4.1. Problem Description 

A design requirement outlined in section 4.3.6 (Figure 4.27) was to include resistive heating elements 

which would allow for heating to be conducted within the device following the insertion of the swab. 

An aim was set to provide a temperature of 92 °C for 10 minutes, allowing for the deactivation of the 

pathogen and lysis of the sample to be performed in a single step. The setup devised for the final 

design idea can be seen in Figure 5.52. The heating system consisted of three components: a moving 

jaw, a PCB and a machined heater block. The moving jaw was used to locate the heater to the SCD and 

to prevent heat losses to the atmosphere. The heater block was used to guide heat to the SCD. The 
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PCB designed on EaglePCB (Autodesk, Mill Valley, California, USA) featured a length of copper track 

which would generate heat when supplied with an electric current. The serpentine layout across the 

PCB was designed to provide a uniform heat distribution across the PCB, which in turn would supply 

a uniform distribution of heat to the heater block. Furthermore, due to the limited size, this serpentine 

structure allowed for a maximised resistance within a minimised area. The design can be seen in Figure 

5.53. This section demonstrates a computational heat transfer model for the designed PCB and 

evaluates the effectiveness of the setup for supplying heat to a liquid contained within the SCD. 

 

 
Figure 5.52 – Heater Block Setup for Final Design Idea, designed on Solidworks 2020 

A. Isometric Model, Assembled View  B. Exploded View, Annotated 

 

 

 
Figure 5.53 – A schematic of the copper track designed in EaglePCB 

 

The total energy required to heat both the aluminium block and the SCD can be approximated by 

rearranging Equation 5.30. The mass estimates were taken from Solidworks 2020, while the specific 

heat capacity of the SCD was estimated based on the specific heat of common polymer materials 

[471]. These values can be seen in Table 5.8.  
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Table 5.8 – Properties used for the calculation of the energy requirements (Final Design Idea) 

Material Mass 

(g) 

Specific Heat Capacity 

(J/kg K) 

Aluminium Block ≈6.35 900 

SCD ≈12.59 ≈1400 

FR4 (Circuit Board) ≈8.66 1369 

 

The temperature change was assumed to be 90 °C, to address fluctuating temperatures in ambient 

conditions. Therefore, by using Equation 5.30: 

 

 𝛷𝑛𝑒𝑡 = 𝑚𝑐𝑝∆𝑇 = (𝑚𝑐𝑝∆𝑇)𝐴𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 𝐵𝑙𝑜𝑐𝑘 + (𝑚𝑐𝑝∆𝑇)𝑆𝐶𝐷 + (𝑚𝑐𝑝∆𝑇)𝐹𝑅4 

= [900𝑥(6.35𝑥10−3)𝑥90] + [1400𝑥(12.59𝑥10−3)𝑥90] + [1369𝑥(8.66𝑥10−3)𝑥90] 

𝛷𝑛𝑒𝑡 = 3168.19 𝐽 

 

The power required to produce the total heat energy was then calculated using Equation 5.29. The 

time chosen to reach the desired temperature was 5 minutes (300 seconds), and thus:  

 

𝑃 =
3168.19 

300
= 10.56 𝑊 

 

The total length of the copper track designed in Autodesk Eagle was 1595.72 mm. The width and 

thickness of the copper track were estimated at 300 and 35 µm, respectively. The resistivity of copper 

was 1.72 x 10-8 Ω∙m. Through the use of Equation 5.28, the total resistance of the copper track across 

the PCB could be estimated: 

  

𝑅 =
(1.68𝑥10−8)𝑥(1595.72𝑥10−3)

(300𝑥10−6)(35𝑥10−6)
= 2.55 𝛺 

 

Using Equation 5.27, the current could be calculated: 

 

𝐼 = √
10

2.55
= 2.03 𝐴 

 

Using Equation 5.26, the voltage could be determined: 

 

𝐸 = 2.03𝑥 2.55 =  5.19 𝑉 
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5.4.4.2. Numerical Simulation 

Part 1  

A Multiphysics simulation was created to simulate the heat generation, thermal stresses and 

deformation as a result of applying an electrical potential across the heating circuit. A stationary 3D 

model was designed, using a combination of Electric Currents in Layered Shells, Heat Transfer in Solids 

and Solid Mechanics modules. The PCB design shown in Figure 5.53 was imported into COMSOL 

Multiphysics 5.5. The PCB base design was imported as a .STEP file, while the copper track was 

imported as a .DXF file on a work plane defined along the base of the PCB. The PCB base material was 

selected as FR4 (Circuit Board) and the copper track was selected copper from the library of materials 

built into the software. An explicit definition was applied to the imported copper track, which was set 

to a thickness of 35 µm. This can be seen in Figure 5.54a. 

In the Solid Mechanics module, a rigid motion suppression domain constraint was applied to the 

model. In the Electric Currents in Layered Shells module (Figure 5.54a), an electric potential edge 

constraint was applied to one of the pads, while a ground edge constraint was applied to the other 

pad (Figure 5.54b). The potential was defined as “V_in”. In the Heat Transfer in Solids module, a 

thermally thin approximation was applied to the copper track. A surface-to-ambient radiation 

constraint was applied to the PCB board. As the emissivity of epoxy materials ranges between 0.8 and 

0.9 [472], the FR4 board was estimated to have an emissivity coefficient of 0.85. A surface-to-ambient 

radiation constraint was applied to the copper track. As the emissivity of polished copper ranges 

between 0.023 and 0.052 [473], the copper track was estimated to have an emissivity coefficient of 

0.0375. The ambient temperature was defined as 15 °C. 

An Electromagnetic Heating, Layered Shell Multiphysics module was used to couple the Electric 

Currents in Layered Shells module to the Heat Transfer in Solids module and a Thermal Expansion 

Multiphysics module was used to couple the Heat Transfer in Solids module to the Solid Mechanics 

module. A physics-controlled mesh with a “finer” element size was chosen and the simulation was 

run, with the von Mises stress, deformation, temperature and electric potential observed. 

 

Part 2 

Following the analysis of the unloaded PCB, the simulation was repeated with the aluminium block 

added. As the finish of the machined aluminium block was unidentified, an emissivity coefficient of 

0.07 was used, assuming the finish would be akin to rough aluminium [473]. The simulation was 



Development of a Sample Preparation Platform 

186 | P a g e  

repeated again with the SCD added. The properties of polyethylene were used as a template for the 

material applied to the SCD. The specific heat capacity was set to 1400 J/kg K, as assumed in Table 5.8.  

 

 
Figure 5.54 – Boundary Conditions set in COMSOL Multiphysics 5.5 

A. Isometric View. The copper track (blue) was specified as a separate boundary using an explicit definition. 

B. Plan view of the copper track. The two edges selected (blue) were set as V_in and ground. 

 

 

5.4.4.3. Results and Discussion 

Part 1 

A PCB design was analysed using the Electromagnetic Heating, Layered Shell and Thermal Expansion 

Multiphysics modules. At 2.5 V, the average steady state temperature was 104.4 °C, shown in Figure 

5.55. An even temperature across the rectangular section of the PCB was observed. The maximum 

operational temperature of the FR4 substrates was 150 °C [474]. The simulation predicted a maximum 

temperature of 124.7 °C, below the operational temperature. Thus, the simulation showed that the 

design would function within operational limits.  
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Figure 5.55 – Temperature Profile for the PCB 

A. Plan view. The colour legend represents the temperature distribution across the copper track 

B.  Isometric View. The colour legend represents the temperature distribution across the FR4 substrate 

 

The surface loss density can be seen in Figure 5.56. The power was calculated at 2.54 W through a 

surface integration across the copper track. The highest and lowest surface loss densities occur at the 

inside and outside 90° corners along the serpentine channel, respectively. This was an expected result 

of the electrical current taking the shortest path from the electric potential to the ground. As high 

current densities can contribute to the failure of the device, a design optimisation was planned to 

include fillets to the sharp angles within the serpentine channel.  
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Figure 5.56 – Surface loss density across the copper track 

A. Plan view. B. Close up of copper track at the ground connection.  

The colour legend represents the surface loss across the copper track It was observed that the highest heat generation 

occurred at the internal corners of the channel. This was attributed to the higher current density. The minimum and 

maximum surface loss density values are 0.32 and 14643.32 W/m2, respectively, given to 2DP. 

 

The thermal stress on the PCB as a result of joule heating was also observed. The maximum von Mises 

stress at 124.7 °C was 12.34 MPa, shown in Figure 5.57a. As the FR4 substrate and annealed copper 

had yield strengths of 65 MPa [474] and 33.3 MPa, respectively, the structure remained intact during 

the simulation with a FoS of 2.7. The simulation predicted a maximum deformation of 140 µm across 

the length of the substrate, shown in Figure 5.57b, with the substrate observed to curve away from 

the direction of the copper track.  
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Figure 5.57 – Stress and deformation profile across the PCB 

A. Side (top) and isometric (bottom) views. B.  Displacement along the length of the PCB. 

A scale factor of 20 was used to allow for visualisation of the deformation. 

 

Part 2 

The steady state temperature across the aluminium block was 98.3 °C when a potential of 2.5 V was 

applied, shown in Figure 5.58. The curved face of the aluminium block had the highest temperature 

across the aluminium block, which would ensure a uniform heat would reach the SCD.  

After the addition of the SCD, a temperature drop was observed across the aluminium block to 93.1 

°C when a potential of 2.5 V was applied. The average temperature of the water domain was 88 °C. 

The voltage was increased to 2.595 V (Figure 5.59), which provided an average volume of 91.9 °C. The 

simulation agreed with the voltage calculation shown in 5.4.4.1. 
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It should be noted that the SCD was modelled with a line of symmetry through the water domain to 

reduce the computational complexity of the simulation. Thus, the power requirement to heat the 

volume to the desired temperature would be double what was depicted in the simulation. However, 

the final design featured a pair of heater blocks placed on either side of the SCD. Therefore, it was 

concluded that the proposed setup would supply sufficient heat to the fluid.  

 

 
Figure 5.58 – Temperature Profile for the PCB (2.5 V) 

The blue-to-red colour legend (left) represents the temperature distribution across the FR4 substrate, while the red-to-

yellow colour legend (right) temperature distribution across the aluminium block 

 

 
Figure 5.59 – Temperature Profile for the PCB (2.595 V) 

The blue-to-red colour legend (left) represents the temperature distribution across the water, while the red-to-yellow colour 

legend (right) temperature distribution across the aluminium block 
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5.5. Discussion 

5.5.1. Discussion on Computational Fluid Dynamics 

The Tesla valve designs demonstrated a simple method of fluid control absent of active components. 

However, the low flow rate of the fluid through the SCD made this technology incompatible with its 

intended approach. Physical prototypes of the Tesla valves were designed with the purpose of 

providing a comparison between computational and experimental results. By mounting pressure 

sensors up and downstream of the valve, the diodicity of the fluid flow could be determined in order 

to determine the actual diodicity of each design. The setup and control of the pressure sensor would 

be adapted from works described elsewhere [475]. This was not achieved during the progression of 

this project due to a lack of access to suitable pressure testing instruments.  

The transient simulation of the T45c-type valve further validated the proposed design, as it was 

demonstrated that a positive net flow rate was achievable without backflow for velocities above 20 

mm/s. The reciprocating pumping mechanism could be easily integrated into the system by using a 

piezoelectric pump in place of the syringe pump. This would be substantially smaller than the syringe, 

mitigating the main issue regarding size constraints, as previously discussed in section 4.3.4. However, 

this design assumed that the Tesla valve would be fully primed a liquid at t = 0 seconds, which is not 

representative of real-life applications. A multiphase flow model would be the next logical step in 

assessing the performance of the valve during the priming and pumping process; however, this was 

not achieved during this project.  

The multiphase flow simulation validated the membrane valve design proposed in section 4.3.5, 

providing a tangible starting point from which to develop the membrane valve designs with 

subsequent FEA modelling. To better simulate real life conditions, the simulation for case 1 at t = 0.75 

seconds should have been directly used as t = 0 seconds for case 2 in order to determine how the 

presence of the observed air bubble would affect the performance. However, design idea 4 was 

discarded in favour of the final design idea in order to develop a functional proof-of-concept; and as 

a result, this combination of simulations was not attempted. 

 

 

5.5.2. Discussion on Structural Analysis 

The membrane valve simulations presented in section 5.3.3 were demonstrated to function as stated 

in section 4.3.5. It should be noted that a constant fluid flow would result in an accumulation of 
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pressure which would eventually cause the valve to open. Thus, it is necessary to combine both the 

structural analysis (section 5.3.3) with the two-phase fluid flow (section 5.2.5) simulations to 

determine exact values for the pressure accumulation as a result of fluid flow.  

Akin to the Tesla valves, physical prototypes of the membrane valves were fabricated from TPU 95a, 

which were tested for fluidic integrity and functionality. These can be seen in section 6.2.1. The valves 

were observed to work as intended. Furthermore, the performance of the valve was significantly 

improved when negative pressure was used to “pull” the fluid through the valve, compared to when 

positive pressure was used to “push” the fluid through the valve. The positive pressure configuration 

highlighted the accumulation of pressure which forced the valve open. However, like the Tesla valves, 

pressure readings were unable to be conducted on the membrane valves due to a lack of suitable 

instrumentation. Ultimately, while the physical valve was successful in restricting fluid flow, a lack of 

tangible data makes it difficult to support this claim. 

 

 

5.5.3. Discussion on Heat Transfer 

Joule heating is a widely explored approach for supplying heat to biological fluids in microfluidic 

applications. A design reported by De Mello et al. used electrically conductive ionic liquids within a 

serpentine channel to achieve Joule Heating for temperatures up to 90 °C, accurate within ±0.2 °C 

[476]. Despite the low power requirement of 1 W, a high AC voltage (3.75 kV) was required. Lao et al. 

developed a heating system integrating a metallic serpentine channel into a silicon-glass microfluidic 

chip to achieve temperatures up to 90 °C, accurate within ±1 °C [477]. The device was able to perform 

thermal cycles for PCR using a low power output of 2.2 W. A platform with a similar geometry was 

later utilised by Mavraki et al. to construct a double-sided copper heating system atop a flexible 

Pyralux™ substrate [478]. Contrastingly, this system employed meandering channels with different 

lengths to create a temperature gradient of 95 °C, 60 °C and 72 °C, allowing PCR cycling to be 

performed on a moving fluid. However, it should be noted that the target volume for the design 

presented by Lao et al. was 20 µL, significantly less than either heating configuration presented in this 

study. The volume of the design reported by Mavraki et al. was not provided. 

Vigolo et al. utilised a PDMS-glass based platform to achieve temperatures up to 75 °C, controllable 

within an accuracy of 2 – 3 °C [479]. A silver-filled epoxy was injected into a channel within the PDMS-

glass chip post-fabrication, which could be used as a resistive heating element once it had solidified. 

Recently, Kim and Kim developed an electro-conductive plane heating element to lyse pseudomonas 
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aeruginosa and bacillus megaterium cells [480]. The plane heating element consisted of a glass fibre 

filter paper bonded to a carbon paste heating element. When supplied with a 0.4 amp current, 

temperatures up to 150 °C were generated. Despite the rapid nature of the platform, the starting 

volume (30 µL) was over two orders of magnitude lower than the platforms presented in this study. 

An alternate approach to microfluidic heating was proposed by Gujit et al., who used endothermic 

and exothermic reactions within a PDMS-glass platform to regulate temperatures within 

microchannels locally [481]. By reacting sulphuric acid (H2SO4) with water, the resulting exothermic 

reaction would heat the liquid flowing through an adjacent microchannel to temperatures up to 76 

°C. By reacting acetone (C3H6O) with air, the resulting endothermic reaction would cool the liquid 

flowing through an adjacent microchannel to temperatures as low as -3 °C. This approach was later 

optimised by Maltezos et al., to achieve cooling as low as -20 °C [482].  

The stationary heat transfer model presented in section 5.4.4 was demonstrated to successfully heat 

the contained liquid to the desired temperature, agreeing with the calculated values. However, while 

it was determined that the heated liquid would reach the desired temperature, it was not in fact 

determined how long it would take to reach the desired temperature. Due to time constraints, the 

heating system was fabricated prior to the conception of a transient flow model. The inclusion of a 

transient flow model would have allowed for an assessment of the temperature ramp rate, allowing 

for optimisations to be conducted on the heater block or PCB prior to fabrication. 

The heat transfer model was assembled in stages, adding components individually to determine their 

effect on the temperature. While it was theorised that the moving jaw (see Figure 5.52) would act as 

an insulator and contain heat within the system, it was later theorised that it may in fact have acted 

as a heat sink, further reducing the temperature ramp rate. Thus, the inclusion of the moving jaw 

would have been crucial to support either theory; however, this was not attempted during the project.  

An analysis of the maximum and minimum surface loss density values (Figure 5.56) revealed a disparity 

that was over four orders of magnitude. These two points were located at the inner and outer vertices 

of the corner adjacent to the ground connection, equating to 14643.32 W/m2 and 0.32 W/m2, 

respectively. These two vertices were used to define a cut line (Figure 5.60) which was used to 

generate a temperature plot (Figure 5.61), revealing a 0.03 °C temperature discrepancy. A second cut 

line was defined at a selected corner along the serpentine track (Figure 5.62). The corresponding 

temperature plot (Figure 5.63) revealed a larger temperature discrepancy of 0.08 °C. 

The temperature variations across both cut lines were relatively low (<0.1 °C); and thus, it was 

assumed that the copper track would be unlikely to detach from the substrate as a result of thermally 
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induced interfacial stresses. This was a concern, as detached sections of the copper track can overheat, 

increasing the rate of detachment, and in extreme cases, burn the circuit [483]. It is possible to assess 

the interfacial stresses between the substrate and the copper track using a Solid-Thin Structure 

Connection Multiphysics module, coupling a Solid Mechanics module to a Membrane module [484]. 

However, the Membrane module was unavailable due to licencing issues.  

 

  

Figure 5.60  – Cut line defined at a bend within the 

serpentine track 

Figure 5.61 – Temperature Profile across a defined cut line 

The cut line (red) shown in Figure 5.60 defined the arc length used in Figure 5.61 to plot the temperature profile. The two 

ends of the represented the inner and outer vertices located at the corner adjacent to the ground connection. The 

temperature values at the inner and outer vertices were 92.48 and 92.45 °C, to 2DP. 

  

Figure 5.62 – Cut line defined at a bend within the 

serpentine track 

Figure 5.63 – Temperature Profile across a defined cut line  

The cut line (red) shown in Figure 5.62 defined the arc length used in Figure 5.63 to plot the temperature profile. The two 

ends of the represented the inner and outer vertices located at a corner along the serpentine track. The temperature 

values at the inner and outer vertices were 102.59 and 102.51 °C, to 2DP. 
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5.6. Chapter Summary 

FEA was successfully demonstrated in this chapter to assess the capabilities of the designs proposed 

in Chapter 4. Access to prototyping was restricted due to a limited budget and inadequate facilities. 

COMSOL allowed for these limitations to be mitigated, using computational models to assess the 

performance of the designs, allowing iterations to be made to improve performance where necessary.  

CFD models were used to validate the fluid flow within the SCDs proposed in sections 4.3.4 and 4.3.5. 

Stationary flow models were used to determine the optimal Tesla valve design, the T45c type, which 

was then used to construct a transient flow model using a sinusoidal input. This model verified that it 

was indeed possible to direct fluid flow within a laminar flow configuration within a valve with no 

moving parts, as proposed in section 4.3.4. A two-phase flow model was then used to assess the fluid 

flow of water and air through the SCD proposed in section 4.3.5. This validated the performance of 

the membrane valves, indicating that no backflow would occur from the outlet to the heating chamber 

in case 1, nor from the heating chamber to the swab receiver in case 2.  

The same membrane valve design was further validated through structural analysis of the membrane 

valves. Here, it was demonstrated that a 0.48 mm 3D printed valve fabricated from TPU 95a would be 

able to close and prevent fluid flow. The simulations also determined that the Accura Xtreme and 

VeroClear resins were unviable options for membrane thicknesses above 0.2 mm.  

Finally, a heat transfer model was used to measure the operational temperatures of the PCB, before 

determining its capabilities when coupled with a manufactured heater block and a 3D printed SCD. 

The platform was able to heat the contained liquid to 91.9 °C with a supplied voltage of 5.19 V, 

agreeing with the calculated values. 
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6. Fabrication of a Sample Preparation Platform 

6.1. Introduction 

The design ideas presented in Chapter 4 underwent several iterations throughout the project, too 

many to detail in this thesis. Design prototypes were developed in parallel with the computational 

models presented in Chapter 5. This section of the thesis will present the notable SCD and SPD designs 

which were fabricated during this project and demonstrate where optimisations were made to 

improve performance. Finally, the performance of the heating and EHD modules proposed for the 

final platform presented in Chapter 4 were tested. The performance of the final design idea was 

compared to the relevant computational models presented in Chapter 5, or the performance of similar 

modules from previous design ideas.  
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6.2. Fabrication of the Sample Collection Device 

6.2.1. Sample Collection Device Fabricated from Design Idea 4  

The SCD design proposed in section 4.3.5 was fabricated using a Prusa i3 MK3S 3D Printer (Prusa 

Research, Prague, Czech Republic) using polyethylene terephthalate glycol (PETG). The nozzle and 

build plate were set to 235 and 90 °C, respectively. The layer height and infill density were set to 0.1 

mm and 100%, respectively. The print and fan speed were set to 50 mm/s and 50%, respectively. The 

resulting cartridge can be seen in Figure 6.1. 

The main fluidic channels were observed to allow fluid flow without notable obstructions. The 

presence of an air pocket was initially observed in the trapezoidal chamber (Figure 6.1b); however, 

this was also speculated to be a collapse of the internal structure. The time lapse demonstrating the 

filling of the cartridge can be seen in Figure 6.2. There was an observed instability in the profile of the 

fluid meniscus which resembled the computational simulation for case 1 of the two-phase flow model 

shown in Figure 5.22. It should be noted that positive pressure was applied from the swab receiver to 

actuate fluid through the cartridge using a 1ml BD syringe, unlike the computational simulation, where 

negative pressure was applied from the pump port. The reason for this change was the lack of 

actuation in the membrane valves due to the rigidity of the PETG material.  

 

 
Figure 6.1 – Design Idea 4: Cartridge fabricated using a Prusa i3 MK3S FDM 3D Printer. 

A. Close up of the cartridge, filled with blue dye for visualisation B. The presence of a suspected air pocket was observed 

within the trapezoidal chamber (highlighted by the red arrow) 



Fabrication of a Sample Preparation Platform 
 

198 | P a g e  

 
Figure 6.2 – Time lapse of fluid flow through the fabricated cartridge. 

The red circles indicate the presence of suspected air bubbles within the trapezoidal chamber, highlighted in Figure 6.1 

A. t = 0.4 seconds; B. t = 0.7 seconds; C. t = 1.2 seconds; D. t = 1.6 seconds; E. t =1.8 seconds; F. t = 2.1 seconds 

 

PETG is a rigid material, meaning that the membrane valves were unable to be printed as functional 

features. Thus, the performance of the valve designs integrated into design idea 4 could not be 

verified. The membrane valve was printed as an individual component from TPU 95a, shown in Figure 

6.3. The valve was able to prevent fluid flow in both a 0.36- and 0.48-mm thickness; however, the 

rupturing of membranes was observed within each of the membrane thicknesses; albeit, more 

commonly among the 0.36 mm models. This conflicts with the results provided by the simulations in 

section 5.3.3, which were deemed to function within a sizable FoS. The cause was attributed to the 

weak interlayer bonding between layers, as discussed in section 4.4. 
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Figure 6.3 – 3D printed microfluidic membrane valve (0.36 mm thickness) 

The membrane valve was printed as an individual component from TPU95a for testing outside of the sample collection 

device. The membrane valve shown was a partially printed model cut along its YZ plane for visualisation purposes. 

 

The cartridge design was also fabricated out of house from Formlabs Clear Resin (Protolabs, 

Minnesota, USA), using SLA 3D printing. This cartridge can be seen in Figure 6.4. The internal features 

of the cartridge did not print despite a high resolution (50 µm layer height) being selected. Thus, 

further tests were unable to be performed on the SLA cartridge design. As the SCD printed using SLA 

(Figure 6.4) lacked the internal features to conduct fluidic testing, a comparison against the SCD 

fabricated using FDM printing (Figure 6.1) could not be conducted. 

 

 
Figure 6.4 – Design Idea 4: Cartridge fabricated using SLA printing 

The cartridge was manufactured from Formlabs Clear Resin (Protolabs, Minnesota, USA). 
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6.2.2. Sample Collection Device Fabricated from Final Design Idea  

The first iteration of the SCD proposed in section 4.3.6 can be seen in Figure 6.5. The components of 

the SCD were fabricated using Accura Xtreme on a Viper stereolithography printer (3D Systems, Rock 

Hill, South Carolina, USA). The components were connected fluidically using 0.5 mm diameter silicon 

tubing (RS Components, Corby, England) and Idex 1/16" x 1/16" ID Polypropylene Straight Barbed 

Connectors (Cole-Palmer, Vernon Hills, Illinois, USA). The SCD interfaced with a dispenser needle using 

a Masterflex Polypropylene Male Luer Lock to 1/16" ID Hose Barb Adapter (Cole-Palmer, Vernon Hills, 

Illinois, USA) and to a syringe pump using a Masterflex Polypropylene Female Luer Lock to 1/16" ID 

Hose Barb Adapter (Cole-Palmer, Vernon Hills, Illinois, USA). The swab receiver and the T-junction 

were then secured to the switch valves using an interference fit with an allowance of 0.2 mm. By using 

silicon tubing, these switch valves were able to function without direct contact with the fluid, and 

thus, were completely reusable.  

 

 
Figure 6.5 – Sample Collection Device fabricated using SLA printing (1st iteration) 

1, Swab Receiver; 2, Switch Valve 1; 3, T-Junction; 4, Switch Valve 2; 5, Dispenser Tip Needle 

 

As the swab receiver and T-junction were in contact with the fluid, the SCD would require disassembly 

following use to replace contaminated parts, increasing the risk of contamination during manual 

handling. This inspired a redesign to reduce the number of components and to remove the T-junction. 

The 3D printed T-junction was replaced with a Masterflex Polypropylene 1/16" ID Tee Barb Union 

(Cole-Palmer, Vernon Hills, Illinois, USA) allowing for the SCD to be modified as shown in Figure 6.6. 

The modified design featured a redesigned lower section which was completely reusable due to 

operating without direct contact with the contained fluid. 
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Figure 6.6 – Sample Collection Device fabricated using SLA printing (2nd iteration) 

1, Swab Receiver; 2, Redesigned Lower Section containing both switch valves; 3, Dispenser Tip Needle  

 

The valve designs presented in section 4.3.6 were able to restrict fluid flow as intended. Thus, fluid 

control from the swab receiver to the syringe and to the dispenser needle could be directed without 

backflow. The switch valves were constructed as individual components, shown in Figure 6.7. An 

interesting feature of these valves was the use of silicon tubing as fluidic channels, which made the 

entire 3D printed section operable without direct contact with the fluid. The valve design was printed 

in both TPU 95a and PLA, using a 0.25 mm and 0.4 mm nozzle, respectively, using an Ultimaker 2+. 

The performance of the valves was unaffected by the material or the resolution of the printer, 

demonstrating the capabilities of this design.  

 

 

Figure 6.7 – 3D printed switch valve 

The valve was printed in both TPU 95a (orange) and PLA (white) to demonstrate the material independence of the design.  
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6.3. Fabrication of the Sample Preparation Device 

6.3.1. First Iteration   

The SPD proposed in section 4.3.6 was fabricated using an Ultimaker 2+ printer from PLA. The 

individual components can be seen in Figure 6.8 and the assembled platform in Figure 6.9. Following 

the fabrication of the individual components, 3 mm hex nuts were inserted into allocated recesses 

using heat assisted interference fits. The heat was applied directly to each hex nut which softened the 

thermoplastic material upon contact, allowing for the nut to be inserted into the recess without 

damaging the plastic material. As the thermoplastic cooled, the recess shrunk in size to take the shape 

of the hex nut, preventing the nut from moving during subsequent assembly. As this design iteration 

required 57 hex nuts to be set using this methodology, the process took approximately 105 minutes. 

Before the platform was assembled, the components of the Z-stage (Figure 6.8c) were aligned using 

6mm A2 tool steel rods and were secured using screws. The moving platform was fitted with two 

LM6UU linear bearings (Walfront LLC, Lewes, Delaware, USA), allowing motion along the tool steel 

rods. An M5 threaded rod (1 mm pitch) was used as a lead screw to adjust the height of the moving 

platform, which would adjust the distance between the high voltage (HV) and grounded electrodes.  

The heater blocks were machined using a STEPCRAFT Q.408 CNC-System (Stoney CNC, Ireland) using 

CAD files designed on Solidworks 2020. The resistive heating elements were designed on EaglePCB 

and were fabricated by Newbury Electronics Ltd (Newbury, England). The heater block clamps were 

fabricated from Formlabs High Temp Resin (Protolabs, Minnesota, USA) using SLA printing. As these 

were fabricated out of house, the make and resolution of the 3D printer was unknown. The heater 

blocks were aligned to either side of the SCD using 6mm A2 tool steel rods and LM6UU linear bearings, 

akin to the Z-stage moving platform. A separate assembly of these components can be seen in Figure 

6.31, where heat testing is conducted. Once the hex nuts had been set in each component and the Z-

stage was constructed, the entire platform was assembled using M3 socket head cap screws. The total 

assembly and disassembly times were 55 and 35 minutes, respectively.  
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Figure 6.8 – Sample Preparation Device fabricated using FDM printing (1st iteration) 

A. Lower casing: 1, rear; 2, top; 3, left; 4, base; 5, right; 6, front 

B. Upper casing: 1, rear; 2, top; 3, left; 4, top; 5, right; 6, front 

C. Z-stage: 1, fixed base; 2, moving platform; 3, fixed top 
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Figure 6.9 – Sample Preparation Device (1st iteration) 

The time taken to set each of the hex nuts required for the assembly was 1 hr 45 min. The total assembly time was 55 min 

and the total disassembly time was 35 min. 
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The experimental setup of the EHD system (Figure 6.10) consisted of a 50 x 50 x 2 mm (L x W x H) 

sheet of aluminium used as a ground electrode and a 21-gauge stainless-steel blunt tip needle (Table 

3.3) used as a HV electrode. Both the HV and ground electrodes were connected to a Q40 High Voltage 

Module (XP Power, Singapore), to 4 kV and ground outputs, respectively. A 4 mm hole was placed at 

the centre of the ground electrode to allow for detached droplets to pass through. A schematic of the 

EHD circuit can be seen in section 8.4.1.  

 

 
Figure 6.10 – Sample Preparation Device (1st iteration, Electrohydrodynamic Dripping System) 

 

 

6.3.2. Second Iteration   

The platform underwent several late-stage iterations to improve performance and safety. As a result, 

a simpler method was devised to reduce the time taken to disassemble and reassemble the platform. 

Lego® style fittings were designed to adjoin the components in place of hex nuts and screws. The 

redesign (Figure 6.11) reduced the number of hex nuts required from 57 to 6, reducing the time 

required to set the hex nuts to 12 minutes. Following the setting of the hex nuts, the platform was 

assembled by simply connecting the fittings together. A significant reduction in the assembly and 

disassembly time was observed following the modification, at 20 minutes and 5 minutes, respectively. 

A high 4 mm Red Heavy Duty 30A Binding Post (Cliff Electronic Components, Redhill, England) was 

used in place of a crocodile clip to improve the connection from the HV electrode to the Q40 Module. 

When coupled with a 3D printed socket aligner, the alignment of the HV electrode to the hole in the 

ground electrode was improved, simplifying the experimental setup.  
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Figure 6.11 – Final Design Idea: Sample Preparation Device (2nd iteration) 

1. PLA Casing for the Heating Module; 2. PLA Casing for the EHD Module; 3. Formlabs High Temp resin Moving Jaw Fitted 

with heater block (Left); 4. Formlabs High Temp resin Moving Jaw Fitted with heater block (right); 5. Accura Xtreme Z-Stage 

Platform for Ground Electrode; 6. 4mm Red Heavy Duty 30A Binding Post, fitted into a PLA HV Socket Locator   

The time taken to set each of the hex nuts required for assembly was 12 min. The total assembly time was 20 min and the 

total disassembly time was 5 min. 
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6.3.3. Dead Volume Evaluation   

The dead volume was estimated for each of the components within the SCD, shown in Figure 6.12. 

The total estimated dead volume for the individual components (excluding the silicon tubing) was 

221.1 µL. The length of silicon tubing used within the SCD was 68 mm and an additional 32 mm was 

used to connect the Tee Barb to the syringe pump. The resulting volume within the silicon tubing was 

201.1 µL. Ultimately, the total dead volume was 422.2 µL. A starting volume of 2.25 mL was suggested 

in section 3.2.4.2, and thus, an 18.8% volume loss was estimated within the SCD. 

 

 
Figure 6.12 – Internal dead volume estimates for the sample collection device 

 

 

6.3.4. Syringe Pump   

A 3D printed syringe pump was used to govern fluid flow through the SPD. Files for an open source 

syringe pump developed by Wijnen et al. were used as a template for the syringe pump used for this 

study [485]. The parts were imported as .STL files into Solidworks 2020 and were adapted to fit BD 

syringes ranging from 1 to 10 mL. The components of the syringe pump were fabricated from PLA 

using an Ultimaker 2+ printer. The fabricated parts were assembled using a methodology described 

elsewhere [486]. The syringe pump can be seen in Figure 6.13. 
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Figure 6.13 – Final Design Idea: Syringe Pump 

 

The syringe pump was driven using a NEMA17 Stepper Motor (National Electrical Manufacturers 

Association, Rosslyn, Arlington, Virginia, USA), which had a 1.8° step angle and a lead screw with a 1 

mm pitch. One full revolution (360°) of the stepper motor corresponds with a 1 mm displacement of 

the pusher block. The control for the syringe pump (shown in Figure 6.16) was available in the 

laboratory. A relationship between the step angle and the displaced volume from the syringe pump 

can be seen in Figure 6.14 in reference to Equation 6.1, where V is the displaced volume, s is the stroke 

length of the syringe pump and D is the inner diameter of the syringe body.  

 

 
𝑉 =

𝜋𝐷2

4
𝑠 [m3] Equation 6.1 

 

 
Figure 6.14 – Displaced Volume vs. Step Angle for 1-, 3-, 5- and 10 mL BD Syringes 
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A comparison between the syringe profiles can be seen in Table 6.1. In order to achieve the highest 

resolution over the fluid control, while also being able to displace air to the top of the syringe body by 

adjusting the orientation of the syringe, the 3 mL syringe was selected. Despite having the highest 

resolution of volume control, the 1 mL BD syringe was omitted from further study, due to the inability 

to displace bubbles from the body of the syringe without manual interaction or external 

instrumentation. For the 3-, 5- and 10-mL syringes, placing the syringe pump in a vertical orientation 

with the nozzle facing upwards was sufficient to displace air bubbles to the top of the syringe, where 

they could subsequently be expelled. This ensured that the metered volume was correct. The 10 mL 

syringe was also excluded from further study, as the number of increments required to displace the 

droplet from the tip of the needle resulted in a substantial overshoot of the desired volume.  

 

Table 6.1 – Estimated stroke length to displace 1 µL from needle tip, based on BD Syringes [487] 

The valves for the number of increments was rounded up to ensure the total volume of 1 µL was displaced, using the 

resolution of the NEMA17 Stepper Motor. The 1 mL and 10 mL BD Syringes were excluded from further study. 

Syringe Inner Diameter (D) 

(mm) 

Stroke Length (s) 

(µm) 

Increments 

(rounded valves) 

Step 

Angle 

1 mL 4.78 55.7 11.1 (12) 21.6° 

3 mL 8.66 17.0 3.4 (4) 7.2° 

5 mL 12.07 8.7 1.75 (2) 3.6° 

10 mL 14.5 6.1 1.21 (2) 3.6° 

 

Using the dead volume estimates from Figure 6.12, the displacement for the syringe pump in each 

direction was estimated. A flow chart describing the process of the fluid flow during priming and 

dispensing can be seen in Figure 6.15. In order to prime the pump, a volume of 257.7 µL was required 

to completely fill the components between the swab inlet and the syringe pump with fluid. Assuming 

the use of a 3 mL syringe, a displacement of 4.375 mm of the pusher block in the direction away from 

the syringe was required, equating to a step angle of 1576.8°. Assuming that the syringe pump is 

primed and absent of any air bubbles, a volume of 164.4 µL was required to completely fill the 

components between the Masterflex Tee Barbed Connector and the dispenser hub. A displacement 

of 2.791 mm in the direction towards the syringe was required, equating to a step angle of 1006.2°.  

The internal volume of the 14-, 18-, 20-, 21-, 25- and 30-gauge needles was 7.05, 5.18, 1.68, 1.09, 0.62 

and 0.22 µL, respectively. The required step angle to actuate the fluid through the dispenser needles 

and to displace the 1 µL droplet from the needle were 50.4°, 39.6°, 18°, 14.4°, 12.6°, and 9°, 

respectively.  
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Figure 6.15 – Flow chart of the fluid flow during the priming and dispensing processes 

The green arrows indicate the fluid flow during the priming of the syringe pump, while the red arrows indicate the travel of 

the fluid flow from the syringe to the dispenser needle hub. 
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6.4. Testing of the Sample Preparation Device 

The experimental setup for the sample preparation platform can be seen in Figure 6.16. The HV 

electrode on the SCD and the ground electrode on the SPD were connected to the +3 kV and ground 

outputs for the Q40 High Voltage Module, respectively. The Q40 High Voltage Module was connected 

to a Thurlby Thandar Tti PL310QMT Power Supply (Thurlby Thandar Instruments Ltd., Huntingdon, 

England), which was connected to mains electricity.   

 

 
Figure 6.16 – Final Design Idea: Experimental Setup 

1. Thurlby Thandar Tti PL310QMT Power Supply; 2. Sample Preparation Device; 3. Sample Collection Device; 4. 3D Printed 

Syringe Pump; 5. Q40 High Voltage Module; 6. Syringe Pump Control System 

 

 

6.4.1. Droplet Generation through Electrohydrodynamic Dripping 

The SCD, SPD and the syringe pump were connected to perform fluidic tests and to test the ability to 

produce droplets on demand. The EHD configuration can be seen in Figure 6.17. The actual output at 

the HV electrode was measured at 3.8 kV, and thus, the distance between the electrodes was changed 

to adjust the strength of the electrical field. The maximum allowable distance between the HV and 

ground electrodes was 15 mm. A distance of 13 mm between the electrodes was sufficient to 

encourage dripping to occur. At a distance of 6 mm and below, the droplet would fail to detach from 

the needle and the emission of corona discharge was observed.  
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Figure 6.17 – Electrohydrodynamic Dripping System: Experimental Setup 

1. 25-gauge blunt tip dispenser needle, used as a HV electrode; 2. 4mm Red Heavy Duty 30A Binding Post, fitted into a PLA 

HV Socket Locator; 3. 50 x 50 mm aluminium plate, used as a ground electrode; 4. Accura Xtreme Z-Stage Platform; 5. PCR 

tube strip, used to collect detached droplets. 

 

The individual PCR tubes were aligned manually with the electrodes using a 3D printed rack. Between 

operations, the rack was manually positioned so that a tube would align directly beneath the dispenser 

needle. The droplets yielded by the first iteration of the EHD experimental setup (Figure 6.18) 

exhibited varying levels of spraying at the ground electrode. Due to the range of the spraying, it was 

possible that these droplets would be dispensed into adjacent PCR tubes, resulting in a variation in 

the amount of sample being dispensed into each tube. This prompted a redesign, which increased the 

hole diameter from 4 mm to 8 mm. Following the redesign, the modified setup (Figure 6.19) was able 

to encourage dripping at a distance of 11 mm, 2 mm less than the previous platform. Furthermore, 

the droplets yielded by the modified setup (Figure 6.20) exhibited no signs of spraying. Interestingly, 

no corona discharge was observed regardless of the electrode orientation. 
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Figure 6.18 – Droplets yielded by the initial EHD setup dispensed directly onto glass slides 

A total of 3 droplets were dispensed onto the glass slide. Varying levels of spraying was observed across each droplet. 

 

 
Figure 6.19 – Electrohydrodynamic Dripping System: Experimental Setup 

This modification to the setup shown in Figure 6.17, increased the hole diameter from 4 mm to 8mm. At a distance of 11 

mm, the droplets would detach from the needle under the applied electrical field. 

 

 
Figure 6.20 – Droplets yielded by the modified EHD setup dispensed directly onto glass slides 
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A total of 10 droplets were ejected from the HV electrode into the PCR tube strips using the 

experimental setup and the average droplet volume was determined using the methodology 

previously described in section 3.3.3.2. An image of the dispensed droplets can be seen in Figure 6.21, 

with the results of the average droplet volume shown in Figure 6.22. The mean droplet volume was 

1.3 µL, ranging from 0.88 to 1.91 µL. Through a comparison with the results yielded in the unassisted 

configuration, the EHD system presented in this section demonstrated an 86% reduction in the 

average droplet volume. 

 

 
Figure 6.21 – Droplets yielded by the EHD setup dispensed directly into PCR tube strips 

A total of 10 droplets were elected from the dispenser needle into the qPCR tube strips. A single droplet was dispensed into 

each individual tube to prove correct functionality and to provide a comparison between droplet sizes. Tube 7 contained a 

total of 3 droplets. The experiment was repeated across 10 tube strips. 

 

 
Figure 6.22 – Box plot comparing standard and electric field assisted droplet volumes 

The desired droplet volume was 1 µl. The mean droplet volume for the EHD assisted droplets was 1.3 µL, ranging from 0.88 

to 1.91 µl. The results of each of the tube strips were within 2 standard deviations (1 SD = ± 0.33 µl) of the mean. 

 

0 1 2 3 4 5 6 7 8 9 10

EHD Assisted Droplets

Unassisted Droplets

Volume [μl]

Droplet Volume Comparison (25 Gauge Needle)



Fabrication of a Sample Preparation Platform 
 

215 | P a g e  

The volume of the droplets was determined by weighing them following their release into PCR tubes; 

however, methods to measure the droplet size within fluid handling systems should be available in 

real time [360]. An open source plugin (Pendant_Drop) developed by Daerr and Mogne for the image 

processing software ImageJ (National Institutes of Health, Bethesda, Maryland, USA; Laboratory for 

Optical and Computational Instrumentation, Madison, Wisconsin, USA) was used with a smartphone 

camera to measure the volume of the droplets. The plugin matches a theoretical profile to the contour 

of the pendant droplet, providing values for the droplet volume and the surface tension [488].  

The software was tested using droplets suspended from the 14-gauge needle. An image taken of the 

droplet was (Figure 6.23) was cropped and imported into ImageJ, which was then converted from an 

RGB to an 8-bit greyscale format. (Figure 6.24).  

 

 
Figure 6.23 – Droplet formed at the 14-gauge needle 

imported into ImageJ 

 
Figure 6.24 – The images imported into ImageJ were 

converted into 8-bit greyscale 

 

Measurements of the outer diameter of the needle were taken within the ImageJ software, as shown 

in Figure 6.25. The pixel length (33.26) was converted into the known outer diameter of the 14-gauge 

needle (1.27 mm), previously shown in Table 3.3. 
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Figure 6.25 – Plugin usage: Measuring the diameter of the dispenser needle  

The yellow line signifies the outer diameter of the 14-gauge dispenser needle. This line was equivalent to 33.26 pixels. This 

was converted into the known length of 1.27 mm, as shown in Table 3.3 

 

Following calibration, the plugin was initialised, with the capillary length set to 2.7 mm, taken from 

literature [489]. The results (Figure 6.26) demonstrated the droplet volume was 7.93 µL. 

 

 
Figure 6.26 – Plugin usage: Initialising the pendant drop plugin 

The capillary length was set to 2.7 mm, taken from literature [489]. The droplet volume was determined to be 7.932 µL 
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The values obtained from the plugin were significantly smaller than the experimental values reported 

in section 3.3 (Figure 3.10a). Assuming the droplets were completely spherical, the experimental 

droplet radius (rexp) and the droplet radius measured using ImageJ (rIJ) were calculated using Equation 

6.2, where Vexp is the experimental droplet volume and VIJ is the droplet volume measured using 

ImageJ. Using Equation 6.3, the error was calculated as 39.2%.  

 

 

𝑟𝑒𝑥𝑝 ≈ √(
3𝑉𝑒𝑥𝑝
4𝜋

)
3

 𝑟𝐼𝐽 ≈ √(
3𝑉

4𝜋
)

3

 [m] Equation 6.2 

 

≈ √(
3(35.23)

4𝜋
)

3

 ≈ √(
3(7.932)

4𝜋
)

3

 

 

 

 𝑟𝑒𝑥𝑝 ≈ 2.034 𝑚𝑚 𝑟𝐼𝐽 ≈ 1.237 𝑚𝑚   

     

 𝑒𝑟𝑟𝑜𝑟 =  
𝑟𝑒𝑥𝑝−𝑟𝐼𝐽

𝑟𝑒𝑥𝑝
𝑥100   

Equation 6.3  

 
= 
2.034 − 1.237

2.034
𝑥100 

 
 

 error = 39.18%   

 

 

6.4.2. Heating 

6.4.2.1. Design Idea 2 

Based on the design proposed in section 5.4.3 (Figure 5.50), an experiment was setup in order to 

determine the temperature increase in relation to an applied electrical potential. The reagent capsule 

was filled with 1 ml of DI H2O. A Digimess® HY3003-3 Power Supply (Digimess Instruments Ltd, Derby, 

England, UK) was connected to a nichrome wire coil, which was then subjected to currents from 0.05 

to 1 A in increasing increments of 50 mA. Thermocouples recorded the local temperature at the centre 

(T1), top (T2) and bottom of the reagent capsule (T3). These values were averaged to determine the 

temperature within the heating system (TAVG). The experimental setup can be seen in Figure 6.27. 
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Figure 6.27 – Experimental setup of the low-cost heating system 

1. A laptop running Arduino IDE (Arduino Software, Ivrea, Italy) recorded temperate readings from the thermocouples; 2. An 

Arduino Uno measured the temperature of the heating system; 3. The heating system was mounted onto a breadboard and 

fitted with thermocouples; 4. A Power Supply provided an electrical potential across the nichrome wire. 

 

The current-voltage characteristic of the unloaded nichrome wire coil can be seen in Figure 6.28. The 

resistance was calculated as 6.57 ohms using Equation 6.4, where the value for the gradient was taken 

from the trendline of the current voltage curve.  

 

 
Figure 6.28 – Current-Voltage characteristic of the unloaded nichrome wire coil. 

Using the trendline, the resistance was determined at 6.57 ohms 

 

 
𝑅 =  

1
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  [Ω] Equation 6.4 
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The heating system shown in Figure 6.27 yielded the results shown in Figure 6.29. At the time of 

performing this experiment, two separate heating steps at 55 and 92 °C were required for cell lysis 

and incubation, respectively. For incubation and cell lysis steps, a current of 0.55 and 0.83 A were 

required to reach the desired temperature, respectively. 

 

 
Figure 6.29 – Temperature vs. Current 

Three thermocouples located at the top (T1), middle (T2) and bottom (T3) of the reagent capsule were used to determine an 

average temperature (TAVG) across the heating system. Readings were taken after 5 minutes to ensure thermal equilibrium 

across the system. A TAVG of 55 °C was achieved at 0.55 A, while TAVG of 92 °C was achieved at 0.83 A. 

 

The experiment was repeated in two scenarios: Scenario 1 (4 V, 0.64 A) and scenario 2 (5 V, 0.83 A) to 

record the time taken to reach 55 °C. The results for the temperature ramp rate can be seen in Figure 

6.30. For scenario 1, the heating system took 430 seconds to reach the desired temperature, while for 

scenario 2, the heating system took just 130 seconds, 5 minutes less than scenario 1.  

 

 
Figure 6.30 – Temperature vs. Time 

Time readings were taken every 5 seconds. For Scenario 1, (4 V, 0.64 A), the heating system took 430 seconds to reach an 

average temperature of 55 °C. For Scenario 2, (5 V, 0.83 A), the heating system took 130 seconds to reach an average 

temperature of 55 °C 
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The T1 thermocouple gave the highest temperature readings, followed by the T2 thermocouple and 

the T3 thermocouple, which gave the lowest readings. The heat discrepancies were observed above 

applied currents of 0.3 A. At 0.55 A, where an average temperature of 55 °C was achieved, the 

difference between the highest and lowest readings was 6.1 °C; while at 0.83 A, where an average 

temperature of 92 °C was achieved, the difference between the highest and lowest readings increased 

significantly to 13.4 °C. It was determined that the temperature towards the top of the heating system 

was higher than the temperature towards the bottom. The reason for this discrepancy was attributed 

to the occurrence of convective heat transfer within the DI H2O.  

 

6.4.2.2. Final Design Idea 

Tests to assess the performance of the platform presented in section 6.3.2 were conducted. Each 

heating system consisted of a machined aluminium heater block, a resistive heating element 

fabricated by Newbury Electronics Ltd and a heater block clamp fabricated from Formlabs High Temp 

resin. The components of the heater can be seen in Figure 6.31. 

 
Figure 6.31 – Final Design Idea: Sample Preparation Device (Heater Block Assembly) 

A. The individual components of the heating system. 1, Formlabs high temp resin heater block clamp; 2, Aluminium heater 

block; 3, Resistive heating element B. The assembled heating system, referred to as the “loaded heater”. 

 

The resistive heating element was connected to a Thurlby Thandar Tti PL310QMT Power Supply prior 

to assembly (henceforth, the “unloaded heater”) to determine the temperature produced absent of 

any adjacent components (henceforth, the “unloaded temperature”). A voltage range of 0.1 – 5 V was 

applied to the resistive element in increments of 0.1 V. The temperature was recorded at the left-

hand side (T1), centre (T2) and right-hand side (T3) of the unloaded heater using thermocouples, which 

were averaged to determine the unloaded temperature (TAVG). The experiment was then repeated 
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following assembly (henceforth, the “loaded heater”) to determine the temperature produced in the 

presence of the coupled components (henceforth, the “loaded temperature”). The current-voltage 

characteristic for the unloaded heater can be seen in Figure 6.32. Using the gradient taken from the 

trendline of the current-voltage curve, the resistance was calculated as 3.78 ohms. 

 

 
Figure 6.32 – Current-Voltage characteristic of the unloaded resistive heating element. 

Using the gradient of the trendline, the resistance was determined at 3.78 ohms 

A comparison between the loaded and unloaded temperatures can be seen in Figure 6.33. At the time 

of performing the experiment, the goal was to achieve a temperature of 92 °C to achieve cell lysis. For 

the unloaded heater, 3.8 V were required to reach the desired temperature. For the loaded heater, 

4.55 V were required to reach the desired temperature. 

 

 
Figure 6.33 – Temperature vs. Current for the Unloaded and Loaded Heating Systems 

Three thermocouples located at the left-hand side (T1), centre (T2) and right-hand side (T3) of the heater were used to 
determine an average temperature (TAVG) across the heating system. Time readings were taken after 5 minutes to ensure 

the system had reached thermal equilibrium. The unloaded heater required 3.8 V (1.004 A) to reach the desired 
temperature of 92 °C. The loaded heater required 4.55 V (1.146 A) reach the desired temperature of 92 °C. 
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The SPD was assembled as shown in Figure 6.34. Each heating system was connected to a Thurlby 

Thandar Tti PL310QMT Power Supply, which supplied a constant voltage throughout the duration of 

the experiment. A Testo 925 Type K Thermometer was used to monitor the temperature change 

within the swab receiver presented in section 4.3.6 (Figure 4.24), which was placed between the 

heater blocks (as shown in Figure 4.27), filled with 3 ml of DI H2O and sealed to prevent evaporation. 

The experiment was conducted for two scenarios: Scenario 1 (4.6 V, 1.146 A) and scenario 2 (5 V, 

1.194 A), with recordings taken every 5 seconds to monitor the temperature increase over time. 

The goal of the experiment was to reach the desired temperature of 92 °C within 5 minutes. A plot 

comparing the performance of the heating system in both scenarios can be seen in Figure 6.35. For 

scenario 1, the temperature increased by 54.0 °C within the recorded 20-minute time period, while 

for scenario 2, the temperature increase was 61.0 °C. The desired temperature was achieved within 

25 minutes in scenario 1, while the heating system took 22.5 minutes to reach the desired 

temperature for scenario 2.   

 

 
Figure 6.34 – Experimental setup of the assembled heating system 

1. The heating module was used independently for the heating experiment; 2. The assembled heating system was placed 

within the sample preparation device. The swab receiver was placed between the moving jaws and filled with 3 ml of DH2O; 

3. A Testo 925 Type K Thermometer (Testo, Hampshire, UK) was used to record the temperature. A temperature probe was 

connected and placed within the swab receiver; 4. A Digimess® HY3003-3 Power Supply was used to provide an electrical 

potential across each heater 
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Figure 6.35 – Temperature vs. Time 

Time readings were taken every 5 seconds from 0 to 20 minutes. Scenario 1 (4.6 V, 1.146 A) took 25 minutes to heat the 

fluid to 92 °C. Scenario 2 (5 V, 1.194 A) 22.5 minutes to heat the fluid to 92 °C. 

These questionable results prompted a comparison between this heating system against the nichrome 

wire heating system presented in section 5.4.3. A plot of the recorded resistances of each heating 

system can be seen in Figure 6.36. While both heating systems demonstrated a non-linear relationship 

between the resistance and the voltage, the gradient of the heating system shown in this section was 

much steeper than the system previously presented in section 6.4.2.1, indicating a significant increase 

in resistance at a higher voltage.  

 

 
Figure 6.36 – Resistance vs. Voltage for the Two Fabricated Heating Systems 

The heating system shown in Figure 6.27is referred to as “Nichrome Wire”, while the heating system shown in (Figure 6.31) 

is referred to as “Copper Track”. 

 

It was hypothesised that the increase in resistivity could be attributed to the increase in temperature, 

leading to initial calculations through the application of Ohm’s law (Equation 5.26) being insufficient. 

Thus, the effect of the temperature on the resistivity was studied using Equation 6.5, where T0 is the 
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initial temperature, Tt is the actual temperature, α is the temperature coefficient of resistivity, ρR0 is 

the resistivity at T0 and ρRt is the actual resistivity at Tt [490,491].  

 

 𝜌𝑅𝑡 = 𝜌𝑅0(𝛼 + [𝑇𝑡 − 𝑇0]) [Ω ∙m] Equation 6.5 

 

The values used to calculate the thermal coefficient of expansion can be seen in Table 6.2. The 

resistivity of the nichrome wire was 1.12 x 10-6 Ω∙m [470] and its thermal coefficient of resistivity was 

1.7 x 10-4 °C-1 [490]. The resistivity of copper was 1.72 x 10-8 Ω∙m and the thermal coefficient of 

resistivity was 3.86 x 10-3 °C-1. These values were taken from COMSOL Multiphysics software, which 

were also used in section 5.4.4 to perform heat transfer simulations. Finally, the resistance was 

calculated using Equation 5.28; however, the resistivity term “ρR” was substituted with “ρRt” to provide 

the actual resistance at the temperature Tt, Rt. The calculated results agreed with the recorded results 

for each experiment as shown in Figure 6.37. Thus, the hypothesis connecting the increase in 

resistance to the increase in temperature was supported.  

 

Table 6.2 – Values used to calculate the thermal coefficient of expansion 
α, temperature coefficient of resistivity; ρR0, resistivity at the temperature T0; A, cross-sectional area of the resistive heating 

element; L, length of the resistive heating element 

 α 

(°C-1) 

ρR0 

Ω∙m 

A 

(mm2) 

L 

(mm) 

Copper Track 3.86 × 10−3 1.72 x 10-8 1.05 x 10-2 1595.72 

Nichrome Wire 1.7 x 10-4 1.12 x 10-6 5.067 x 10-2 300 

 

 

 

Figure 6.37 – Actual Resistance vs. Temperature for the Two Fabricated Heating Systems 

The heating system shown in Figure 6.27 is referred to as “Nichrome Wire”, while the heating system shown in (Figure 6.31) 

is referred to as “Copper Track”. 
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The experimental results for the heating module produced higher temperatures than required, due to 

a margin provided to account for changes in the ambient temperature. Thus, an overshoot was 

expected. An Arduino driven temperature controller was developed in order to control the 

temperature of the heaters, adapted from works described elsewhere [492]. However, this was not 

completed during this project. The device would use an MAX6675 K-Type Thermocouples (RS 

Components, Corby, England) to sense temperature changes and a TIP120 transistor (Adafruit 

Industries, New York, New York, USA) to control the current flow to the resistive heater. The schematic 

of the temperature controller can be seen in section 8.4.2. 
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6.5. Discussion  

6.5.1. Sample Collection Device Proposed in Design Idea 4 

Due to the low glass transition temperature of PETG (≈80 °C), biological validation of the model was 

unable to be performed, as the temperature of 92 °C required to conduct cell lysis would affect the 

integrity of the SCD. The time lapse demonstrating the filling of the heating chamber (Figure 6.2) 

indicated the potential presence of an air bubble in the top left-hand side of the trapezoidal chamber. 

A similar observation was noted for the two-phase flow simulation for Case 1 (Figure 5.22). Thus, the 

reliability of the computational model was proven. The formation of air bubbles is a concern typical 

to microfluidic applications. In this instance, the presence of the air bubble reduced the volume within 

the trapezoidal chamber below the desired 1 mL. The bubbles which form within a chamber can 

remain stationary and increase in size, resulting in an increase in fluid resistance and an eventual 

blockage of fluid flow [493]. These air traps are typically caused by flaws in the geometrical design 

[494]. A fluid travelling from a channel into a chamber experiences a large change in the cross-

sectional area, increasing the susceptibility of bubble formation [495]. This was noted in both the 

simulation and the fluidic tests. Works by Choi, Na and Kim have integrated silicon oxide hydrophilic 

strips into thermoplastic microfluidic chambers to influence the shape of the fluid meniscus during 

the filling of a chamber by capillary action [495]. The flat meniscus improved contact with the chamber 

walls during the filling process, preventing the formation of air bubbles.  

 

 

6.5.2. Final Platform 

The platform presented in section 4.3.6 consisted of individual heating, valving and EHD systems, 

which performed as defined in the design description. The temperature ramp rate was significantly 

lower to calculations provided in section 5.4.4, requiring 15 minutes more than intended to reach the 

desired temperature of 92 °C. Calculations of the resistivity in section 6.4.2.2 demonstrated a 

significant increase in the resistance from 2.61 Ω at 20 °C to 3.54 Ω at 92 °C. Consequently, this resulted 

in a reduction in the expected current of 2.03 A to an actual current of 1.41 A at 5 V. There are other 

factors which influenced the performance of the heating system. The heat tests were performed in 

facilities which were susceptible to ambient conditions, which resulted in fluctuations in the air 

temperature of ±3.4 °C during testing, due to sudden increases in air flow. This could have created 

heat losses as a result of forced convection. Another key factor was hypothesised to be the inclusion 
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of the moving jaw (Figure 5.52), which was not accounted for in the simulation performed in section 

5.4.4. While this feature was intended to act as an insulator and prevent heat from escaping into the 

surroundings through convection and radiation, the moving jaw may have acted as a heat sink, 

absorbing a substantial portion of the thermal energy supplied by the resistive heating element in the 

form of conduction.  

The EHD module shown in section 6.4.1 was capable of yielding droplet sizes within the desired 1 – 3 

µL range. This was a preliminary design, serving as a means to overcome the surface tension of the 

hanging droplet attached to the dispenser tip needle. As a result, further work is needed to optimise 

this design. This EHD module was the largest concern in terms of power consumption, due to requiring 

a 12 V output to drive the Q40 High Voltage Module. Commercially available 20,000 mAh power banks 

are capable of producing a 12 V output; however, this is not standard and will greatly increase the 

power consumption. Of course, it should be noted that a short time of a few milliseconds is sufficient 

to encourage droplet detachment from the needle; however, further research is needed to ensure the 

device is functional using a suitable power bank. 
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6.6. Chapter Summary  

While the results of the SCD design proposed in section 4.3.5 held no notable significance over the 

final design, the fluidic tests presented in section 6.2.1 validated the two-phase flow computational 

model presented in section 5.2.5. Furthermore, the membrane valves design presented in section 

5.3.3 were demonstrated to work as individual components. Consequently, it may be claimed that this 

design may be effective with access to higher resolution 3D printers.  

The heating system shown in section 6.4.2.2 was demonstrated to heat the contained liquid to 92 °C, 

demonstrating the ability of the platform to perform cell lysis. The calculated voltage and simulations 

presented in section 5.4.4 proposed a required voltage of 5.19 V, which offered similar results (Figure 

5.59). Thus, the computational simulation validated the proposed design. The heating system was 

compared to the experimental setup developed from the design proposed in section 5.4.3. The copper 

resistive heating element experienced a significant increase in resistivity at higher temperatures 

compared to the nichrome wire. Subsequently, the temperature ramp rate of the copper resistive 

heating element was more gradual in comparison to the nichrome wire. Of course, it must be noted 

that the nichrome wire was tested on an unloaded system, while the copper resistive heating element 

was tested within a fabricated platform. Furthermore, while the nichrome wire required careful 

wrapping around the copper tube to ensure the coils were equally spaced, the copper resistive heating 

element was integrated onto a PCB which was suitable for batch scale production. Thus, the design of 

the copper heating element was beneficial for reducing the labour intensity and fabrication time.  

In summation, the fabrication of the sample collection and preparation device was presented in this 

chapter. The performance of the platform proposed in section 4.3.6 was then tested, assessing the 

capabilities of the EHD and heating modules independently. Both platforms were demonstrated to 

function as outlined in Chapter 3, with the heating module demonstrating its ability to reach 

temperatures of 92 °C to facilitate cell lysis and the EHD module capable of releasing droplets 86% 

smaller than the unassisted droplets yielded in section 3.3. Furthermore, a redesign of the surrounding 

casing to include Lego® styled fittings substantially reduced the assembly time by over 78%. This 

offered a rather unique ready-to-assemble platform which can be delivered directly to the user for 

on-site assembly.  



Discussion and Conclusion 
 

229 | P a g e  

7. Discussion and Conclusion 

7.1. Introduction 

Low-cost and accessible molecular diagnostic options are severely lacking in the developing world. 

POCT is a vital means to meet the demand for molecular testing within small, handheld or tabletop 

platforms, mitigating the common needs of large volumes of reagents, storage facilities, complex 

instrumentation and skilled technicians. This reduces the costs and widens accessibility. The benefits 

are not strictly limited to the developing world, but offer a crucial opportunity in the developed world, 

alleviating pressure on healthcare professionals by allowing screening to be conducted at the 

convenience of the patient. The crux of POCT is sample preparation, often described as the bottleneck 

of molecular diagnostics. Traditional sample preparation is laborious and time-consuming. Most 

notably, the streamlining of sample preparation steps applicable to a multitude of sample types into 

sophisticated POCT platforms remains elusive.  

The aim of the project was to develop a sample preparation platform that met the REASSURED criteria. 

The focus was placed on performing NA extraction on cloacal swab samples for the detection of 

prevalent bacterial and viral infections in poultry, and later, to perform RNA extraction from NP and 

OP samples to detect SARS-CoV-2 following the Covid-19 outbreak. The research conducted during 

the development of this project would serve to answer crucial research questions posed in Chapter 1. 
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7.2. A Universal Sample Preparation Device for Resource-Stressed Settings 

The final sample preparation platform was comprised of a heating module, used to conduct thermal 

lysis; an open-source syringe pump and switch valves used to govern fluid flow through the SCD; and 

an EHD module to detach 1 µL droplets from a needle dispenser tip. The proposed device was 

developed with the goal of providing a low-cost sample preparation method within a convenient 

platform for deployment in resource-limited settings.  

 

 

7.2.1. Sample Preparation Using the Boiling Method  

The results of the sample preparation on cloacal samples using the boiling method presented in 

section 3.4 demonstrated that effective cell lysis could be conducted within a single heating step. 

Furthermore, a comparison of the results from both downstream analysis techniques supported the 

claims that iNAAT techniques offer the potential to outperform the gold standard, PCR [11]. The 

lysates were frozen following cell lysis to prevent degradation, indicating a need for cold storage. 

However, this was deemed a necessity due to the sizable period between the sample preparation and 

analysis steps. Hence, conducting amplification and detection following cell lysis and an immediate 

dilution step should offer similar results to those presented in this thesis. Whilst each of the mediums 

demonstrated the ability to extract detectable levels of E. coli present within each sample, the PBS 

and TE/PK outperformed the other mediums. The PBS buffer offered the highest yield of DNA among 

the crude lysates (182 ng/μL), while the TE/PK offered the highest purity values using the A260/280 

ratio with a result of 1.06. As the lysates in PBS buffer offered the highest DNA yield, this medium was 

recommended for subsequent protocols. The experiment was conducted by suspending 100 mg of a 

cloacal sample into 200 μL of each medium. Thus, this sample preparation process can be easily scaled 

towards pooled sampling applications through an adjustment of the starting volume of the medium.  

 

 

7.2.2. Heating Module to Conduct Thermal Lysis 

The heating module proposed in section 4.3.6 was demonstrated to supply heat sufficient to conduct 

cell lysis in section 6.4.2.2, validated in section 5.4.4 by computational modelling. The heating module 

was designed specifically to interface with the geometry of the SCD to ensure the heater block would 



Discussion and Conclusion 
 

231 | P a g e  

provide a uniform heat distribution across fluid within the swab receiver. An accompanying PCB with 

a serpentine copper track was designed to provide an even distribution of heat from the PCB to the 

heater block, avoiding localised hot spots.  

A comparison between the performance of the microheaters previously discussed in section 5.5.3. 

against the heating system demonstrated in section 6.4.2.2 (Table 7.1), reveals the difference in the 

time taken to reach the desired temperature. It should be noted that the temperatures of the 

reviewed microheaters were either measured directly (previously termed “unloaded temperatures”) 

or were assessed for volumes within the microlitre range. Contrastingly, the volume of liquid heated 

within this setup was in the millilitre range. Nevertheless, further research is required to optimise the 

performance of the heating system. A time dependant computational model would prove vital for 

predicting the low temperature ramp and allowing optimisations to be made computationally. A time-

dependant study was devised for a preceding iteration of the design shown in section 5.4.3, where it 

was established that the computational power was a limiting factor.  

 

Table 7.1 – A summary of heating systems reported by previous authors 

RT, signifies room temperature  

Author(s) Heating 

Method 

Temperature Total 

Volume 

Time 

Taken 

Power 

Required  

REF 

Minimum Maximum Accuracy 

De Mello et al.  Joule RT 130 °C ±0.2 °C  ≈ 14 sec 1 W [476] 

Lao et al.  Joule 50 °C 100 °C ±1 °C 20 µL ≈ 5 sec 2.2 W [477] 

Mavraki et al. Joule RT 130 °C    1.7 W [478] 

Vigolo et al. Joule RT 75 °C ±3 °C  10 – 20 sec 1 W [479] 

Kim and Kim Joule RT 180 °C  30 µL ≈ 1 min ≈ 6.4 W [480] 

Gujit et al. Chemical -3 °C 76 °C    n/a [481] 

Maltezos et al. Chemical -20 °C 76 °C   ≈ 22 sec n/a [482] 

This study Joule RT 102.7 °C n/a 3 ml ≈ 25 min 5.3 W  

 

There is a delicate balance between the accuracy and complexity of the control module, particularly 

regarding POCT applications. As stated in section 6.4.2.2, an Arduino driven temperature controller 

was developed; however, it was not completed during the thesis due to time constraints. Precise 

temperature control is desirable in the field of diagnostics to facilitate specific sample preparation or 

amplification steps. An interesting feature of a heating system developed by Velve Casquillas et al. 

was the inclusion of a 50 nm platinum resistance which was bonded to a microchannel block [496]. As 

the electrical resistance of platinum changes almost linearly with temperature, the temperature could 

be measured by measuring the resistance across the platinum wire. The silicon-glass microfluidic chip 

developed by Lao et al. described previously also used platinum as a temperature sensor [477].  
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7.3. Manual Actuation and Non-Contact Dispensing of Fluid Aliquots on Demand 

Biological assays have been drastically scaled-down in size since their conception. In 1995, assays 

performed in a 96-well plate would have a volume of 250 µL. In 2003, comparable assays would be 

reduced to volumes between 50 and 3 µL, performed in 384- and 1,536-well plates [360,497]. Today, 

similar assays have been scaled down to the nanolitre range [361,498]. For applications involving cell 

sorting and bioprinting, volumes within the picolitre range have been achieved [499-502]. While POCT 

devices are not expected to operate with the same throughput as laboratory methods, the reduction 

in the assay volume can drastically reduce reagent costs.  

One of the major research questions was to determine if it was possible to manually dispense fluid 

aliquots in the range of 1 – 3 µL on-demand without using a pipette. A review of literature shown in 

section 3.4.4 supports the claim that such a small volume is not achievable without the use of a manual 

pipette, or the use of a liquid handling system. Standard fluid delivery methods use a moving piston 

(i.e., a syringe pump) to displace a precise volume. However, while these platforms are able to meter 

small volumes, a high velocity is required to overcome the effects of the surface tension; otherwise, 

the droplet will remain attached to the nozzle [360]. As a result, these systems are typically coupled 

with other components to dispense droplets [498]. Solenoid valves introduce additional moving 

components which require precise control systems to deliver the desired volume, while piezoelectric 

and acoustic methods are limited by their scalability [360]. The accuracy of each method hinges on 

the rheological properties of the liquid and the environmental conditions, requiring calibration prior 

to operation [503,504]. Biological samples will vary in viscosity and the temperature and humidity are 

susceptible to large changes, particularly in POCT environments. Thus, a dispensing method able to 

function with a high level of accuracy independently of the rheological properties of the fluid, as well 

as the environment, is required.  

 

 

7.3.1. Electrohydrodynamic Module for On-Demand Droplet Production 

Table 7.2 compares the performance of droplet dispensing systems previously discussed in section 

3.3.4.2 against the EHD module presented in section 6.4.1. An accepted level of precision for 

dispensing small volumes is 0.2 – 0.5 µL [505]. Thus, it can be determined that further optimisation is 

required to increase the uniformity of the dispensed droplets. Many of the platforms previously 

discussed in this thesis do not provide a starting volume or have large starting volumes in comparison 

to the EHD module developed in this thesis. An example is the acoustic actuator developed by 
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Castrejón-Pita et al., requiring an initial volume of 100 – 500 ml [362]. In comparison, the EHD module 

presented in this thesis was functional with a significantly smaller starting volume of 3 ml. It should 

be noted that microdripping was observed during the testing of the EHD platform; producing droplets 

much smaller than the diameter of the fluid meniscus. These droplet volumes were not quantified, 

and thus, were not presented in this thesis. However, future iterations of this platform offer the 

potential to significantly decrease the droplet size and increase the overall precision. By using a lead 

screw with a smaller pitch, the precision of the syringe pump would greatly increase, which in turn, 

would greatly increase the accuracy of the droplets produced by the EHD module.  

 

Table 7.2 – A summary of droplet dispensing systems reported by previous authors 

Author(s) Dispensing 

Method 

Minimum 

Volume 

Surface Tension Viscosity REF 

Bammesberger et al. Piezoelectric 0.25 ± 0.025 µL 30.49–70.83 mN/m 1.03–16.98 mPa∙s [361] 

Lee et al. EHD  51.4 ± 4.64 nL   [453] 

Haber et al. Solenoid 25 ± 1.68 nL  1 – 3 mPa∙s [360] 

Liu et al.  Solenoid 100 ± 3.3 nL  1 – 8.37 mPa·s [504] 

Castrejón-Pita et al. Acoustic ≈ 4.85 µL 63–72 mN/m 2.45 – 8.37 mPa∙s [362] 

Kim and Park Piezoelectric 1.45 ± 0.34 nL   [363] 

This study EHD 1.30 ± 0.66 µL 72 mN/m 1.0016 mPa∙s  

 

It has been claimed that EHD droplet generation may not be suitable for biological applications due to 

the need for an electrically conductive fluid [506]. This raised concerns about the potential adsorption 

of NAs into the metallic needle during operation which would lower the concentration of the target 

pathogen released into the PCR tubes. However, work by Lee et al. reported a DNA droplet dispensing 

platform using an EHD configuration [453]. The platform used both a DC (1.5 kV) and an AC (0.5 kV, 

100 Hz) potential to establish an electrical field between a pair of electrodes fixed at a distance of 6.5 

mm. Using a needle type electrode similar to the arrangement proposed in this thesis, droplets with 

an average volume of 51.4 nL were obtained with a 26-gauge needle, which reduced to 2.1 nL using a 

33-gauge needle. It was also reported that the droplet volume was not significantly affected by 

variations in DNA concentrations within the tested fluid. This dispensing method was paired with 

downstream microarrays to detect DNA, suggesting that the DNA within the solution can be released 

without damage due to thermal or electrical effects. Although the findings by Lee et al. demonstrate 

the ability to produce droplets containing DNA on demand, further research is needed to investigate 

the effects of DNA adsorption into the dispenser needle under an electrical field and to quantify the 

amount of DNA lost as a result.  
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7.3.2. Quantification of Droplet Volumes 

A discrepancy was noted between the experimental and imaging results. The droplet volume 

measured using ImageJ shown in section 6.4.1 was 7.93 µL. In contrast, the corresponding 14-gauge 

needle yielded droplets with an actual volume of 35.23 µL, as shown in section 3.3. It was noted that 

due to light refraction, light rays from the droplet could miss the camera entrance pupil, resulting in a 

droplet volume smaller than the real size. However, the error in the drop radius should be roughly 1% 

[507]. In contrast, the error was over 39%. The light source shown in the proposed setup (Figure 3.9) 

provided a light background over which an image of a pendant drop with a high contrast could be 

captured. It is possible that the contrast between the droplet and the background for the experimental 

setup was not significant enough to yield accurate results.  

The setup proposed by Daerr and Mogne (Figure 7.1) requires 300 mm distances between both the 

light source and camera and light source from the pendant drop [507]. The length and width of the 

final platform was 106 and 108 mm, respectively. Thus, the setup could not be integrated into the 

final platform, meaning alternate methods to measure droplet sizes in real time were necessary. Ernst 

et al. developed a non-contact capacitive sensor to monitor the volume and velocity of droplets in 

flight [508]. The presence of a free-falling liquid droplet would create a change in the electrical field 

strength within an open plate capacitor. The magnitude of the change was used to determine the size 

of the droplets. The sensor was able to detect droplets within the range of 20 – 65 nL, within an 

accuracy of 2 nL. This sensor was later integrated into the platform developed by Bammesberger et 

al. to measure droplets within an accuracy of 25 nL [361]. 

 

 
Figure 7.1 – Schematic of a surface tension measurement set-up [507] 

A horizontal distance from the droplet is 300 mm for both the light source and the camera in the proposed set-up. The 

camera lens has a diameter of 25 mm. The camera used a 50 mm Macroplanar objective. An LED was used as a light source. 
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7.4. Streamlining Sample Preparation into a Portable Device  

Following the shift in focus to address the Covid-19 pandemic, a research question was proposed 

concerning the possibility of performing sample preparation within a portable device. Due to the 

highly pathogenic nature of the SARS-CoV-2 strain of coronavirus, the ability to offer convenient and 

remote diagnostics outside of localised healthcare facilities would greatly lessen the proliferation of 

the disease. While antigen-based LFDs have been offered as a low-cost method of diagnostics on a 

wide scale, the low sensitivity can yield a high number of false negatives. NAAT techniques are more 

sensitive and specific in comparison, making them favourable options for POCT. However, between 

sample collection and sample analysis lies sample preparation, an important obstacle which must be 

overcome. While there are examples of sample-to-answer handheld and portable benchtop analysers, 

a portable platform dedicated towards streamlining the sample preparation process for a wide array 

of biological samples into a single POCT device has not yet been realised. The platform developed 

throughout this project marks a first milestone on the journey towards the realisation of portable 

sample preparation for use in conjunction with iNAAT devices.  

 

 

7.4.1. Power Requirements for a Portable Sample Preparation Platform   

Findings from the experiment in section 6.4.2.2 indicate that further work is required to increase the 

temperature ramp rate for the heating system. The current iteration of the system can heat the 

contained liquid to the desired temperature of 92 °C within 23 minutes and lyse the cells within 15 

minutes. By including the downstream LAMP process with end-point detection, sample-to-answer 

detection can be achieved in 68 minutes, just above the 1 hour required for a process to be considered 

as “point-of-care”. Thus, an increase in the temperature ramp rate is required.  

A comparison between the temperature profile of the copper track (Figure 6.35) to the nichrome wire 

(Figure 6.30) demonstrates the difference in the temperature ramp rate. It should be noted that the 

volume of DI H2O tested in the final platform was 3 mL, 3 times of the volume used to test the 

nichrome wire heating system. Moreover, testing conducted within the final platform contained 

additional components, such as the moving jaw, which absorbed a percentage of the heat energy 

through conduction. However, a major factor which decreased the temperature ramp rate was the 

high temperature coefficient of resistivity of copper (3.86 x 10-3 °C-1), over an order of magnitude larger 

than the nichrome wire (1.7 x 10-4 °C-1.) It was estimated in section 5.4.4.1 that a current of 2.03 A 
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would be drawn through the copper track at 5.19 V; however, it was determined experimentally in 

section 6.4.2.2 that 1.15 A was drawn. Thus, the selection of a material with a lower temperature 

coefficient of resistivity would greatly increase the current drawn at higher temperatures, increasing 

the temperature ramp rate. More importantly, the reducing in power consumption would allow for 

the platform to operate solely using a portable power bank, as stated in section 4.2.8. An exchange of 

the material used as the resistive heating element would significantly reduce the overall processing 

time, which would reduce the overall power consumption.  

 

 

7.4.2. Swab Sampling for Non-Invasive Sample Collection  

Many samples require collection through invasive procedures. Due to their invasive nature, collection 

by trained personnel in specialised facilities is required. Swab sampling may be viewed as a less 

invasive method of sample collection. Furthermore, swab sampling typically requires a substantially 

smaller volume in comparison to invasive alternatives, and thus, the number of samples taken per 

procedure can be increased. As a result, tests can be performed more frequently, should repeat 

testing be necessary. Finally, in cases of human sampling, samples may be self-collected by the patient, 

alleviating pressure on healthcare professionals.  

Research conducted into commercially available swabs showed an individual range of absorption of 

92.5 – 249.3 µL for standard tip swabs and 27.5 – 112.1 µL for mini-tip swabs. Thus, mini-tip swabs are 

preferable in terms of volume loss. For poultry related infections, multiple samples are typically 

collected from birds which are representative of the entire flock. These are then pooled into a single 

medium for analysis. Based on a review of literature, pooling of up to 5 samples into a single volume 

can increase the testing capability by 69% [129]. Based on a review of the current state-of-the-art, this 

has been achieved using the LumiraDx SARS-CoV-2 Ag Pool Test (see section 8.2.4 for an overview of 

this test assay.) Of course, this test is a serological assay, and thus, the chemistry will differ greatly 

from molecular assays. However, this provides a starting point from which to estimate the pooling 

capabilities of the platform developed during this thesis. By pooling 5 swab samples into a single 

medium, the maximum adsorption could be estimated as 560.5 µL for mini-tip swabs and 1246.5 µL 

for standard tip swabs. The estimated dead volume of the SCD fabricated in section 6.3.3 was 422.2 

µL (Figure 6.12). Therefore, a total volume between 982.7 and 1807 µL would be lost during the 

sample preparation steps, using the most absorbent mini- and standard-tip swabs, respectively. 

Consequently, the assumption of a 2.25 mL starting volume would ensure that a usable amount of 
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sample would remain for analysis. The ability to utilise a small sample volume would greatly increase 

the portability of the platform. By reducing the dead volume within the SCD with further iterations of 

the platform, it is possible to significantly increase the usable sample volume.  

A concern with such a small volume was the viscosity of the liquid following the insertion of the sample 

into the PBS buffer. The fluidic testing of the platform was performed for water, solely. As a result, the 

performance of the platform for fluids with different rheological properties was not verified. As shown 

in Table 7.2, similar platforms can handle liquids with viscosities within the range of 1 to 16.98 mPa∙s. 

Further work into the performance of this platform with fluids of different viscosities is needed. 

Additionally, while the fluid absorption of each swab sample was known, how this would translate to 

the absorption of biological samples was unknown. 100 mg was assumed as the mass uptake for the 

sample preparation protocol shown in section 3.4; however, a look into the volume up take of the 

swabs for respiratory (NP and OP) and cloacal samples would reveal if this assumption is correct. 

 

 

7.4.3. A Ready-to-Assemble Sample Preparation Platform  

An area of true novelty offered with the platform is the Lego® styled fittings in place of standard screw 

fittings. The time taken to assemble the first iteration of the final platform was 160 minutes (105 

minutes to set the hex nuts and 55 minutes to assemble the platform.) In comparison, the time taken 

to assemble the second iteration was just 32 minutes (12 minutes to set the hex nuts and 20 minutes 

to assemble the platform.) These fittings were fabricated using a low-cost 3D printer (Prusa i3) which 

can be purchased for under £1,000. It is reasonable to conclude that the platform could be delivered 

as a package to an end-user as individual components to assemble, or, fabricated using a low-cost 3D 

printer delivered using open source files. Both options, particularly the latter, would greatly increase 

the potential for a transfer of technology to the developing world.  
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7.5. A REASSURED Sample Preparation Device   

The sample preparation platform was compared against the REASSURED criterion for iNAAT platforms 

presented in section 2.5 (Table 2.21). The platform can be considered to be highly affordable, 

attributed to the ability for the bulk of its components to be fabricated using low-cost 3D printers. 

Following fabrication, the use of integrated Lego® styled fittings allowed the platform to be assembled 

without the need for metal fastenings. The results of the sample preparation protocol shown in 

section 3.4 also demonstrated the high sensitivity and robustness of the LAMP assay to detect E. coli 

from cloacal samples, despite the low-purity of the DNA which indicated a high amount of 

contamination. The sample preparation protocol was designed to be conducted within the sample 

preparation platform, only requiring the insertion of the swab sample into the swab receiver and the 

collection of the PCR tubes following the aliquoting of the crude lysate. Thus, the device can be 

considered to be highly user friendly, while also offering easy specimen collection. Furthermore, as 

thermal lysis could yield a suitable lysate within 15 minutes, the process was considered to be rapid. 

Finally, the platform offers a high potential to be equipment free. While the heating and EHD modules 

were powered by an external power supply during testing, the power calculations shown in section 

5.4.4 imply that the device may be powered using a suitable power bank.  

However, there is still much progress to be made for the project to be considered deliverable to end-

users. Based on a review of literature presented in section 2.3, many POCT platforms offer wireless 

connectivity using a smartphone or laptop, allowing for the status of the protocol to be monitored in 

real-time. In recent years, several POCT platforms have utilised smartphones to both power and 

wirelessly control diagnostic protocols [509]. The development of such a system could not be achieved 

during this thesis with the resources available. The sample preparation protocol was performed within 

a laboratory, outside of the platform. Following testing of the protocol within the sample preparation 

platform, testing in resource-stressed settings would truly assess the robustness of the protocol. 

Finally, it is important to test the protocol with spiked samples with known concentrations of the 

target analyte to determine the LOD. In addition, performing the test on samples absent of the target 

analyte would provide quantitative values for the specificity of the platform. In light of the 

aforementioned, the completion of these tasks will allow for the realisation of a sample preparation 

platform that fully meets the requirements of the REASSURED criteria. 
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7.6. Applications of the Project Beyond the Field of Diagnostics 

The project commenced as a means to integrate sample preparation into a standalone platform, 

offering a low-cost method of detecting poultry related infections from cloacal swab samples. 

Following the Covid-19 pandemic, the focus of the project shifted to include preparing NP and OP 

swab samples. Both applications were coupled with downstream LAMP analysis with end-point 

colorimetric detection. A question raised during the progression of the project was regarding the 

applications of the research beyond sample preparation.  

Sample preparation is either conducted as a high-throughput process using complex static laboratory 

platforms, or as a low-throughput process using commercial extraction kits. Both methods are 

expensive; particularly in the case of laboratory-based platforms, or require several laborious steps, 

particularly in the case of commercial NA extraction kits. The sample preparation platform developed 

throughout this project attempted to find a compromise between these two approaches, offering a 

higher throughput than commercial extraction kits at a lower cost than the laboratory gold standard.  

A sample preparation protocol was to be designed by collaborators of the EPSRC project; however, a 

working protocol was not produced. As demonstrated in section 3.4., successful PCR and LAMP 

products were shown following thermal lysis and a dilution step. This demonstrated the ability to 

prepare a biological sample within a complex matrix without the need for laborious NA extraction 

steps.  

There is a major issue with translating scientific and engineering research into the commercialisation 

of POCT platforms for use in resource-limited settings. The development of POCT platforms requires 

an interaction between end-users and developers during the early stages of product development. A 

review of the literature revealed that there are currently no commercially available sample 

preparation platforms designed for use in remote or low-income environments. This therefore, marks 

a vital first step towards the commercialisation of a low-cost sample preparation platform for POCT 

applications. 
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7.7. Conclusions and Recommendations for Future Work  

A series of poultry related diseases across the developing world prompted the conception of this 

project. The aim was to develop a sample preparation platform capable of delivering 3 µL aliquots of 

purified DNA or RNA in solution following sufficient treatment of cloacal swab samples to detect S. 

enterica, IBD, IBV, MG, NDV and APEC using LAMP. Following the start of the Covid-19 pandemic, the 

focus of the project shifted to include delivering 1 µL aliquots of purified RNA in solution from NP and 

OP swabs. A literature review into the state-of-the-art for molecular diagnostics and POCT revealed 

that no such platforms have reached the commercial stage.  

Preliminary experiments were conducted to provide a tangible starting point from which design ideas 

were constructed. The analysis of the absorption rate for commercially available swabs revealed an 

average rate of absorption ranging between 27.5 and 249.3 µL. Therefore, it was concluded that to 

avoid a large volume loss to each swab while ensuring a high DNA recovery, polyurethane mini-tip 

swabs would be the optimal choice. A comparison between the dispenser tip needles of different 

gauge sizes revealed that an increase in gauge resulted in a decrease in the average droplet size. The 

30-gauge needle yielded the smallest average droplet volumes among those tested, at 6.24 µL. Work 

by other authors suggested that a change from a vertical to a horizontal orientation would reduce the 

average droplet volume. This was observed in an experiment conducted on a dispenser tip needle 

with a larger diameter; however, the opposite effect was observed at a smaller diameter. 

A simple sample preparation protocol was devised using a single thermal step on cloacal samples 

suspended in a liquid buffer, followed by a 1:10 dilution step on the produced lysate in DH2O. Both 

PCR and LAMP were able to detect the presence of E. coli in each of the tested buffers; however, PBS 

offered the highest yield among the buffers tested. The protocol demonstrates simple and successful 

sample preparation which could be easily integrated into a sample preparation platform.  

Based on findings from the literature review and preliminary work, a series of design ideas were 

created based on a set of specifications. These designs underwent several optimisations based on 

findings from computational simulations. Findings from each design were used to draft a final set of 

specifications, which became a template for a final platform. This platform employed joule heating of 

a copper resistive heating element to conduct thermal lysis at 92 °C and an EHD module which used 

an electrical field between a pair of electrodes at a different electrical potential to each other to 

overcome the surface tension at a dispenser tip needle. This allowed for non-contact dispensing to be 

achieved on demand. A modified open source syringe pump was used to actuate fluid through the 

platform, while simple switch valves were used to prevent backflow.  
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Following the assembly of the sample preparation platform, testing was conducted on the heating and 

EHD modules individually. The EHD module yielded droplets with an average volume of 1.3 µL, an 86% 

reduction compared to the unassisted droplet volumes yielded in preliminary experiments. Tests 

performed on the heating module demonstrated the capabilities of the system to heat 3 mL of DI H2O 

to 92 °C at a voltage of 5V. This agreed with the COMSOL model, which predicted 5.19 V would be 

required to heat a volume of water to 91.9 °C. However, due to the high temperature coefficient of 

resistivity for copper, the current drawn (1.19 A) was significantly less than the predicted current (2.03 

A) which resulted in a low temperature ramp rate. Nevertheless, it was demonstrated that the heating 

system would be capable of conducting cell lysis.  

The device fabricated during this project offered an engineering solution to a biological problem. 

Whilst the ultimate goal was to develop and fabricate a universal sample preparation platform, this 

was a complex task and ultimately was not achievable in a single Ph.D. project. Thus, further work is 

required to advance the platform to a stage where commercialisation is a possibility. The heating 

module was proven to reach the desired temperature of 92 °C; however, the ability to conduct cell 

lysis using biological samples were not tested within the actual platform. Thus, verifying the 

capabilities of the heating module to perform cell lysis is the next crucial step. Improving the 

temperature ramp rate of the heating platform is the next logical step. Due to its high temperature 

coefficient of resistivity, copper was not the ideal material for use as a resistive heating element. 

Contrastingly, the nichrome wire had a lower temperature coefficient of resistivity. Therefore, should 

it prove possible to plate nichrome onto a substrate, then a modified PCB with an improved ramp rate 

could be designed, which would be easier to fabricate than the nichrome coils.  

The EHD module was able to produce droplets significantly below the unassisted droplet sizes; 

however, they were still 0.3 µL above the 1 µL target. The use of a syringe pump with a smaller pitch 

should increase the precision of the EHD module and allow for droplets to be dispensed with a higher 

precision. Furthermore, optimising the conditions of the electrical field should prevent spraying and 

avoids the production of satellite droplets. The SCD was developed as a proof-of-concept which used 

large switch valves to control the fluid flow. The miniaturisation of these valves would significantly 

reduce the dead volume within the overall platform. The sample preparation protocol required a 

centrifugation step to precipitate solid particulates. The integration of a filtration system into the SCD 

should be sufficient to circumvent the need for centrifugation. In addition, a 1:10 dilution step is 

performed following cell lysis. Therefore, this process would need to be integrated into the SCD. 

Finally, the subsequent iteration of the platform should be assessed for its capabilities to perform 

sample preparation, using spiked samples to determine a LOD. 
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8. Appendix 

8.1. Appendix A – A Review of NAAT Techniques 

8.1.1. Nucleic Acid Sequence-Based Amplification  

Nucleic Acid Sequence-Based Amplification (NASBA), also known as Transcription Mediated 

Amplification (TMA) [510] and Self-Sustained Sequence Replication (3SR) [511], Is a process which 

mimics in vivo replications at 41 °C to produce 109-fold amplification from an RNA template in 90 min 

[512,513]. Unlike PCR, where the initial primer concentration limits the yield, the RNA obtained by 

NASBA overtakes the level of the primers by one order of magnitude [514]. Due to its low operational 

temperature, NASBA is well suited for POCT [185]. NASBA was designed in 1991 by Jean Compton 

[207] to detect bacterial or viral pathogens in food and to quantitatively analyse for microorganisms 

in water samples [515]. In 2013, Reinholt et al. integrated nucleic acid extraction and NASBA 

amplification into a microfluidic device; however, the sample was pre-lysed and detection was 

conducted off the chip following amplification [516]. In 2015, Chung et al. integrated lysis, RNA 

extraction, NASBA amplification and fluorescence detection into a microfluidic device [517]. This 

device assembled a set of 4 microfluidic chips onto an under plate and could amplify 24 RNA targets 

in parallel, detecting the norovirus from oysters within four hours. 

NASBA is rapid, only requiring 4 to 5 cycles to achieve one million-fold amplification, without the 

requirement of specific instruments to facilitate the process [207,518]. NASBA is also less prone to 

contamination than PCR [519]; with a comparative study reporting that NASBA had a higher analytical 

sensitivity when compared to the performance of qRT-PCR on clinical samples [520]. NASBA is able to 

be multiplexed, allowing for the detection of multiple pathogens [521]. 

However, due to the use of 3 enzymes, the cost of the assay is increased [522]. NASBA is also limited 

to the amplification of single stranded RNA [207]. RNase-free conditions are also required to prevent 

degradation. In order to amplify DNA targets, an initial denaturation step is required [523], with 

reports also suggesting that two denaturation steps at 95 °C are required to amplify DNA [524]. Due 

to dsDNA denaturing at 95 °C, the process can become susceptible to non-specific amplification. 

Consequently, a thermal step of 65 °C is required to remove secondary structures from RNA targets 

[525]. It has also been reported that temperatures higher than 42 °C can affect the enzymes, 

compromising the process [519]. NASBA is also susceptible to false positives [522]. Thus, there are 

several challenged involved with integrating this technique into POCT devices [185].  
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8.1.2. Polymerase Spiral Reaction 

Polymerase Spiral Reaction (PSR) is an isothermal amplification process, requiring a pair of primers 

and a single enzyme to initiate the reaction, using auto cycling strand displacement activity to achieve 

amplification [526]. The process is performed at a constant temperature between 61 – 65 °C, yielding 

109 copies of the target within 45 min – 1 hour [208]. 

In 2015, Liu et al. amplified genomic DNA which was extracted from cultured E. coli, reporting a 

sensitivity of 6 CFU per 25μl reaction [208]. In 2016, Jiang et al. utilised PSR for the detection of 

Candida albicans in clinical blood samples, utilising both a real-time turbidimeter and a colour change 

in the presence of pH dye to confirm the presence of the target. The reported detection limit was 6.9 

pg/µl [526]. In 2016, Gupta et al. modified this process into a method called Polymerase Cross Linking 

Spiral Reaction (PCLSR), to detect canine parvovirus 2 from clinical faecal samples. The samples were 

subjected to centrifugation and filtration, followed by snap freezing and further filtration to prepare 

the DNA for analysis. The detection limit was reported to be 5 x 10-6 ng [527]. 

The assay can be monitored in real-time either with a turbidimeter or a fluorescent dye, or with end 

point detection using gel electrophoresis or through a colorimetric change [208,526]. The process 

features a simple primer design, which does not require an initial DNA denaturation heating step to 

initiate [208]. In addition, the process may be performed without the use of complicated instruments, 

allowing it to be utilised for POCT in low-resource settings [208].  

 

8.1.3. Helicase Dependant Amplification  

Helicase-dependant amplification (HDA) uses a DNA helicase to simulate an in vivo DNA replication 

process, allowing for isothermal primer-based amplification of kilo-base long templates, achieving up 

to 106-fold amplification [528]. HDA takes advantage of the fact that DNA replication is not limited to 

the length of the target DNA template unlike PCR [206]. HDA has been combined with reverse 

transcription (RT) to amplify RNA [529] and later integrated into a disposable microfluidic device [530]. 

Zhang and Xing designed a droplet microfluidic platform using silica superparamagnetic particles 

(SSPs) to conduct DNA extraction, isothermal HDA and detection into one device [512]. Reagents were 

stored in droplets in the device and were mixed with the sample using the SSPs. Using this device, 

Zhang and Xing detected ovarian cancer biomarker Rsf-1 from whole blood samples and E. coli from 

raw samples.  
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HDA retains many of the advantages that is offered by PCR, while improving overall efficiency and 

reducing the number of sample preparation steps [531]. Once such advantage is its low operating 

temperature (between 37 – 60 °C), allowing for easy integration into POCT systems. By utilising a 

helicase enzyme to denature the dsDNA, the heat cycling process that is characteristic of PCR can be 

omitted, allowing for the process to be performed without the use of complex and expensive 

equipment [206]. However, previous works in the field have concluded that the sensitivity of HDA may 

be increased 10-fold if a two-step thermal treatment process is introduced, performing denaturation 

and annealing at 95 °C and (65 °C), respectively [532]. HDA has been utilised to detect pathogenic DNA 

in human blood samples, demonstrating its ability to deal with crude samples [206]. Following 

amplification, the HDA products can be monitored using low cost LFDs, allowing for use in low-

resource settings [530,533-535]. However, common challenges to HDA include its susceptibility to 

contamination and the risk of the formation of primer dimers, leading to non-specific amplification 

and false positives [206,536]. Furthermore, HDA is also considered difficult to multiplex [537]. 

 

8.1.4. Rolling Circle Amplification 

Rolling Circle Amplification (RCA) may be used to generate a long single-stranded DNA of a repetitive 

sequence [209]. The operating temperature is relatively low (37 °C) and can achieve 103-fold 

amplification in one hour [538]. RCA is highly accurate and specific, able to handle both cell-based and 

tissue-based assays while resisting contamination and amplification errors. Furthermore, due to being 

simple and efficient, it is well suited miniaturisation and integration into high throughput 

configurations [204].  

A portable microfluidic device for colorimetric detection of thrombin from human plasma and serum 

was developed by Lin et al., which had a LOD of 0.083 pg/ml. [211]. RCA amplification was also applied 

in different droplet-based configurations, particularly by Konry et al. [539] and Kühnemund et al. 

[540]. This droplet-based approach allowed for exponential RCA amplification to be conducted, 

allowing for the detection of Pseudomonas aeruginosa DNA at 1 aM level [540].  

RCA is considered to be simple and robust in comparison to other nucleic acid amplification techniques 

[209,541]. Unlike PCR, RCA is resistant to errors caused by contamination and requires little to no 

assay optimisation, able to be multiplexed for increased detection capabilities. RCA may per 

performed on samples within a solid phase or in solution, increasing the number of configurations the 

technology may be applied to [521]. Primers used for PCR amplification can also be used for RCA, 

meaning existing and commercially available primers may be utilised [518]. When considered 
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alongside its low operating temperature, RCA becomes a technique well-suited to POCT [532]. Despite 

the promising nature of this technique, RCA requires an initial heat denaturation step [510]. RCA can 

also prove challenging for shorter DNA templates, due to a limited number of binding sites available 

for the enzymes [542]. While it is possible to utilise general primers and oligonucleotides, it should be 

noted that these universal primers and oligonucleotides can lead to primer dimers, resulting in false 

positives [192]. RCA products are not only susceptible to the formation of primer dimers during 

amplification, but can also be susceptible to non-specific cross linking within and between component 

molecules during storage, making mass production of products difficult [543]. It is also to be noted 

that there are no commercially available RCA-based diagnostic kits [544].  

 

8.1.5. Cross Priming Amplification  

Cross Priming Amplification (CPA) is an isothermal amplification process that does not require an initial 

denaturation step, or the addition of a nicking enzyme [205]. The reaction occurs at 63 °C and can be 

used to amplify DNA or RNA templates in 1 hour, which can be detected using either a LFD test strip, 

fluorescence, turbidity or using gel electrophoresis [545-547]. The CPA process uses 5 primers, 

including one or more cross primers. The use of a single cross primer results in single CPA (S-CPA), 

while the use of two cross primers results in double CPA (D-CPA) [205]. 

The exclusion of the nicking primers in addition to not requiring an initial DNA denaturation step 

allows for the simpler and more flexible assay to be developed for low-resource settings [548,549]. It 

is to be noted that the mechanism of S-CPA did not yield high amplification products, producing 

around 104 copies [205]. Furthermore, a major drawback is the complicated sample processing 

methods required for complex samples [549].  

 

8.1.6. Recombinase Polymerase Amplification 

Recombinase Polymerase Amplification (RPA) is an amplification approach devised in 2006 by 

Piepenburg et al., which uses a DNA polymerase, recombinase and DNA-binding proteins at a constant 

temperature between 37 – 42 °C to amplify DNA, using a fluorescent probe to monitor the 

recombinase process [210]. RPA is rapid, yielding results within 5 – 20 minutes [550]. 

RPA was integrated into centrifugal microfluidic device by Lutz et al. in 2010, detecting Staphylococcus 

aureus from pre-treated samples with an LOD of 10 copies [551]. In 2014, Kim et al. used a laser diode 



Appendix 
 

287 | P a g e  

to control valve actuation, cell lysis, and heat the microfluidic chip, allowing for the integration of 

extraction, isothermal RPA and detection into a centrifugal microfluidic device. The device was used 

to test milk samples for Salmonella concentration and has a LOD of 100 CFU/ml [380]. 

In 2011, the SlipChip was designed by Shen et al. to test for MRSA using Digital RPA [552]. This 

technique was later revised by Tsaloglou et al. in 2015 to detect Clostridium difficile toxin B [553]. This 

method allows for various RPA reagents to be stored in separate compartments. When the plates of 

the SlipChip are moved, the DNA solution can interact with the various reagents, allowing for multiple 

reactions to be run in parallel. The LOD for this method was in the range of a few hundred copies, per 

ml of sample. In 2015, Schuler et al. used centrifugal emulsification to form uniform droplets, which 

was then subjected to digital droplet RPA [554]. This successfully allowed for the detection of Listeria 

monocytogenes in foods. In 2016, Li et al. designed a chip-based picolitre well array, which allowed 

for the sample DNA and reagents to be compartmentalised in sized reaction wells, where RPA 

amplification would allow for the detection of L. monocytogenes [555]. Like other digital detection 

methods, this method offers a quantitative result using fluorescence analysis. These digital RPA 

methods require approximately 30 minutes to achieve detection, making the processing time shorter 

than ddPCR [185]. 

RPA meets many of the needs of isothermal amplification methods, using simple to design assays with 

unmodified oligonucleotides to achieve rapid amplification at a low operating temperature [192]. As 

the recombinase enzymes facilitate the separation of the double stranded DNA, thermal denaturation 

is not required [210]. RPA can amplify targets up to 1.5 kilobases in length; however, targets with a 

range of 100 – 200 base pairs are preferable [556]. RPA can be performed either in solution or in a 

solid phase [550,557]. While the performance of RPA in a solid phase offers advantages in in 

multiplexing capabilities, the impeded dilution of primers and reaction reagents can result in a lower 

LOD, when compared to solution phase alternatives [556].  RPA is a relatively new amplification 

process, and thus, little scientific literature is available [518]. RPA kits are only sold by a single 

company, which can impact pricing based on demand. Currently, there is no software available for the 

development of RPA primers, which can make the process a matter of “trail and error” [556]. This can 

be particularly challenging for multiplexing, where optimised primer concentrations are required, 

based on target sequences, amplicon size and primer design [558]. However, RPA has been reported 

to be compatible with PCR primers, with reports of efficient amplification [559,560]. Finally, despite 

RPA being reported to be resistant to less purified samples, high concentrations of genomic DNA can 

inhibit the process, as well as the presence of proteins in RPA products, which can cause smearing 

during end point detection techniques such as LFDs or gel electrophoresis [556]. 
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8.1.7. Strand Displacement Amplification 

Strand Displacement Amplification (SDA) is an amplification process designed to operate at 37 °C, 

achieving linear 107-fold amplification in less than 2 hours [561]. This method can also be configured 

for exponential amplification at 49 °C, achieving 109-fold amplification in less than 20 minutes [562]. 

The process uses a primer to trigger a continuous cycle of nicking, extension and strand displacement 

steps, with additional enzymes added to accelerate the amplification process [532]. The amplification 

method has been employed in commercially available equipment for the detection of Chlamydia 

trachomatis and Neisseria gonorrhoeae in urine [563]. This allowed for isothermal circular strand-

displacement polymerisation (ICSDP) reactions to take place, which increases the stability of the 

process and allows for the easier detection of specific target sequences [532]. ICSDP may also be 

implemented into droplet microfluidic devices, allowing for nucleic acid amplification at a 

temperature of 37 °C [564].  

SDA can operate at a single temperature, allowing for thermocycling equipment to be circumvented. 

However, SDA requires an initial heat denaturation step at 95 °C [510]. However, a drawback to this 

method is the requirement of an initial thermal step at 95 °C, which increases the power requirements 

[565]. The process is also unable to amplify long target sequences [566], typically restricted to below  

50 – 120 base pairs [518,567]. The low operating temperature of the process introduces the possibility 

of non-specific primer binding during the reaction, resulting in non-specific amplification [568]. As a 

result, SDA is considered to be difficult to multiplex [521]. When compared to other isothermal 

amplification techniques, SDA can take up to 2 hours to achieve detection, making it ill-suited for POCT 

applications. SDA is also only able to produce semi-quantitative results, limiting its applications [521].  

 

8.1.8. Loop-Mediated Isothermal Amplification 

Loop-Mediated Isothermal Amplification (LAMP) is an isothermal NAAT method which uses 4 – 6 

target-specific primers, including a forward inner primer (FIP), a backward inner primer (BIP) and 2 

outer primers, to amplify a target DNA sequence. The reaction occurs between 60 – 65 °C can produce 

up to 109 copies in less than 2 hours, yielding 50-fold more amplicons than PCR based techniques 

[569]. In a similar approach to digital droplet PCR (ddPCR), LAMP can be integrated into microfluidic 

technology, as demonstrated by in 2015 by Rane et al., who utilised droplet generation to yield sample 

with an volume of 10 pL. Through a combination of LAMP amplification 63 °C within 5 uL wells and 

fluorescence detection, N. gonorrhoeae was detected with a LOD of 600 DNA copies per μl [570]. The 

ability to combine LAMP with paper microfluidics was also demonstrated by Connelly, Rolland and 
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Whitesides, who developed a device with which could detect E. coli from human plasma samples with 

a LOD of 1 cell per 16 μl [571]. The device featured a multilayer structure and sliding technology, 

allowing different reagents to be introduced into the sample solution, while preventing evaporation 

during incubation. Following amplification, an ultraviolet light source was used to detect a colour 

change.  

Due to the relatively number of primers used, LAMP is highly specific [185]. LAMP is also amplify 

medium to long range template strands, between 130 and 500 base pairs, making it suitable to a large 

variety of pathogens [212]. Another advantage to LAMP is its robustness, with many examples of the 

process being applied to samples with little to no sample treatment, including serum [572], swabs 

[573] and blood [574]. In light of the aforementioned, LAMP may be utilised where PCR may be 

insufficient and attributes itself well to POCT devices [575]. LAMP can be performed without expensive 

equipment and entails fewer and simpler sample preparation steps in comparison to traditional PCR 

[521]. While LAMP techniques can utilise an initial heating step of 95 °C, it is not required to achieve 

amplification. However, this process is typically included to encourage stand separation and increase 

sensitivity, which increases power consumption [576]. A study by Kaneko et al. has reported a high 

tolerance of inhibitors in samples, demonstrating the robustness of LAMP [577], which other studies 

have reported a higher sensitivity compared to traditional PCR [578,579].  

There are several challenges involved with the use of LAMP techniques. One such challenge is the 

multiple complex primers required for LAMP to function [580]. These additional primers are typically 

more complex in design when compared with PCR based primers [581]. Despite their intended 

function, these additional primers may also result in non-specific amplification as a result of non-

specific binding [582]. Furthermore, these additional primers make LAMP difficult to multiplex, due to 

the challenges involving target selection and primer design [583,584]. However, recent works by Goa 

et al. have included polysaccharide polymers (pullulan) in reactions to prevent non-specific 

amplification in LAMP reactions [585]. In summary, LAMP is ideal for use in low-resource settings, 

being suggested to be the ideal isothermal NAAT method for diagnostics by the WHO [584]. Complex 

samples with a variety of nucleic acids require very specific primer configuration to avoid non-specific 

amplification. Methods such as LAMP, include additional primers can improve the specificity, making 

the amplification process more resistant to inhibitors when compared to PCR, meaning less sample 

preparation steps are needed [586,587].  
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8.2. Appendix B. State-of-the-Art for SARS-CoV-2 Assays – Serological Assays 

8.2.1. Introduction  

The groundwork of POCT devices began with serological lateral flow assays, in which a single-use paper 

or membrane strip is used to detect the presence of specific protein antigens found on or within the 

virus. Such devices were first introduced by Muller and Clegg in 1949 [588]. These devices typically 

consist of 4 main components: a sample pad, a conjugate pad, a detection zone and an absorption 

pad [589]. The biological sample is absorbed into the sample pad, which is then wicked along length 

of the test strip to using capillary action. The sample is then labelled at the conjugate pad, where 

elements recognising specific elements of the pathogen of interest bind to the sample. The sample 

will then continue to wick along the test strip to the detection zone, where an interaction between 

the sample and the targeted analytes sequence occurs, resulting in a visual colour change [590]. 

Several detection zones may be included on a single test strip; however, the most common are control 

lines to ensure that the sample is both sufficient and has run correctly, as well as a test line to 

determine whether the sample is present. Finally, the absorption pad is used to absorb excess liquid 

and prevent backflow [589].  

Serological POCT devices may also be used to detect the presence of antibodies within the patient 

which are produced following infected by the target pathogen. The two main types of antibodies 

detected are IgM and IgG antibodies. IgM antibodies are the first types of antibodies produced 

following infection and are targeted to determine recent infections, while, IgG antibodies are 

developed after IgM antibodies and remain detectable within the patient for several months following 

their initial production. As a result, IgM antibodies are a favourable option for antibody testing [234]. 

Another notable application of serological assays are blood glucose tests, in which a redox enzyme is 

utilised following wicking to amplify a signal, which can be read using electrochemical detection. 

However; due to the high concentration of glucose found within the blood sample as well as the 

frequency of which the test is conducted, this can be considered to be unique when compared with 

other serological tests [590].  

These tests are designed for fast and cost-effective viral detection in comparison to alternate 

molecular methods, with results being obtainable within as little as 15 minutes [22]. A trade-off 

however is the lower sensitivity, meaning that while positive results are often accurate, there is a 

higher chance of false negatives, creating a false confidence in the results [234,249]. On average, a 

sensitivity and specificity of 56.2% and 99.5% have been reported, respectively, in comparison with 

NAAT tests [591]. For this reason, molecular tests are often favoured for SARS-CoV-2 infections, with 
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antibody tests used in either emergency cases [74], or for symptomatic patients [22]. LFDs are typically 

unable to detect analytes at low concentrations without additional instrumentation to specifically 

target signals, which increases the complexity of the device. It has been reported that concentrations 

of the analyte must be higher than 10 copies/μl to be detectable by an LFD, which can take up to five 

days following infection to achieve [22]. Furthermore, the tests are incapable of providing quantifiable 

results, which further constrains diagnostic capabilities, particularly in the testing of NAAT, where 

POCT devices are scarcely reach commercial viability [590].  

One of the major advantages to lateral flow –that being capillary action– can also contribute to one of 

the major drawbacks to the approach. As capillary flow is a single flow action which cannot be paused 

once the process has begun, the integration of necessary subsidiary procedures in order to accurate 

mimic laboratory-based assays can prove to be difficult. This consequently limits the reproducibility 

results. While fluid controls can be incorporated into lateral flow technology, this add to the increases 

the complexity of the device [590]. Despite this however, this method is still an accepted approach 

towards pregnancy and HIV testing across the developing world. 

 

 

8.2.2. Abbott BinaxNOW™ Covid-19 Antigen Card 

Abbott laboratories have developed the BinaxNow™ Covid-19 Antigen card, an LFD immunoassay 

allowing for qualitative detection of SARS-CoV-2 by targeting nucleocapsid antigens from direct nasal 

swabs [592]. While initially intended for use in symptomatic individuals, the antigen card’s relatively 

low cost ($5 per card) allows for it to be used as an alternative to more expensive methodologies. In 

addition, the antigen card provides visually interpretable results after 15 minutes, producing two pink 

or purple coloured lines, representing the targeted antigen plus a control [593]. A comparative test 

between the performance of the BinaxNOW Covid-19 Antigen Card and the TaqPath RT-PCR assay was 

conducted. It was reported that the BinaxNow identified 24 infections, but missed 21 infections that 

were detected by the TaqPath kit. A positive percent agreement of 53.3% and negative percent 

agreement of 100% was also reported. However, for cases with a high viral load, a 95.8% positive 

agreement was observed [593].  
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8.2.3. BD Veritor system for Sars-CoV-2 

Becton, Dickinson and Company have developed a rapid antigen point-of-care device for the testing 

of SARS‑CoV‑2, Flu A+B, Group A Strep and RSV in nasal swab samples. The device features a single 

button functionality and is able to detect nucleoproteins from SARS-CoV-2 within 15 minutes [594]. A 

clinical evaluation conducted by Young et al. reported the BD Veritor system had PPA, NPA and OPA 

values of 97.4, 98.1 and 98.1%, respectively, with an 87.5% positive percent agreement within day 1 

of the onset of symptoms [595]. A full tabulation of these results can be seen in Figure B.1. 

 

 
Figure B.1 – BD Veritor Test Performance at 1 through 7 Days from Symptom Onset [595] 

PPA, Positive Percent Agreement; NPA, Negative Percent Agreement; OPA, Overall Percent Agreement 

 

 

8.2.4. LumiraDx Sars-CoV-2 Ag/Ag Pool and Ab Tests  

The LumiraDx SARS-CoV-2 Ag test is an immunoassay test, performed on single-use, microfluidic test 

trips, to detect the nucleocapsid protein in a test sample using fluorescent detection from anterior 

nares or NP swab samples [596]. The test is rapid, yielding results within 12 minutes [597]. 

Alternatively, the LumiraDx SARS-CoV-2 Ag Pool test may be used, to pool 5 separate samples onto a 

single test strip, reducing the cost of resources needed per patient basis [598]. A recent development 

is the LumiraDx SARS-CoV-2 Ab Test, which detects SARS-CoV-2 antibodies from human whole blood, 

plasma or serum samples, with results being available in 11 minutes [599]. Each test strip is inserted 

into the LumiraDx Platform, which is light weight (1.1 kg) and can be powered either using a 

rechargeable battery or mains electricity, favourable attributes for POCT use [597]. 

Several studies have been conducted to determine the performance of the LumiraDx Sars-CoV-2 

antigen tests. A comparison between the performance of anterior nares and NP swab samples 

reported a 97.6% and 97.5% positive percent agreement, respectively and a 96.6% and 97.7% negative 
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percent agreement, respectively, when compared with RT-PCR conducted on a Roche Cobas 6800 

platform [597]. A similar study, comparing the performance of the LumiraDx SARS-CoV-2 antigen 

against RT-PCR conducted on a Roche Cobas 6800 platform, reported a sensitivity of 97.6%, specificity 

of 96.6%, a positive predictive value of 93.1% and a negative predictive value of 98.8% [600]. Clinical 

studies for the LumiraDx SARS-CoV-2 antigen pool test demonstrated a positive and negative percent 

agreement of 100% and 96.6%, respectively [598]. Finally, a comparison of the LumiraDx SARS-CoV-2 

Ab Test to RT-PCR reported a 100% positive and percent agreement agreement [599]. 

 

 

8.2.5. Panbio™ COVID-19 Ag Rapid Test Device  

Abbott diagnostics developed the Panbio™COVID-19 Ag Rapid Test Device, able to detect SARS-CoV-2 

from NP swabs within 15 minutes. The test is approximately credit card sized and uses lateral flow 

technology, allowing for tests to be conducted without the use of external equipment. Similar to other 

antigen-based tests discussed, the major benefit to this test is the low cost, costing just $5 per test 

[601]. A major drawback however is the low sensitivity of the tests when compared with PCR-based 

assays, with reported results of 41.8% by Torres et al. [602], 73.3% by Linares et al. [603] and 71.4 by 

Bulilete et al. [604]. These discrepancies may be attributed to conducting the tests on symptomatic 

and asymptomatic individuals, as well as the time of which the test is taken following exposure [603]. 

  

 

8.2.6. Quidel Sofia SARS antigen FIA 

Quidel developed the Sofia SARS antigen FIA test, a lateral flow immunofluorescent assay intended 

for qualitative detection of the nucleocapsid protein antigen from SARS-CoV-2 from anterior nares 

swab specimens. The test is performed within single use cartridges, which are intended for use in 

conjunction with the Sofia, Sofia 2 and Sofia Q instruments. These instruments measure the 

fluorescent response and display the results within 15 minutes [605]. Clinical performance of the Sofia 

SARS antigen FIA test against RT-PCR was conducted, with results of a positive and negative percent 

agreement of 96.7% and 100-%, respectively; as well as a positive and negative predictive value of 

100% and 99.4%, respectively [605]. Another study conducted by Smith et al. reported an overall 

percentage agreement, sensitivity and specificity between the antigen and RT-PCR tests of 97.9%, 

76.6% and 99.7%, respectively [606]. It was also reported that the Sofia SARS rapid FIA test had a TAT 

of 1.2 hours, in comparison to RT-PCR, which had a TAT of 20.1 hours.  
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Table B.1 – State-of-the-Art diagnostic assays for SARS-CoV-2 (Serological) 

LF, Lateral Flow; ANS, Anterior nares swabs; BAL, Bronchoalveolar lavage; MTNS, mid-turbinate nasal swab; NA, nasal aspirates; NS, nasal swab; NPS, nasopharyngeal swab; OS, 

oropharyngeal swab; TS, throat swab 

Assay Name Manufacturer Technology Sample Source Compatible 

Instrument(s)  

TAT Hands-

on 

time 

Portable? Ref 

CDC 2019- Novel Coronavirus 

Real-Time RT-PCR Diagnostic 

Panel 

 real-time RT-PCR 1. NPS or OS  

2. BAL fluid 

3. Tracheal aspirates 

4. Sputum 

5. Applied Biosystems 

7500 Fast Dx Real-

Time PCR Instrument 

36 min (Fast) 

<2 h 

(Standard) 

 N [247] 

BinaxNow™ Covid-19 Antigen 

card 

Abbott 
Laboratories 

LF immunoassay 6. NS 7. n/a 15 min < 2 

min 

Y [593] 

BD Veritor system for Sars-

CoV-2 

BD LF 

chromatographic 

immunoassay 

8. NS 9. BD Veritor Plus 

Analyzer 

15 min < 2 

min 

N [594] 

LumiraDx Sars-CoV-2 Ag/Ag 

Pool 

LumiraDx LF fluorescent 

immunoassay 

10. ANS, NPS 11. LumiraDx Platform 12 min < 2 

min 

Y [597,598] 

 

LumiraDx Sars-CoV-2 Ab LumiraDx LF fluorescent 

immunoassay 

12. human whole 

blood, plasma or 

serum  

13. LumiraDx Platform 11 min < 2 min Y [599] 

Panbio™COVID-19 Ag Rapid 

Test 

Abbott 

Diagnostics 

LF immunoassay 14. NPS 15. n/a 15 min < 2 min Y [601] 

Sofia SARS antigen FIA test Quidel 

Corporation 

LF fluorescent 

immunoassay 

16. ANS 17. Sofia, Sofia 2 and 

Sofia Q  

15 min < 2 min N [605] 
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8.3. Appendix C. Individual Tesla Valve – Velocity and Pressure Results  

8.3.1. Tesla Valve Design Methodology 

A starting point (A) was selected and the line AB was drawn, at a length of L1 and an angle of alpha 

from the x-axis. From point B, a circle was drawn, with a radius of R1, at a tangent to the line AB. The 

origin point of the circle (O) was then recorded. A horizontal line connected point A to a point on the 

circle (C) and all other lines were removed from the geometry, leaving the polyline ABC, which would 

form the inner wall for the valve. From the point O, a circle with a radius of R2 (R1 + W) was drawn 

and a concentric constraint was used to ensure its concentricity with the arc on the polyline ABC. The 

remaining geometry lines were then drawn at an offset of W from the original polyline and entrance 

and exit channels were drawn. The exit channel was drawn at a length of L3 and an angle of beta1 

from the x-axis. The exit channel was drawn at a length of L4. This model was then adapted to create 

the valves T45c, TMW and GMF type valves. The dimensions used for this analysis can be seen in Table 

C.1, with the corresponding valves shown in Figure C.1 – Figure C.5. The performance of each of the 

Tesla valves for forward and reverse flow conditions can be seen in Figure C.6 – Figure C.45 

 

Table C.1 – Dimensions for Tesla Valves 

  Units T45A T45C TMW GMF D 

W Channel Width mm 0.5 0.5 0.5 0.5 0.5 

L1 Straight Segment Entrance Length mm 2 3 4.5 3 n/a 

L2 Straight Segment Exit Length mm n/a n/a n/a 1.2 n/a 

L3 Outlet Length mm 1 1 1 1 1 

L4 Inlet Length mm 1 1 1 1 1 

R1 Inner Curve Radius mm 2.5 1.5 1.5 1.5 1.5 

R2 Outer Curve Radius mm 3 2 2 2 2 

alpha Outlet Channel Angle Deg 45 45 0 60 0 

beta1 Straight Segment Entrance Angle Deg 45 45 30 60 55.7 

beta2 Straight Segment Exit Angle Deg n/a n/a n/a 54.5 53.8 
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Figure C.1 – Tesla Valve T45a-type 

 

 
Figure C.2 – Tesla Valve T45c-type 

 

 
Figure C.3 – Tesla Valve TMW-type 
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Figure C.4 – Tesla Valve GMF-type 

 

 
Figure C.5 – Tesla Valve D-type 
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8.3.2. T45a-type Tesla Valve Results 

 

  

Figure C.6 – Velocity Profile for Tesla Valve T45a, Forward 

Flow (inflow velocity = 0.005 m/s) 

Figure C.7 – Velocity Profile for Tesla Valve T45a, Reverse 

Flow (inflow velocity = 0.005 m/s) 

  

  
Figure C.8 – Pressure Plot for Tesla Valve T45a, Forward 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

31.64 Pa 

Figure C.9 – Pressure Plot for Tesla Valve T45a, Reverse 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

31.59 Pa 
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Figure C.10 – Velocity Profile for Tesla Valve T45a, 

Forward Flow (inflow velocity = 0.05 m/s) 

Figure C.11 – Velocity Profile for Tesla Valve T45a, Reverse 

Flow (inflow velocity = 0.05 m/s) 

  

  

Figure C.12 – Pressure Plot for Tesla Valve T45a, Forward 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

531.38 Pa 

Figure C.13 – Pressure Plot for Tesla Valve T45a, Reverse 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

800.72 Pa 
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8.3.3. TMW-type Tesla Valve Results  
 

  

Figure C.14 – Velocity Profile for Tesla Valve TMW, 

Forward Flow (inflow velocity = 0.005 m/s) 

 

Figure C.15 – Velocity Profile for Tesla Valve TMW, Reverse 

Flow (inflow velocity = 0.005 m/s) 

 

  

  

Figure C.16 – Pressure Plot for Tesla Valve TMW, Forward 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

33.32 Pa 

Figure C.17 – Pressure Plot for Tesla Valve TMW, Reverse 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

33.14 Pa 
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Figure C.18 – Velocity Profile for Tesla Valve TMW, 

Forward Flow (inflow velocity = 0.05 m/s) 

Figure C.19 – Velocity Profile for Tesla Valve TMW, Reverse 

Flow (inflow velocity = 0.05 m/s) 

  

  

Figure C.20 – Pressure Plot for Tesla Valve TMW, Forward 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

480.73 Pa 

Figure C.21 – Pressure Plot for Tesla Valve TMW, Reverse 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

579.07 Pa 
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8.3.4. GMF-type Tesla Valve Results  
 

  

Figure C.22 – Velocity Profile for Tesla Valve GMF, Forward 

Flow (inflow velocity = 0.005 m/s) 

Figure C.23 – Velocity Profile for Tesla Valve GMF, Reverse 

Flow (inflow velocity = 0.005 m/s) 

  

  

Figure C.24 – Pressure Plot for Tesla Valve GMF, Forward 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

27.91 Pa 

Figure C.25 – Pressure Plot for Tesla Valve GMF, Reverse 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

28.37 Pa 
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Figure C.26 – Velocity Profile for Tesla Valve GMF, Forward 

Flow (inflow velocity = 0.05 m/s) 

Figure C.27 – Velocity Profile for Tesla Valve GMF, Reverse 

Flow (inflow velocity = 0.05 m/s) 

  

  

Figure C.28 – Pressure Plot for Tesla Valve GMF, Forward 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

633.19 Pa 

Figure C.29 – Pressure Plot for Tesla Valve GMF, Reverse 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

1202.22 Pa 
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8.3.5. D-type Tesla Valve Results  
 

  

Figure C.30 – Velocity Profile for Tesla Valve D, Forward 

Flow (inflow velocity = 0.005 m/s) 

Figure C.31 – Velocity Profile for Tesla Valve D, Reverse 

Flow (inflow velocity = 0.005 m/s) 

  

  

Figure C.32 – Pressure Plot for Tesla Valve D, Forward Flow 

(inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

37.13 Pa 

Figure C.33 – Pressure Plot for Tesla Valve D, Reverse Flow 

(inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

37.33 Pa 
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Figure C.34 – Velocity Profile for Tesla Valve D, Forward 

Flow (inflow velocity = 0.05 m/s) 

Figure C.35 – Velocity Profile for Tesla Valve D, Reverse 

Flow (inflow velocity = 0.05 m/s) 

  

  

Figure C.36 – Pressure Plot for Tesla Valve D, Forward Flow 

(inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

693.28 Pa 

Figure C.37 – Pressure Plot for Tesla Valve D, Reverse Flow 

(inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

1399.74 Pa 
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8.3.6. T45c-type Tesla Valve Results  
 

  

Figure C.38 – Velocity Profile for Tesla Valve T45c, Forward 

Flow (inflow velocity = 0.005 m/s) 

Figure C.39 – Velocity Profile for Tesla Valve T45c, Reverse 

Flow (inflow velocity = 0.005 m/s) 

  

  

Figure C.40 – Pressure Plot for Tesla Valve T45c, Forward 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

29.42 Pa 

Figure C.41 – Pressure Plot for Tesla Valve T45c, Reverse 

Flow (inflow velocity = 0.005 m/s) 

The recorded pressure drop across the Tesla valve was 

29.79 Pa 
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Figure C.42 – Velocity Profile for Tesla Valve T45c, Forward 

Flow (inflow velocity = 0.05 m/s) 

Figure C.43 – Velocity Profile for Tesla Valve T45c, Reverse 

Flow (inflow velocity = 0.05 m/s) 

  

  

Figure C.44 – Pressure Plot for Tesla Valve T45c, Forward 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

479.21 Pa 

Figure C.45 – Pressure Plot for Tesla Valve T45c, Reverse 

Flow (inflow velocity = 0.05 m/s) 

The recorded pressure drop across the Tesla valve was 

1038.8 Pa 
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8.4. Appendix D. Schematics for Circuits Developed  

8.4.1. DC to HV Circuit 

Figure D.1 shows a schematic for the EHD system that was used to produce droplets in the microlitre 

range. A power supply provided 12 V to a Q40 High Voltage Module (XP Power, Singapore), which in 

turn provided a 4 kV output to a dispenser needle, which acted as a HV electrode. A 50 x 50 mm sheet 

of aluminium was connected to a ground output on the Q40 High Voltage Module, which in turn was 

connected to the ground input on the power supply.  

  

 
Figure D.1 – DC/HV Setup for the EHD System 

 

 

8.4.2. Arduino Driven Temperature Controller  

An Arduino driven temperature controller was developed in order to control the temperature of the 

heaters. The device would use an MAX6675 K-Type Thermocouples (RS Components, Corby, England) 

to sense temperature changesm, and a TIP120 transistor (Adafruit Industries, New York, New York, 

USA) to control the current flow to the resistive heater. Each thermocouple would be mounted 

beneath the resistive heating element. While the averaged temperature between the thermocouples 

was beneath the desired temperature (92 °C), the heating system would remain on. At temperatures 

equal to and above the desired temperature, the heating system would turn off. The temperature 

controller (Figure D.2), it was not completed during this thesis. 
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Figure D.2 – Temperature Control Sensors, controlled by an Arduino Uno Rev 3 

 

 

 


