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Abstract 

 

The emergence of epidemic-prone infectious diseases has been identified as a major 

global health issue of the twenty-first century. Global strategies have been initiated for 

the development of drugs, vaccines and diagnostics to fight pandemic threats. Recent 

breakthroughs in biosensing technologies are strengthening the diagnostic landscape. 

Stopping pandemics requires collaboration fair and wide access to these state-of-the-

art diagnostic technologies. Decentralisation of laboratory testing and adaptation of 

these technologies to point-of-care testing is one strategy to widen access. Moreover, 

harnessing state-of-the-art diagnostic tools for rapid, simple and cost-effective 

decentralised testing can bolster the fight against neglected tropical diseases, which 

still affect over 1 billion people across the world.  

 

In this PhD thesis, I present the development and evaluation of three new in vitro 

diagnostics targeting topical infectious diseases ï Ebola virus disease, COVID-19 and 

schistosomiasis ï adapting a range of state-of-the art biosensing technologies to meet 

the needs of real-world settings.  

 

The first diagnostic developed is a proof-of-concept dual-species antigen test which 

detects and differentiates the glycoproteins of Zaire and Sudan ebolavirus. Twelve 

monoclonal antibodies were characterised and functionalised to select species-

specific antibody pairs. Finally, two species-specific dipstick components were 

evaluated in buffer spiked with Ebola recombinant glycoproteins. 

 

The second diagnostic presented herein is a rapid multi-gene molecular assay able to 

simultaneously detect two genes of SARS-CoV-2 using reverse transcription 

recombinase polymerase amplification. The one-pot assay offered two alternative 

readouts ï dipstick or real-time fluorescence ï and a clinical validation using the 

fluorescence readout was conducted with 91 clinical samples.  

 

Last, the first CRISPR-based test for urogenital schistosomiasis was developed and 

evaluated with parasitic DNA and eggs. An in-house CRISPR-compatible protocol for 
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urine sample extraction was proposed and the assay was lyophilised to facilitate 

transport and field-testing. 

 

To conclude, the diagnostic technology research presented in this thesis is a step 

towards closing the gap of high-performance tests adapted to infectious diseases and 

endemic settings. In addition, innovation in access is needed to bring these diagnostic 

technologies to patients who need them and to achieve universal health coverage. 
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Impact Statement 

 

This PhD thesis investigated state-of-the-art diagnostic technologies and how they 

could be applied to the diagnosis of emerging and neglected tropical diseases for 

point-of-care testing. This work was divided in three sections: i) The characterisation 

and functionalisation of twelve monoclonal antibodies for Ebola virus species-specific 

antigen testing is knowledge gained in the field. It laid the groundwork for an Ebola 

test that can perform rapid detection and species differentiation, particularly useful for 

triage and post-mortem testing in Central Africa where Zaire and Sudan ebolaviruses 

outbreaks are re-emerging. ii) The fast and simple isothermal molecular assay for 

SARS-CoV-2 detection reported in this thesis could be used as an alternative to 

polymerase chain reaction. The adoption of isothermal amplification assays for 

epidemic-prone pathogens can allow quicker turnaround-time and decentralised 

molecular testing during pandemic high peak demand. iii) The CRISPR-based 

diagnostic for urogenital schistosomiasis developed for the sensitive and specific 

clinical diagnosis of a neglected tropical disease in remote areas. This work may lead 

to more applications of POC molecular CRISPR tests for quality diagnosis of parasitic 

and neglected tropical diseases. 

 

The work reported in this thesis may benefit academic and industrial research in the 

field of species-specific rapid antigen tests for priority pathogens such as Ebola virus, 

for which determination of species at the patientôs bedside may help patient 

management. This thesis may encourage further development of isothermal 

amplification assays with comparable performances to polymerase chain reaction, yet 

offering a faster and simpler assay. Application of the versatile and highly specific 

CRISPR biosensing technology to parasitic and neglected tropical diseases may aid 

reach elimination of these high burden diseases. 

 

Implementation of these technologies could be made on a regional scale (e.g., 

centralised laboratories in the UK) and internationally (e.g., low- and middle income 

countries) since these diagnostic technologies showed potential to be used in 

resource-limited settings and even in tropical regions. The use of these technologies 

could benefit patients individually, but also communities which lack access to quality 
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diagnostic tests, and in turn accurate treatments. Further technology development, 

clinical and field validation of the assays presented in this thesis are required before 

they could be deployed. 

 

To disseminate the impact of this thesis, collaborations and partnerships with 

stakeholders such as clinical laboratories, rural clinics, healthcare workers in the field, 

communities and patients could help make the diagnostic technologies fit-for-purpose 

and deployable in real-world settings. Further performance validation in partnership 

with these stakeholders is also necessary. Commercialisation of these technologies 

and certification of the assays could be done as spin-off ventures or in partnership with 

already established diagnostic companies. 
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1. Chapter 1: Introduction  

1.1 The challenge of infectious disease diagnosis 

 

Infectious diseases remain among the leading causes of deaths (approximately 25%) 

and disabilities worldwide (Figure 1.1)1. Infectious diseases are characterised by 

unique features, including their unpredictability and ability to have a critical impact on 

humans. The human history has been profoundly shaped by infectious diseases, 

notably through seven documented cholera epidemics, the infamous óBlack Deathô 

(plague) in the fourteenth century and the 1918 óSpanish Fluô, all killing millions and 

transforming populations2,3. Other infectious diseases are responsible for major 

ongoing epidemics around the globe, including human immunodeficiency virus 

infection/acquired immune deficiency syndrome (HIV/AIDS), tuberculosis (TB) and 

Ebola virus disease (EVD) and COVID-194. To date, there have been an estimated 

40.1 million deaths from HIV/AIDS5, over 6.4 million deaths from COVID-196, and TB 

continues to kill an estimated 1.5 million people every year globally7. 

Other high burden infectious diseases also have a major impact on human 

populations, however their control and elimination have been neglected compared to 

pandemic-prone pathogens; this is especially the case for a group of diseases 

categorised as neglected tropical diseases (NTDs)8. NTDs affect an estimated one 

billion people, with disproportionate effects on marginalised populations and a higher 

incidence in children and women9. Moreover, these diseases exacerbate social and 

economic inequalities8,9. 
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Figure 1.1 Infectious diseases as leading causes of deaths globally 

Statistics of deaths (in millions) attributed to the deadliest infectious diseases (pre-COVID). 

Figure from 1. 

 

The control of infectious diseases comes with many challenges. These challenges 

include identification of pathogens, characterisation of human immune response to the 

pathogen, developing accurate diagnosis methods, effective treatments and vaccines, 

and implementing public health interventions1.  

 

This thesis focuses on the challenges of diagnostic tests for infectious diseases. 

Diagnostic tests are vital in healthcare systems since they permit the detection and 

identification of pathogens, and in turn provide access to the adequate treatment (e.g., 
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lifesaving antimicrobials) and reduce pathogen transmission by identifying infected 

patients. Oftentimes, low quality healthcare is linked with an inaccurate diagnosis 

which can lead to inappropriate or unnecessary treatments10. Empirical treatment 

without clinical diagnosis (when tests are not accessible or do not exist) can have a 

major global health impact, for instance, it has spurred antimicrobial resistance (AMR) 

worldwide, making it one of the top ten global health threats11. 

Note that the term ógold standardô is defined by the National Institute for Health and 

Care Excellence (NICE) as ña method, procedure or measurement that is widely 

accepted as being the best available to test for or treat a diseaseò12. For this reason, 

the gold standard method is traditionally used as a reference method to benchmark a 

new test. Yet this does not necessary mean that gold standard methods are the best 

performing methods. The use of this term can be further argued as research continues 

to unveil new methods which could outperform currently accepted ógold standardô 

methods. Hence the wide use of this term may be limiting progress in biotechnology 

and science by fixing a status quo. Indeed, new and innovative diagnostic tools are 

being developed to fill the gaps in diagnostic testing, especially for diseases for which 

tests with high sensitivity and specificity still do not exist. These state-of-the-art 

diagnostic technologies are rapidly emerging and being applied to different targets and 

adapted to relevant settings. 

Another challenge occurs when diagnostic tests are not accessible or affordable to the 

populations needing them13. In addition to harnessing state-of-the-art diagnostic 

technologies to achieve high quality diagnosis, this thesis also took into consideration 

the affordability and accessibility of these technologies. This aimed to ensure that new 

diagnostics can achieve their full potential in settings where they are needed. This is 

a crucial aspect since without universal health coverage, the control of infectious 

diseases cannot be achieved globally14. Furthermore, it encompasses the critical 

moral duty in line with the United Nations Sustainable Development Goals15 to leave 

no one behind when it comes to good health and wellbeing. Efforts have been made 

to advocate for the development of quality tests accessible to the affected populations. 

The ASSURED16 (and REASSURED17) criteria for diagnostics are useful guidance to 

achieve these goals (described in Chapter 2 section 2.3.3). There is an urgent need 

for innovation in technology and access for diagnostics. 
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The COVID-19 pandemic proved that an urgent need to control infectious diseases 

can spark innovation in diagnostic technologies. The pandemic sparked the next 

generation of diagnostics and biosensors with for instance the commercialisation of 

the first clustered regularly interspaced short palindromic repeats (CRISPR) diagnostic 

laboratory tests18 and more integration of isothermal amplification into fast, portable 

and accurate devices for decentralised molecular testing19. Further improvement in 

molecular tests is needed to enable wider deployment for rapid ultrasensitive testing 

at primary healthcare level20. These improvements in molecular tests have focused on 

increased portability and reduced complexity and cost (e.g., instruments, reagents, 

facilities, trained operator). Another crucial impact of the pandemic includes the 

democratisation of self-testing, where low-cost rapid lateral flow-based antigen tests 

could be used at-home or anywhere, widening access to diagnosis13.  

 

While NTDs remain overshadowed by pandemic diseases, innovation in diagnostic 

technologies can be repurposed to tackle these diseases21. In this thesis, the 

conscious choice of exploring different rapid diagnostic technologies, highlighting their 

limitations, was made to investigate their potential in different contexts. The application 

of the three different assays investigated herein was also determined to try respond to 

the needs and gaps in diagnosis of three topical infectious diseases. For this reason, 

the infectious diseases of focus included one re-emerging disease, one recently 

emerged disease and one NTD ï EVD, COVID-19 and schistosomiasis, respectively. 

 

 

1.2 Aims and objectives of the thesis 

 

The ambitious aim of this thesis is to harness some of the most promising state-of-

the-art diagnostic technologies, including advanced nanotechnology, synthetic 

biology, molecular biology and smartphone applications to develop accurate, rapid 

and point-of-care (POC) tests for infectious diseases, especially emerging diseases 

and NTDs. In the last 50 years, in vitro diagnostic technologies for infectious diseases 

have evolved to become ultrasensitive, for instance with single-copy detection with 

polymerase chain reaction (PCR) assays, and high-quality diagnostic tests are most 

often readily accessible for a cost in centralised clinical laboratories22. However, gaps 
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in accessibility and affordability of these sophisticated technologies hurdle their use in 

low- and middle-income countries (LMICs) and resource-limited settings16,23. High 

burden diseases, such as NTDs, and highly lethal priority diseases like EVD still lack 

the proper diagnostic tools adapted to quality POC testing24,25. Without these 

diagnostics to assess real prevalence of diseases and monitor re-emergence and 

outbreaks in remote areas, control and elimination of emerging and tropical diseases 

cannot be achieved26,27. 

 

Three thesis objectives of growing complexity were identified. Chronologically, the 

thesis focused on the development of a dipstick antigen test for EVD diagnosis using 

a gold nanoparticle (AuNP) based visual readout. Then recognising the limited 

sensitivity achieved with antigen detection, the focus of the thesis pivoted to nucleic 

acid detection applying isothermal amplification to COVID-19 during the pandemic. 

Finally, the novel CRISPR technology was coupled to an isothermal amplification 

assay, extending its application to an NTD, schistosomiasis. Each of these tests were 

developed with the goal to be usable in resource-poor settings. The three objectives 

are illustrated in Figure 1.2 and summarised as follow: 

 

1) The first objective of this thesis aimed at developing a prototype antigen test for 

Ebola virus disease. The use of monoclonal antibodies (mAbs) originally 

developed by the United States Army Medical Research Institute of Infectious 

Diseases (USAMRIID) for Ebola immunotherapy was investigated for the 

development of a rapid dipstick test with a readout with the naked eye, able to 

detect and differentiate between Ebola species. 

 

2) The second objective was to develop a rapid, simple, isothermal reverse 

transcription recombinase polymerase amplification (RT-RPA) for severe acute 

respiratory syndrome 2 (SARS-CoV-2) viral RNA for low-resource settings, as 

an alternative to reference PCR-based assays. Two portable readouts were 

developed and simultaneous multi-gene detection was incorporated to ensure 

accurate and óvariant-proofô detection. The clinical performance of the RT-RPA 

assay was benchmarked against real-time reverse transcription PCR (RT-PCR) 

with SARS-CoV-2 variants from over 90 clinical samples. 
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3) The third objective of the thesis focused on harnessing CRISPR biosensing to 

diagnose a parasitic NTD, namely schistosomiasis. Coupling of the CRISPR 

detection with an already developed RPA assay was explored to achieve a 

highly sensitive and specific test, deployable in endemic tropical regions with 

scarce resources. 

 

 

 

Figure 1.2 Illustration of the three thesis objectives 

i) Development of a rapid antigen test for dual-species detection of EBOV and SUDV, the 

two most lethal Ebola species (left panel). ii) Development of an RT-RPA assay for rapid, 

isothermal and multi-gene detection of SARS-CoV-2 and its variants (centre panel). iii) 

Development of a CRISPR-assisted test for the detection of S. haematobium in urine 

samples (right panel). 

 
 

1.3 Outline of thesis structure 

 

The thesis is structured into seven chapters, as described below. The thesis includes 

an introduction, a literature review, the methodology used, the experimental results 

and a conclusion with future work. 
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¶ Chapter 1: The thesis is introduced with a short description of the overarching 

aims and objectives. Funding sources and collaborators are presented. 

 

¶ Chapter 2: A literature review is presented which presents the World Health 

Organisation (WHO) Blueprint priority pathogens, including Ebola virus, and the 

need for accelerated research in diagnostic tools. Neglected tropical diseases 

are presented, along with the gap in diagnostics to enable global elimination 

goals. The literature review also covers the history, the present and a forecast 

of the future of in vitro diagnostic technologies. A review of some promising 

POC diagnostic technologies for infectious diseases is described. 

 

¶ Chapter 3: The materials and methods used in the experimental work are 

presented, including methodology to develop the dipstick antigen test for Ebola 

virus, the multiplexed isothermal assay to detect SARS-CoV-2 and the 

CRISPR-based diagnostic for urogenital schistosomiasis. 

 

¶ Chapter 4: This chapter presents the results of the development of a dipstick 

test for rapid antigen detection and differentiation of the two most lethal Ebola 

species. The characterisation and functionalisation of mAbs are first presented, 

followed by the analytical evaluation of the dipstick test with recombinant 

antigens. The limitations of the prototype developed are discussed and an 

envisioned test is proposed. 

 

¶ Chapter 5: The results of the development and clinical validation of a 

multiplexed RT-RPA assay for the detection of SARS-CoV-2 RNA in resource-

restricted settings are reported. The design of the multi-gene assay is 

presented, then analytical performance of the test with model RNA samples is 

shown. Finally, the validation of the isothermal assay with RNA extracts from 

clinical samples, including respiratory pathogens and several SARS-CoV-2 

variants is presented. A discussion of the findings is presented. 
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¶ Chapter 6: Development and evaluation of the CRISPR-based diagnostic for 

urogenital schistosomiasis are presented. The design of the CRISPR-Cas12a 

test coupled with RPA and analytical performance in model samples are 

described. Ultimately, the lyophilised format and the evaluation of a simple 

sample preparation method for urine specimens are demonstrated. The results 

and limitations of the study are discussed. 

 

¶ Chapter 7: The overarching thesis conclusions, limitations and the future work 

for the three assays developed herein are summarised in this final chapter. 

 

 

1.4 Collaborators and funding 

 

This highly interdisciplinary research was supported by an EPSRC LCN studentship 

(EP/N509577/1) affiliated to the i-sense EPSRC IRC in Agile Early Warning Sensing 

Systems for Infectious Diseases and Antimicrobial Resistance (EP/R00529X/1) and 

associated COVID-19 Plus Award led by my supervisor Professor Rachel McKendry 

(www.i-sense.org.uk). i-sense is an interdisciplinary research collaboration dedicated 

to supporting the engineering of a new generation of early-warning sensing systems 

to identify disease outbreaks. This large network of excellence enabled multiple 

collaborations across disciplines and with different end users.  

 

The research in Chapter 4 benefitted from a collaboration with USAMRIID which 

provided, under a Material Transfer Agreement, a collection of mouse mAbs and 

recombinant antigens to develop the Ebola antigen test initiated by Dr Polina Brangel 

in the McKendry group. Dr Ben Miller (UCL, London Centre for Nanotechnology) 

provided Matlab script for analytical sensitivity measurements. Collaborators 

(including Dan Richards, Michael Thomas and Marta Broto Aviles) in Professor Molly 

Stevens group at i-sense Imperial College London helped with the characterisation 

and functionalisation of mAbs for the Ebola virus rapid test. Yiyun Chen (Imperial 

College London, Department of Materials, Department of Bioengineering and Institute 

for Biomedical Engineering) manufactured the prototype cassette.  
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In Chapter 5, the clinical validation of the isothermal amplification assay for SARS-

CoV-2 was done in collaboration with Dr Da Huang (UCL, London Centre for 

Nanotechnology) who advised on assay design and optimisation. Dr Valérian Turbe 

(UCL, London Centre for Nanotechnology) provided support with smartphone 

application development and Dr Ben Miller (UCL, London Centre for Nanotechnology) 

helped with data analysis and Matlab software. A collaboration with Dr Jude Heaney, 

Dr Matthew Byott and Dr Eleni Nastouli at University College London Hospital (UCLH) 

and colleagues at UCLH Advanced Pathogen Diagnostic Unit supported the clinical 

validation of the diagnostic. They provided and characterised residual extracts of 

clinical samples from nasopharyngeal swabs. 

 

In Chapter 6, a collaboration with Dr Bonnie Webster and her research group at the 

Natural History Museum (NHM) emerged from an i-sense meeting and enabled the 

development of the CRISPR-based test for urogenital schistosomiasis. Dr Da Huang 

also helped with the lyophilisation of assay components. 



2. Chapter 2: Literature review 

 

In this chapter, an up-to-date review of the literature relative to the thesis is presented. 

Firstly, emerging and priority pathogens are presented with their diagnostic 

landscapes, challenges and gaps. An emphasis is made on Ebola virus disease and 

COVID-19, and the rapid development of diagnostic tools prompted by recent major 

epidemics. Secondly, NTDs and elimination roadmaps with their diagnostic needs are 

also introduced, especially for schistosomiasis. Thirdly, a brief history of in vitro 

diagnostic tests including the first reported urine tests circa 4000 BC is presented, 

including the historical shift from bedside diagnosis to centralised testing in 

laboratories today, current and emerging near-patient diagnostic technologies and a 

forecast of future diagnostics are briefly described. Fourthly, the need for high quality 

and accessible POC diagnostics for control and elimination of diseases is discussed, 

with reference to different emerging technologies and their potential for decentralised 

testing, such as rapid antigen tests, isothermal amplification methods and CRISPR. 

 

2.1 Priority diseases of epidemic potential  

 

In this section, a literature review of priority diseases of epidemic potential is 

presented. The WHO list of Blueprint and the highlighted priority diseases are 

presented. Then, a focus is made on two priority diseases of interest for this thesis 

and their diagnostic landscapes: EVD and COVID-19. 

 

2.1.1 WHO list of Blueprint priority diseases  

 

In 2015, the WHO published the first Blueprint list of priority diseases28. Diseases are 

classified as Blueprint priority diseases if they are epidemic-prone diseases and/or if 

there is no or insufficient medical countermeasures available. These infectious 

diseases are acknowledged as those with the highest public health threats and where 

R&D in treatments, vaccines and diagnostics should be urgently prioritised (Table 

2.1).  
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This list was developed in response to the 2014-2016 West African Ebola outbreak, 

which recorded more than 28,652 cases and 11,325 deaths29. The WHOôs Blueprint 

list of priority diseases is kept updated; it currently includes COVID-19, Crimean-

Congo haemorrhagic fever, EVD, Marburg virus disease (MVD), Lassa fever, Middle 

East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), 

Nipah, henipaviral diseases, Rift Valley fever, Zika and ñDisease Xò. Disease X 

represents any pathogen currently unknown, which could cause an epidemic.  

 

Among these priority diseases, several cause viral haemorrhagic fever (VHF) and 

some are highly lethal. Crimean-Congo haemorrhagic fever, EVD, Lassa fever, MVD 

and Rift Valley fever are all VHFs with varying levels of severity30. For instance, Rift 

Valley fever causes acute VHF and death for less than 1% of cases31; while symptoms 

for EVD and MVD are typically more severe and their average case fatality rate is 

50%32,33. Apart from EVD, VHFs have not caused widespread epidemics29. 

Nevertheless, the threat of new outbreaks, importation and rapid spread of diseases 

is exacerbated by increased human mobility34 and human activities like 

deforestation35,36. Notably, the first-ever case of Marburg virus in Guinea was 

confirmed in 202137 and a small outbreak of Lassa fever with one death was reported 

in the UK in February 2022, due to an imported case, a traveller returning from Mali 

where Lassa fever is endemic38. In spite of recurring outbreaks in sub-Saharan Africa 

and the threats of global deadly epidemics, vaccines, treatments and quality rapid 

diagnostic tests for VHFs such as Lassa and Marburg are still unavailable33,39. 
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Table 2.1 WHO Blueprint priority diseases and diagnostic needs 

Table from 40. 

 

 

The deadly Betacoronaviruses SARS-CoV and MERS-CoV emerged in 2003 and 

2012, respectively41,42. Major outbreaks of SARS-CoV and MERS-CoV have stressed 

the need for urgent research and development, putting them on the list of priority 

diseases with pandemic potential. Particularly the deadly 2002-2004 outbreak of 
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SARS-CoV recorded over 8,000 cases and 774 deaths worldwide43. An important 

MERS-CoV outbreak in 2015 caused 186 cases and 38 deaths in South Korea44. 

Disease X represents any pathogen currently unknown, which could emerge and 

cause an epidemic. COVID-19 was an example of disease X which was unknown until 

December 201945, leading to a major pandemic, still ongoing6. Preparing for the next 

Disease X is a paramount contemporary challenge requiring rapid agile approaches 

in diagnostic test development46. 

 

In this thesis, two priority diseases have been focused on, namely Ebola virus disease 

and COVID-19. A review of these diseases is presented in following sections and the 

need for tests in each case was considered.  

 

2.1.2 Ebola virus disease  

2.1.2.1 The emergence of Ebola virus 

 

EVD was discovered in 1976 during the investigation of an outbreak affecting the 

population of a small village near the Ebola river in Zaire, what is now the Democratic 

Republic of Congo (DRC)47. The disease was recognised as a VHF, comparable to 

Marburg in symptoms, but caused by an etiological agent morphologically different. 

The virus was later categorised as a different filovirus and named Ebola virus. Another 

outbreak was reported in the same year, in Sudan48. Thus 1976 marked the discovery 

of two Ebola species, later called Zaire ebolavirus (EBOV) and Sudan ebolavirus 

(SUDV). 

 

EVD is a Blueprint priority disease, with a total of six viral species named from the 

regions where each virus species was originally identified32. In addition to EBOV and 

SUDV, four other Ebola virus species were later reported, namely Bundibugyo 

ebolavirus (BDBV), Taï Forest ebolavirus (TAFV), Reston ebolavirus (RESTV) and 

Bombali ebolavirus (BOMV). 

 

Since their discovery, EBOV and SUDV have been responsible for major Ebola 

outbreaks across Africa49, including the two deadliest EBOV epidemics, which 

occurred in West Africa in 2014-201650 and more recently, in the DRC in 2018-202051. 
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SUDV caused several important outbreaks in Uganda52 and South Sudan, two 

neighbouring countries of the DRC. In the past two decades, most of the Ebola 

outbreaks have occurred in proximity in the Sub-Saharan region of Central Africa 

(Figure 2.1).  

 

 

 

Figure 2.1 Distribution map of Ebola outbreaks in Central Sub-Saharan Africa (last 

20 years) 

Geolocation of Ebola outbreaks from EBOV, SUDV and BDBV species reported in Central 

Africa over the past two decades. Figure made with GoogleMyMaps 

(https://www.google.com/maps/d/) and data source from 53. 

 

 

The different Ebola viral species have distinct average fatality rates which also vary 

between outbreaks, and outbreaks vary in case numbers (Figure 2.2). A recent EBOV 

outbreak in DRC (2018-2020) reported an overall fatality rate of 66%, while the most 

recent SUDV outbreak (Uganda, 2012) had a lower case fatality rate between 36-

50%53. A more recent outbreak was declared in DRC in April 2022, accounting for the 

fourteenth Ebola outbreak in the country54. Some expertôs opinion warned about the 

Ebolavirus outbreaks:

Zaire species

Sudan species

Bundibugyo species
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threat of Ebola able to spark the next pandemic, recommending high alert and 

preparedness55. 

 

 

 

Figure 2.2 Case numbers and death rates of Ebola outbreaks in Central Africa over 

the past 20 years 

Year and country of reported EVD outbreaks (EBOV, SUDV and BDBV) in Central Africa 

are annotated. Countries are marked in dark blue for outbreaks of EBOV, purple for SUDV 

and light blue for BDBV. Data source from 53. 

 

2.1.2.2 Diagnostic landscape for Ebola 

 

Currently, most R&D for treatments, vaccines and diagnostics specifically targets the 

EBOV species, although some research was conducted to develop pan-Ebola (or pan-

filovirus) treatments and vaccines56ï60. Notable progress has been made in vaccines 

and treatments with two licensed vaccines and one treatment for EBOV55. However, 

none exist for other Ebola species. 
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Early-stage diagnosis of EVD is key for disease management and prevention61. Early 

identification of cases is essential for outbreak control measures such as case isolation 

and ring vaccination, where likely contacts of confirmed cases receive prophylaxis62. 

Quantitative RT-PCR (RT-qPCR) is the gold standard molecular method to detect 

Ebola viral RNA, though EVD usually affects rural and remote regions where molecular 

tests are not available63.   

Progress has been made developing more compact RT-qPCR instruments, which 

have been successfully implemented in mobile laboratories during Ebola outbreaks64. 

Nevertheless, RT-qPCR instruments remain costly, require trained staff, a stable 

power supply, and can take up to two hours for sample-to-result64,65. Besides, where 

mobile testing facilities have not been set up, transport of samples to reference 

laboratories result in important delays between sample collection and confirmation of 

cases63. Therefore the Ebola diagnostic procedure would benefit from low-cost, easy-

to-use, fully deployable rapid antigen tests for surveillance and triage in resource-

limited settings66. The most used compact RT-qPCR assays deployed in Central Africa 

only detect EBOV67, hence sequencing of samples is necessary to identify other Ebola 

species. 

 

2.1.2.3 Ebola rapid antigen testing in remote areas 

 

Ebola virions contain an RNA genome that encodes seven main viral proteins (Figure 

2.3): a nucleoprotein (NP), a glycoprotein (GP), a matrix protein (VP40), three 

nucleocapsid proteins (VP24, VP30 and VP35), and an RNA-dependent RNA 

polymerase (L) 68. The viral GP gene encodes two main GP products 69ï71. The major 

transcript produced (70%) is a soluble dimeric glycoprotein (sGP) that is secreted 

abundantly. A minor transcript (25%), resulting from transcriptional editing, is the 

transmembrane-anchored trimeric surface glycoprotein (GP). To develop rapid 

antigen tests for EVD the choice of the antigen target must be made. 
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Figure 2.3 Illustration of Ebola virus proteins 

The seven viral proteins from Ebola virus are illustrated: glycoprotein, matrix protein, 

nucleoprotein, nucleocapsid proteins (VP30, VP35 and VP40) and polymerase (L) protein. 

Illustration from 72. 

 

Commercial rapid antigen tests for EBOV have been developed in response to the 

2014-2016 West Africa epidemic (Table 2.2). These commercial antigen tests target 

different antigens and have limits of detection (LoDs) in the nanograms per millilitre 

range73ï77. Their accuracy has been of concern when clinically benchmarked against 

RT-qPCR, with some antigen tests having a sensitivity below 90%66,78. Nevertheless, 

rapid antigen tests are considered valuable for triaging Ebola patients when molecular 

testing is not available because they can be performed without electricity or trained 

staff, and they give immediate results to inform patient care and isolation66. 

For instance, the commercial rapid antigen test SQ Ebola Zaire Ag (SD Biosensors) 

is a multiplexed targeting three EBOV antigens, GP, NP, VP40, with reported LoDs 

equal to 31.3 ng/mL, 3.9 ng/mL and 62.5 ng/mL, respectively79. The rapid antigen test 

ReEBOV (Corgenix), detects EBOV VP40 with a reported LoD of 320 ng/mL (or 9.4 
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ng/test) in whole blood75. The DPP Ebola antigen (ChemBio Diagnostics) can detect 

150 ng/mL (7.5 ng/test) of EBOV VP40 in serum samples76,77. OraQuick Ebola Rapid 

Antigen Test (OraSure Technologies), which received FDA approval in 2019, reported 

LoD values between 7.6 and 3200 ng/mL73 for EBOV VP40 when tested with oral fluid 

samples. This FDA-approved test can also be used with whole blood sample, and the 

reported LoD for this specimen is 53 ng/mL74. These rapid antigen tests have all been 

developed specifically for the EBOV species, mainly in response to the West Africa 

epidemic in 2014-2016. The OraQuick test also reacts with antigens from the SUDV 

and BDBV species, however it does not differentiate between species. Furthermore, 

several non-commercial rapid antigen tests have been reported in the literature80ï82, 

yet they also only target EBOV antigens. To my knowledge, no rapid antigen test for 

acute Ebola infections has been developed to specifically detect a species other than 

EBOV or for species differentiation. Interestingly, a serological rapid test able to 

differentiate between Ebola species among survivors with past Ebola infections has 

been reported in the literature83. 

 

Table 2.2 Comparison of several commercial EBOV antigen tests 

Commercial 

tests 
Company 

Antigen 

target 
LoD Specimen 

Time-

to-

result 

Cross-

reactivity 

with other 

species 

Clinical 

sensitivity 

and 

specificity 

(%) 

SQ Ebola 

Zaire Ag 

SD 

Biosensors 

EBOV 

GP, 

EBOV 

NP, 

EBOV 

VP40 

31.3 

ng/mL, 

3.9 ng/mL, 

62.5 

ng/mL 

Whole 

blood, 

serum, 

plasma 

20 min 
Not 

reported 

84.9 and 

99.7 (whole 

blood and 

plasma) 

ReEBOV Corgenix 
EBOV 

VP40 

320 ng/mL 

(whole 

blood) 

Whole 

blood, 

serum, 

plasma 

15-25 

min 

SUDV, 

BDBV 

91.8 and 

84.6 (whole 

blood and 

plasma) 

DPP Ebola 

antigen 

ChemBio 

Diagnostics 

EBOV 

VP40 

150 ng/mL 

(serum), 

250 ng/mL 

(whole 

blood) 

Whole 

blood, 

serum, 

plasma 

15 min 
Not 

reported 

85 and 90 

(plasma) 
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OraQuick 
OraSure 

Technologies 

EBOV 

VP40 

7.6-3200 

ng/mL 

(oral fluid) 

Oral fluid, 

whole 

blood 

30 min 
SUDV, 

BDBV 

97.1 and 100 

(oral fluid) 

84 and 98 

(whole 

blood) 

 

The ability to quickly identify the Ebola species causing an outbreak in a remote area, 

would allow rapid species-specific patient management55, and it could potentially bring 

financial and clinical benefits as a single test would inform if EBOV-specific treatments 

and vaccines will benefit patients before administrating them.  

 

2.1.3 SARS-CoV-2 and COVID-19 pandemic 

2.1.3.1 The emergence of SARS-CoV-2 and its variants 

 

At the end of December 2019, a public health alert was released from the city of 

Wuhan (China) reporting cases of ñviral pneumonia of unknown causeò observed in 

several patients45. Eventually, the newly identified virus was designated as SARS-

CoV-284 and the associated disease was named COVID-1985. As of July 2022, there 

have been over 555 million confirmed cases and 6.3 million deaths from COVID-19 

globally6. 

 

Genetic SARS-CoV-2 lineages have been emerging in different geographical 

locations. Genetic lineages and key mutations are monitored through epidemiological 

and genomic surveillance86,87, but only in some countries, as this requires extensive 

laboratory capacity, expertise and funds. Variants of concern (VOCs) are SARS-CoV-

2 variants incorporating mutations which have a predicted impact on transmissibility, 

severity of the disease or effectiveness of pharmaceutical interventions and 

vaccines88. At this date, five SARS-CoV-2 VOCs have been identified, namely the 

Alpha (lineage B.1.1.7), Beta (lineage B.1.351), Delta (lineage B.1.617.2.), Gamma 

(lineage P.1) and Omicron (B.1.1.529) variants. 
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Sequencing results are necessary to confirm VOCs and enhance surveillance of new 

emerging variants86,88. However, routine diagnostic assays should be unimpacted by 

mutations and able to detect all variants89,90. This is particularly crucial in areas of the 

world where sequencing capacities are limited or non-existent, as the emergence of a 

new variant can also escape diagnostic tests. In this case, patients infected by this 

new undetected variant could appear as negative for SARS-CoV-2, and without 

countermeasures, the variant could spread further91.  

 

2.1.3.2 SARS-CoV-2 diagnostics in the pandemic context  

 

Access to quality and affordable COVID-19 diagnostic tests has been limited in many 

countries, and even countries with wider access have struggled to meet the high-

volume demand at the peak of the pandemic92. Thus, daily numbers of SARS-CoV-2 

tests per country per capita vary widely across nations93. There is a pressing need to 

widen access to COVID-19 diagnostics, therapeutics and vaccines to all nations94. For 

this reason, global initiatives such as COVAX95 and The Access to COVID-19 Tools 

Accelerator96 aim to achieve fairer access to medical countermeasures in LMICs.  

Nucleic acid amplification testing remains the gold standard for SARS-CoV-2, with 

real-time RT-PCR the most widely used method97, however it is not suited to all 

settings. PCR-based tests rely on nucleic acid amplification using thermocycling which 

typically requires an expensive instrument, a reliable power supply and takes between 

45 to 90 min98. The need for alternative tests to control the pandemic has boosted 

innovation in this area. 

 

A plethora of diagnostic technologies has been applied to SARS-CoV-2 detection99, 

including electrochemical sensing100ï102, paper-based testing103ï105 and SERS-based 

biosensing106, targeting antigen and molecular biomarkers. While rapid antigen tests 

can detect infectious cases and help close the gap to accessible testing, they have 

lower sensitivity compared to RT-PCR, as low as 40% sensitivity when looking at 

symptom-free individuals107. Though, it has been argued that the two types of tests 

are not comparable as they do not detect the same type of viral material108.  
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Several rapid nucleic acid tests for SARS-CoV-2 have been developed and 

successfully validated with clinical samples, especially assays which capitalise on a 

fast and isothermal amplification109ï115. Platforms using isothermal amplification for 

SARS-CoV-2 RNA detection can achieve fast, POC molecular testing, as shown with 

the ID NOW COVID-19 device (Abbott) which can report a positive result in as little as 

5 min and negative result in 13 min19. SARS-CoV-2 tests using isothermal 

amplification are usually faster and simpler than PCR-based tests since they donôt 

require thermocycling. 

 

Real-time RT-PCR returns semi-quantitative results, which can be useful as it can 

provide information with clinical relevance for patients116. For viral infections such as 

COVID-19, knowing the viral load, which is the amount of measurable virus in a 

sample, may help assess risk of transmission117, estimate the temporal dynamic of the 

infection118, and potentially predict severity and mortality87,119. Quantification cycle 

(Cq) values from RT-PCR experiments have been extensively used as a surrogate of 

viral load120. 

Furthermore, RT-PCR tests for SARS-CoV-2 typically target multiple regions or genes 

to mitigate the effect of viral mutations89. With the rapid emergence of new variants, 

all molecular assays for SARS-CoV-2 should be robust to genetic variations of the 

virus and target conserved regions of its viral genome90. While clinical validation 

studies of isothermal assays for SARS-CoV-2 have often failed to report on their ability 

to detect different lineages and VOCs109ï115, this is a critical requirement to prove they 

are suitable alternatives to RT-PCR. 

 

2.1.3.3 Considerations for post-pandemic biosensors 

 

To prepare for the next Diseases X, diagnostic developers may consider the speed at 

which diagnostic technologies can be adapted for rapid commercialisation. 

Sequencing of the virus was possible as early as a month after report of the first 

COVID-19 cases, and the first molecular tests with FDA Emergency Use Authorisation 

(EUA), including RT-PCR and RT-LAMP tests, followed closely (Figure 2.4). The first 

ever FDA EUA authorised CRISPR test was developed for SARS-CoV-2 

concomitantly with antigen tests. In general, rapid immunoassays, including rapid 
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antigen tests took considerably longer to be developed and receive FDA EUA 

compared to molecular tests. 

 

 

 

Figure 2.4 SARS-CoV-2 diagnostic tests authorisation timeline in the U.S. 

Chronological diagnostic technology commercialisation based on first commercial test 

receiving FDA Emergency Use Authorisation (EUA) in the U.S. From initial posting of the 

SARS-CoV-2 sequence on public database, the first diagnostic technology made available 

was an RT-PCR test (US CDC), followed by the first authorised LAMP test (Abbott), then 

the first CRISPR test (Mammoth Biosciences), rapidly followed by the first antigen test 

(Quidel Corporation). Later in 2020, the first POC antibody test (Assure Tech) and the first 

LAMP self-test (Lucira Health, Inc.) were authorised and finally, the first antigen self-test 

(Ellume) received authorisation. (Data source from https://www.fda.gov/). 

 

 

Two years after the start of the pandemic, new types of tests are being developed 

following the evolving needs of consumers. Antigen self-tests allowing patients to 

access multi-pathogen detection from their home are emerging, for instance 

multiplexed self-tests detecting and discriminating between several respiratory viruses 

with similar symptoms (e.g., SARS-CoV-2, respiratory syncytial virus and seasonal 

influenza) are now commercially available121. Direct-to-consumer tests have been 

around for decades (e.g., pregnancy tests, HIV tests). Yet a better and wider 

integration within the healthcare algorithm, as implemented during COVID-19, 

especially in low-resource settings and LMICs, could decrease the burden on clinical 

laboratories in the post-pandemic era122. Besides, improvement in POC molecular 
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tests could enable wider deployment of rapid ultrasensitive testing, for instance in 

walk-in clinics with immediate results and for at-home self-monitoring. 

 

Research is underway to develop SARS-CoV-2 molecular tests able to detect and 

differentiate between variants by rapid PCR123 or CRISPR124 genotyping, a tool likely 

to be useful for surveillance of known variants in resource-scarce settings without 

sequencing capacities. There has been interest within vaccine developers to produce 

variant-specific vaccines125. Although due to the rapid and unpredictable emergence 

of variants, a broad protection strategy with the development of óvariant-proofô or even 

ópan-coronavirusô vaccines may be more effective126. Broadly protecting vaccines are 

generally of interest for priority viruses such as Ebola virus and other filoviruses (e.g., 

Marburg, Lassa fever)127, and such strategy is also applicable to clinical diagnostics. 

If vaccines and drugs for COVID-19 are made universal rather than variant-specific in 

the future, differentiation between SARS-CoV-2 variants may be obsolete for patient 

management. 

 

Surveillance of new genomic variations which could render vaccines and treatments 

less effective is still necessary for SARS-CoV-2. Online genomic surveillance 

platforms, such as Nextstrain, allowed collaborative global sequence sharing for real-

time tracking of SARS-CoV-2 and its genomic variants86. The same platform was 

rapidly and conveniently reused when an epidemic of Monkeypox emerged in Spring 

2022128. Another innovation that allowed tracking of SARS-CoV-2 and its variants has 

been wastewater monitoring, with national programmes setup around the world129. 

SARS-CoV-2 RNA fragments from wastewater samples were quantified by RT-qPCR 

to analyse trends in concentration, and next-generation sequencing (NGS) on 

wastewater samples could also identify variants present in the sampled population130. 

While potential and limitations of wastewater-based monitoring for infectious diseases 

continue to be debated131, this surveillance system was also able to raise the alert on 

the presence of poliovirus in Londonôs sewage in 2022132. Thanks to this warning, 

public health interventions (e.g., immunisation campaigns) may be taken to prevent 

the apparition of clinical cases. 

 

Syndromic surveillance via AI- scanning of online search, news reports and social 

media content showed it can be used as an early warning tool for outbreaks. These 
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algorithms successfully raised an early warning when the first cases of COVID-19 

were reported133,134. Enhancement of web-based surveillance platforms is underway 

and researchers are also trialling their capabilities for ónow-castingô to assess current 

state of an epidemic, which could prove useful as a policy-making tool134. 

AI technology has been harnessed in diverse areas of healthcare during the pandemic, 

including prediction, tracking, contact tracing, assisted diagnosis for chest X-ray and 

CT scan, reduction of burden on healthcare services, protein structure prediction, 

curbing the spread of misinformation therapeutics and vaccine development 

algorithms135. With the role of AI becoming more and more important in medicine, 

essential ethical considerations are being raised, particularly around data privacy and 

morality of algorithms136. 

 

The wide range of applications for connectivity and digital technologies advancements 

to strengthen COVID-19 response has been reviewed137, depicting contact tracing 

apps using Bluetooth, targeted public health messages to the community, smartphone 

apps for telemedicine being integrated by public health authorities in many countries. 

However, the reality of digital inequalities mean some populations have increased 

COVID-19 vulnerabilities since they do not have access to these technologies138. 

Hence it remains important that digital tools are easily accessible and tailored to 

populations to achieve the highest impact, for instance hotlines were installed in rural 

Africa to combat misinformation and infodemics139. 

 

Interest in consumer wearable devices for health self-monitoring increased during the 

COVID-19 pandemic, with studies showing that smartwatches could detect COVID-19 

infections pre-symptomatically140. Nevertheless, the performance of currently 

available wearable devices for early biomarker detection of COVID-19 infections 

varied significantly141. Engineering wearables that integrate low-cost sensors to collect 

more physiological and biological signals, will be necessary to innovate in this field142.  

 

Awareness was raised on plastic waste produced due to the pandemic (e.g., single-

use rapid tests and face masks)143. To cut plastic waste, some companies proposed 

the development of environment-friendly diagnostic tests using a biodegradable lateral 

flow cassette instead of plastic144 or at-home reusable testing devices145. 
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Overall, the emergence of COVID-19 accelerated technology advancements in 

several areas relating to diagnostics (Figure 2.5). While further development is 

needed for some of these emerging technologies, for instance AI134, CRISPR-based 

tests146, wearables147,148, health mobile apps137 and environment-friendly 

diagnostics144,145, progress made during the pandemic is promising.  

 

 

 

Figure 2.5 Accelerated technology advances with COVID-19 

The COVID-19 pandemic has accelerated advances in technologies including next-

generation diagnostics, AI and machine learning, connectivity and digital technologies, 

wearables and self-monitoring, sustainability. 

 

 

2.2 Neglected tropical diseases and elimination strategies 

 

This section presents a literature review on NTDs and the WHO roadmap towards 

elimination. Particularly, the NTD schistosomiasis and its diagnostic landscape is 

described, along with the research needs to achieve its elimination by 2030. 
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2.2.1 WHO roadmap targets for neglected tropical diseases 

 

The eradication of smallpox in 1980149 proved that eradication of some infectious 

diseases is feasible. Although smallpox remains the only infectious disease to obtain 

this distinction, experts reviewed and identified other candidates for which eradication 

is achievable150. WHO is leading elimination and eradication programmes for a range 

of infectious disease, including polio151 and numerous NTDs26. NTDs are poverty-

linked diseases affecting an estimated 1.7 billion people, the most marginalised 

populations (often disproportionately affecting children and women). For this reason, 

eliminating NTDs is strongly related to United Nations Sustainable Development 

Goals8,9,26.  

 

The twenty conditions currently endorsed by WHO in the NTDs portfolio are: Buruli 

ulcer, Chagas disease, dengue and chikungunya, dracunculiasis (Guinea-worm 

disease), echinococcosis, foodborne trematodiases, human African trypanosomiasis 

(sleeping sickness), leishmaniasis, leprosy (Hansenôs disease), lymphatic filariasis, 

mycetoma, chromoblastomycosis and other deep mycoses, onchocerciasis (river 

blindness), rabies, scabies and other ectoparasitoses, schistosomiasis, soil-

transmitted helminthiases, snakebite envenoming, taeniasis/cysticercosis, trachoma, 

and yaws and other endemic treponematoses9. 

 

Neglect transcribed into slow development of drugs, vaccines and diagnostics, and 

once developed, their access is hurdled by logistical and economical challenges to 

provide them to the affected communities8. Quality and accessible diagnostics are the 

first step to identify the true prevalence of NTDs, confirm cases and link patients to 

care, thereby they are key in their elimination24.  

 

Over the past ten years, reduced prevalence and quantifiable progress towards 

elimination of some of these diseases have been reported26. However in 2022, none 

has been eliminated or eradicated globally152. Negative impact of COVID-19 on NTDs 

elimination has slowed down effort or even triggered resurgence153, yet innovation in 

diagnostic technologies to respond to the COVID-19 pandemic can also be leveraged 

for NTDs154. 
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The 2021-2030 roadmap to eradication and elimination of some NTDs was set by the 

WHO26. Yaws and dracunculiasis are targeted for eradication. Human African 

trypanosomiasis (gambiense), leprosy and onchocerciasis are targeted for elimination 

with interruption of transmission. Human African trypanosomiasis (rhodesiense), 

Chagas disease, visceral leishmaniasis, lymphatic filariasis, rabies, trachoma, soil-

transmitted helminthiases and schistosomiasis, are targeted for elimination as a public 

health problem. Schistosomiasis is a high burden parasitic disease, amongst the most 

prevalent human parasitic diseases after malaria155. Priorities in R&D identified by the 

WHO to achieve the 2021-2030 roadmap are summarised in Figure 2.6 for each NTD. 
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Figure 2.6 Assessment of diagnostic gaps for NTDs 

WHO identified R&D priorities for NTDs to achieve the 2021-2030 roadmap. Adapted from 

26. 
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2.2.2 Schistosomiasis and its elimination 

 

Schistosomiasis (also known as bilharzia) is a parasitic disease classified as an 

NTD156. The etiological agent of schistosomiasis is a trematode fluke from the 

Schistosoma genus. Schistosomiasis affects close to 240 million people worldwide, 

with approximately 90% living in sub-Saharan Africa, and deaths due to the disease 

may be as high as 200,000 every year157. It is common in children in LMICs and is 

associated with poor growth and development158. The WHO has set a roadmap for 

global elimination of schistosomiasis as a public health problem by 203026. 

 

Schistosomiasis is a waterborne infection affecting the urinary tract or intestine, and if 

undetected, it can lead to liver damage, kidney failure, infertility and bladder 

cancer156,159. Schistosomiasis symptoms are mainly caused by the eggs laid by the 

parasites inhabiting the vascular system of its definitive host160,161. Infected individuals 

will develop the intestinal disease if infected by Schistosoma mansoni (S. mansoni) 

and Schistosoma japonicum (S. japonicum)161, or the urogenital disease (Figure 2.7) 

if infected by Schistosoma haematobium (S. haematobium)162.  

In addition to chronic conditions affecting the kidneys, bladder and liver, infections with 

S. haematobium may result in genital schistosomiasis causing reproductive 

complications, increased risk for HIV transmission, infertility and cervical cancer163.  

An effective drug (praziquantel) for schistosomiasis exists and is distributed through 

mass drug administration programmes in endemic regions164. New WHO guidelines 

recommend the use of a test-and-treat approach for endemic communities with low 

Schistosoma spp. prevalence (<10%) instead of traditional mass drug 

administration165. More targeted use of praziquantel may enhance effective control, 

elimination strategy and limit emergence of antimicrobial resistance26. 
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Figure 2.7 Schistosoma haematobium life cycle 

Illustration of Schistosoma haematobium (S. haematobium) life cycle, the etiological agent 

of urogenital schistosomiasis, a waterborne parasitic disease. Illustration created with 

Biorender and data source adapted from 159. 

 

The current reference method for schistosomiasis diagnosis is microscopic 

examination of urine (for urogenital infection) or stool (for intestinal infection) samples 

by a trained technician, with visual egg count to assess the infection intensity156,157 

(Table 2.3). Though microscopy lacks specificity and sensitivity is limited for light-

intensity infections, which can be as low as 1 parasitic egg per urine sample166. Thus 

this method is not sufficient to provide true prevalence data of light-intensity infections, 

particularly where elimination is being targeted167. Alternative laboratory tests for 

schistosomiasis exist but they come with their advantages and pitfalls. 
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Table 2.3 Diagnostic tests for urogenital schistosomiasis 

Test Biomarkers 
Surveillance 

measure 
Diagnostic format 

Microscopy Eggs Infection Microscopic examination 

Antigenic test Proteins Infection 
LFIA, ELISA, haemagglutination 

assay 

Nucleic acid 

amplification test 
Nucleic acids Infection 

Conventional PCR, real-time PCR, 

isothermal amplification assay 

Serological test 
Host antibodies 

against parasite 
Exposure 

LFIA, ELISA, haemagglutination 

assay 

 

 

Serological testing is most often used in non-endemic countries to assess exposure 

to Schistosoma parasites, but it does not provide information about active infection168. 

Antigen tests for the detection of active S. haematobium infections, targeting the 

circulating anodic antigen (CAA) reported high sensitivity and specificity compared to 

the traditional microscope method, but is not yet a rapid diagnostic test amenable to 

POC testing169,170. The circulating cathodic antigen (CCA) dipstick is more adapted to 

POC rapid testing, but it has poor specificity to reliably detect S. haematobium 

infections171,172. Currently there is no suitable POC antigen test for urogenital 

schistosomiasis. 

Real-time PCR is traditionally sensitive and specific and has also been applied to 

diagnose schistosomiasis173ï175. In addition to having superior sensitivity and 

specificity compared to microscopy, PCR testing was shown to be more robust to day-

to-day parasitaemia variation and a powerful tool for monitoring treatment response175. 

Despite their accuracy, there are critical impediments for using real-time PCR for 

schistosomiasis, such as the requirement for an expensive thermocycler, a trained 

technician, access to reliable power-supply and cold chain for the reagents. 

Altogether, current diagnostic methods for S. haematobium either lack sensitivity and 

specificity (e.g., microscopy and CCA test) or are not adapted to testing in low-

resource settings (e.g., real-time PCR and CAA). 

 

Recent advancements towards simplifying nucleic acid testing platforms for POC 

testing offer new tools in this area. Fast isothermal assays have been developed for 
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the detection of Schistosoma genomic DNA (gDNA)176ï182. Isothermal amplification 

methods are cheaper, simpler, more suitable for diagnosis in resource-limited settings 

compared to PCR, and more sensitive than traditional microscopy178,183. Reported 

isothermal assays for schistosomiasis achieved high sensitivity and may close the gap 

for molecular testing in remote areas, but some of the tests showed cross-reactivity 

between S. haematobium and S. mansoni181,182. Over the past decade, isothermal 

assays have been successfully developed to detect other NTDs with some promising 

POC applications for leishmaniasis, dengue, rabies, Buruli ulcer, trypanosomiasis and 

leprosy184ï189.  

 

 

2.3 In vitro diagnostic tests 

 

In this section, a literature review on the history of diagnostic tests and centralisation 

of laboratories is presented in section 2.3.1. Section 2.3.2 describes the present of 

diagnostic tests and their impact on modern healthcare. And finally, a forecast of the 

future technologies for in vitro diagnostic is presented.  

 

2.3.1 History of diagnostic tests 

 

The origin of the word ódiagnosticô date back from the early 17th century and comes 

from the Greek word ŭɘŬɔɜɤůŰɘəɧɠ (diagnǾstikos) óable to distinguishô190. While clinical 

diagnosis may solely be based on the observation of signs and symptoms displayed 

by the patient, diagnostic tests (often familiarised as ódiagnosticsô) are clinical testing 

procedures to make or confirm a diagnosis. 

Originally, the clinical diagnosis of diseases was done at the patientôs bedside191. In 

addition to observing symptoms, the practitioner may have performed small 

procedures with rapid result and interpretation to ascertain their clinical diagnosis. 

Examination of urine has been used for diagnosis for the longest time in history with 

evidence of the Sumerians and Babylonians using urine examination as early as 4000 

BC192. Pregnancy diagnostic test using urine by germinating seeds with the womanôs 

urine was documented by Egyptians193. The first chemical tests on urine were reported 

by Theophilus Protospatharius (approximately 800 AD): urine taken from a patient with 
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kidney disease was heated over a candle and became cloudy. Taste and smell of 

sweet urine in clinical cases of diabetes were described in ancient Indian texts 

(approximately 1000 AD)194. The use of a urine wheel with colour chart, popular during 

the medieval period195, is the ancestry of modern dipstick package (Figure 2.8). These 

simple tests were and remain easily performed by the physician at the patientôs 

bedside. 

 

 

 

Figure 2.8 History of urine testing at the patientôs bedside ï past and present 

(a) Medieval urine chart by Ulrich Pinder (Nuremberg, Germany, 1510 or 1519). Illustration 

from 196. (b) Modern dipstick package with colour chart for urinalysis. Photograph from 197. 

 

 

The emergence of the clinical laboratory dates back from the 19th century, in parallel 

with other medical and scientific advances, such as aseptic surgery198 and milk 

pasteurisation199. Standalone technologies like the microscope (dawn of modern 

microbiology)200 and X-ray machines (pioneering modern radiology)201 prompted the 

move of the diagnostic process behind the scenes.  

In 1896, William Osler, a clinician at John Hopkins, opened the first documented 

clinical laboratory, adjacent to the patient ward, where laboratory observations using 

microscopy were an extension to the bedside examination of patients202. Results from 

the clinical laboratory contributed to the diagnosis to improve accuracy and rational 

treatments. Progressively, centralisation of the clinical laboratory was driven by the 

a b
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development of diagnostic instruments, such as PCR and mass spectrometry22. These 

instruments became more sophisticated, expensive and bulky, requiring trained 

laboratory technicians to operate the instruments and required increasingly larger 

facilities, which in turn needed to be located further away from the patientôs bedside.  

On the one hand, centralisation of diagnostic testing, allowed technological advances 

and considerable improvement of the accuracy and variety of diagnostic tests. On the 

other hand, it increased healthcare cost due to the centralisation of testing and use of 

sophisticated technologies22. Furthermore, logistical complexity including the 

transportation of samples to the laboratory and communicating results back to the 

clinician and patient add delays to the process, increasing turnaround time from 

sample collection to result22. 

In recent years, clinical diagnosis has been leaning towards a return to near-patient 

testing, looking at ways of miniaturising and simplifying technologies to take them 

closer to the patient and practitioner, to the ñpoint of careò or ñpoint of needò203ï205. 

Returning to decentralised testing could mitigate delays in results and removing the 

need for intermediate trained staff, remote facilities and decreasing cost22,203ï205.  

 

In 1976, the Warner-Chilcottôs early pregnancy test received FDA approval and was 

the first home pregnancy test on the market206. The test cost 10 USD and gave a result 

in 2 hours. In 1980, Paul Davis and Philip Porter patented a double monoclonal 

sandwich assay which led to the invention of the first one-step, at-home pregnancy 

test, still known nowadays as Clearblue207,208. This disruptive technology laid the 

groundwork for the rapid antigen test industry, proving that a simple test can provide 

accurate results. The at-home pregnancy test also revolutionised womenôs health, with 

a crucial societal impact, by transferring more control of pregnancies to women209.  

 

The past century was marked by important innovation in diagnostics and epidemics, 

caused by emerging pathogens, including human immunodeficiency virus HIV/AIDS 

and Ebola virus, that have now become endemic to certain regions4. The first cases 

of HIV/AIDS were identified in the 1980s, later becoming a pandemic which has 

infected an estimated 79.3 million [55.9ï110 million] people and killed 36.3 million 

[27.2ï47.8 million] since5. Evidence shows that the virus may have emerged in the 

1920s in DRC210, however AIDS was only described in 1981, in Los Angeles, USA211 
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and the virus was first isolated in 1983211. HIV remained undiagnosed for more than 

60 years.  

 

Development of HIV rapid antigen self-tests became FDA approved only in 2012, 

similar to pregnancy self-tests, made the diagnostic of the disease widely accessible 

and enabled to curb the pandemic in industrialised countries212. But challenges in 

stigma, access and uptake of quality POC tests and linkage to care for HIV in LMICs 

meant these tests were not fully exploited in some regions with high burden213. To 

combat HIV/AIDS and many other global diseases, the need for further advancement 

in POC tests was rapidly identified, highlighting that these promising technologies will 

only realise their full potential once their accessibility and implementation are extended 

to resource-limited settings214.  

 

2.3.2 Diagnosing infectious diseases nowadays 

 

Nowadays, laboratory diagnostic tests are still mainly centralised203, particularly in 

developed settings. The term ócentralisationô in the context of laboratory testing refers 

to a healthcare model where samples are routinely collected at clinics and hospitals 

during patients visit and hospitalisation. Then the samples are delivered to a 

specialised laboratory facility equipped with high-quality and high-throughput 

analytical instruments to efficiently process a large number of samples215.  Recently, 

the COVID-19 pandemic has challenged this system, shedding light on the pitfalls of 

centralisation of testing92. Decentralisation of testing, or point-of-care testing, refers to 

alternative model where a single sample, or small number of samples are tested near 

the patient bedside, so near the sample collection point. In addition to these tests being 

traditionally more simple, accessible to less specialised healthcare workers, 

decentralised testing also has the advantage to offer faster turnaround times. Simple 

and portable antigen self-tests have reached further than any other testing platforms 

during the pandemic13. Figure 2.9 provides a schematic representation of different 

healthcare levels with accessible testing technologies (more specifically for HIV in this 

example) showing the relationship with laboratory specialisation and test complexity 

depending on levels216. Note that laboratory infrastructure may still vary country by 

country, especially in LMICs. 
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Figure 2.9 Schematic representation of laboratory diagnostic levels for HIV testing 

The laboratory diagnostic network for HIV testing is represented. Laboratories tiers, 

including community, health centres, district hospitals, regional reference laboratories and 

central or national reference laboratories are shown with the tests performed at each tier. 

The relationship between specialisation of lab cadres and test complexity is described by 

the ascending and descending arrows. Adapted from 216. 

 

The diagnosis of a disease is the first step to treat a patient and their importance is 

repetitively emphasised by the WHO217. Without accurate and specific identification of 

the disease, pharmaceutical interventions may not be efficient and may lead to 

inappropriate prescribing which fuels AMR11. Therefore, diagnostics have been at the 

core of medicine and remain the first and necessary tool to treat diseases.  

 

In vitro diagnostic tests are widely recognized as essential to providing quality 

healthcare, and WHO developed a óList of essential in vitro diagnosticsô that should be 

readily available near-patient or at clinical laboratories to improve timely and life-
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saving diagnoses218. However, because of challenges in diagnostic product 

development, appropriate integration of tests within healthcare systems, staff training 

or access, optimal impact of these tests for global health is restricted219. Identified 

barriers for better development, adoption and scale-up of diagnostic tests in LMICs 

include logistics and infrastructures, cost, poor fit with user needs, weak regulations 

and political commitment219. Some of these barriers could be improved through local 

production, building resilient supply chains supported by governments. Moreover, 

stronger and earlier engagement between diagnostic developers and users could 

ensure that these tests are fit-for-purpose.  

 

Some well-characterised infectious diseases still lack appropriate diagnostic tools or 

diagnostics exist but are not accessible to patients and clinicians219. The ASSURED 

criteria were proposed to guide diagnostic development towards achieving wider 

accessibility of quality diagnostics16. These criteria are affordability, sensitivity, 

specificity, user-friendliness, rapidity and robustness, equipment independence and 

delivery to those who need it. Making quality diagnostic tests accessible to all can 

eliminate treatable illnesses and deaths, which often occur due to lack of accurate 

diagnostics, an issue that remains dramatically real in LMICs16,220,221.  

 

Diagnostic tests are particularly important in the context of emerging infectious 

diseases, when clinical symptoms are not well characterised yet, no vaccine or 

treatment is available. In this context, identification and isolation of confirmed cases is 

the only available action to reduce cases and deaths222. It is not possible to stop an 

outbreak without accurate diagnostics as it is not possible to ñfight a fire blindfoldedò, 

as highlighted by WHOôs leader in the early times of the COVID-19 pandemic223. This 

past two decades have been marked by major epidemics of recently emerged deadly 

pathogens, for instance Ebola virus, SARS-CoV and MERS-CoV4. The outmost 

importance of rapidly developing diagnostics and making them widely accessible in 

the context of emerging epidemic-prone pathogens has never been clearer27,40,224. 

 

AMR often called óthe silent pandemicô is another major public health threat11 that 

requires innovation in diagnostics225. POC diagnostics for AMR that can rapidly 

identify the microbe and perform susceptibility testing are being developed to 

strengthen antimicrobial stewardship226. 
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The unprecedented COVID-19 pandemic has been a catalyser for diagnostic 

technology advances92 and for advocating access to testing. COVID-19 diagnostics 

capitalised on mature technologies (e.g., rapid antigen self-tests)227, but also fast-

tracking advancement and commercialisation of emerging technologies (e.g., rapid 

isothermal assays and CRISPR-based tests)228, integrating digital technologies137 and 

raising awareness on accessibility issues96 and sustainability143.  

 

2.3.3 The future of diagnostic tests  

 

In addition to challenges in making already available diagnostic technologies more 

widely accessible, there is still much potential in emerging and future biotechnologies 

to develop next-generation testing. Forecasting future diagnostic technologies may be 

complex but reviewing the literature can help identify trends and technologies of 

particular interest. 

 

The twenty-first century witnessed the rise of digital technologies, which are slowly 

being exploited for healthcare enhancement229. For instance, mobile health or óm-

healthô has given rise to novel diagnostic tools which can be taken to the field and 

make an impact in settings remote from centralised laboratories220. The recently 

revisited ASSURED criteria for POC tests, known by the acronym REASSURED17, 

now include the need for real-time connectivity (along with ease of specimen 

collection) to better link patients to healthcare, interpret, store and share the test 

results, to improve patient outcomes, as well as disease surveillance (Table 2.4). 
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Table 2.4 Characteristics of a REASSURED diagnostics test 

Adapted from 17. 

 

 

The advancements of next-generation sequencing (NGS) have been decisive to 

progress clinical diagnostic tools for infectious and non-infectious diseases230. The 

novel causative agent of COVID-19 was sequenced by NGS in about a month after 

the first cases of a viral pneumonia of unknown etiology emerged in the city of Wuhan, 

China45. Application of NGS to pathogen-agnostic testing and its current accuracy 

shows promises231,232. Agnostic tests are theoretically able to detect pathogens from 

a clinical sample without needing priori knowledge of a specific pathogen. 

Furthermore, nanopore sequencing, the miniaturised sequencing technology, is 

starting to be deployed in the field, democratising decentralised sequencing233.  

 

CRISPR is already recognised as a game-changing molecular scissor for which 

discoverers were awarded the 2020 Nobel Prize in Chemistry234. After demonstration 

of the CRISPR technology for gene editing235 followed applications of CRISPR-

powered diagnostic tests 236,237. Despite the booming research on CRISPR-based 

tests, only a couple of tests have received FDA EUA in the U.S. in response to the 

COVID-19 pandemic18. Patent-holder companies are yet to develop, validate and 

commercialise the technology for diagnosing diseases beyond COVID-19. 

Criteria Description

R Real-time connectivity
Tests are connected and/or a reader or mobile phone is used to power the reaction and/or read test results to 

provide required data to decision-makers

E Ease of specimen collection Tests should be designed for use with non-invasive specimens

A Affordable Tests are affordable to end-users and the health system

S Sensitive Avoid false negatives

S Specific Avoid false positives

U User-friendly Procedure of testing is simple ð can be performed in a few steps, requiring minimum training

R Rapid and robust

Results are available to ensure treatment of patient at first visit (typically, this means results within 15 min to 2 

hours); the tests can survive the supply chain without requiring additional transport and storage conditions 

such as refrigeration

E
Equipment free or simple

Environmentally friendly

Ideally the test does not require any special equipment or can be operated in very simple devices that use 

solar or battery power

Completed tests are easy to dispose and manufactured from recyclable materials

D Deliverable to end-users Accessible to those who need the tests the most
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Early prototypes of smartphone-connected tests have been reported for many 

applications, such as Ebola surveillanc83,238, aided microscopic examination for 

parasitic infections239,240 and CRISPR-based mobile phone microscopy for the 

diagnosis of COVID-19241. Many more applications and commercialisation of 

smartphone-aided tests are emerging, alongside a broader adoption by clinicians and 

end-users242. Smartphone-connected POC diagnostic tests can also deliver result 

interpretation supported by deep learning algorithms and link patients to care thanks 

to real-time connectivity243. For instance, these tools could help end the HIV/AIDS 

pandemic by reaching the most unreachable patients, providing high-tech diagnostic 

tests simply using smartphone applications. Nowadays, smartphones are ubiquitous 

around the world, with increased access and adoption in Sub-Saharan Africa244. 

Furthermore, the COVID-19 pandemic has already boosted the integration of digital 

technologies within public health responses137.  

 

Artificial intelligence (AI) and machine learning is being integrated within healthcare 

systems245. Outbreak surveillance using online search queries was proposed as an 

early warning tool for seasonal influenza (e.g., Google Flu Trends, i-sense flu Detector 

which also uses google search and has been adopted by UKHSA for national influenza 

and COVID surveillance based on syndromic surveillance)246. These algorithms 

showed they could provide a 7ï10 days lead time on seasonal influenza outbreaks 

detection in comparison to conventional surveillance tools. This AI web-based 

technology has been refined over the past 10 years, and in December 2019, it was 

one of these tools that first rang the alert of a potential outbreak of a new pathogen in 

Wuhan, China134. Researchers also proposed the integration of AI into the diagnostic 

development pipeline to improve their performances247. Integration of capabilities into 

diagnostic tests and healthcare is slowly materialising but its potential is not fully 

achieved yet136. Technical (e.g., volume, variety, velocity associated with data), ethical 

(e.g., privacy, morality of algorithms, values of practice) and interoperability challenges 

in data science remain. 

Some strategies for infectious disease detection are looking at personalised 

monitoring of patients with smart wearable biosensors which may also play a role in 

the future of diagnostic tests as they can offer precision real-time monitoring148,248. 
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Other strategies are investigating population monitoring rather than individual testing. 

Environmental monitoring in the built-environment also proved useful to track COVID-

19 in wastewater and provide useful epidemiological insights at the national level249. 

The integration of a One Health approach recognising that humans health is closely 

connected to animals health and the shared environment is also gaining importance 

in disease control and surveillance250.  

In a time of growing ecological challenges with increasing awareness among 

consumers, environmental sustainability should be taken into consideration criteria 

when developing and recommending healthcare products251. Awareness is being 

raised on plastic waste generated by single-use self-tests during the COVID-19 

pandemic143. When most diagnostic developers have chosen plastic derived materials 

for their tests, more environment-friendly alternatives exist, such as biodegradable 144 

and re-usable tests145. 

 

In a nutshell, there are promising emerging biosensing technologies (e.g., CRISPR 

and nanopore sequencing), which have just reached commercialisation and other 

future technologies which still require development (e.g., agnostic tests and 

wearables). The evolution of diagnostic technologies will likely be driven by more 

technological disruptions to come and global challenges of the twenty-first century 

such as mitigating ecological damages. 

 

 

2.4 Rapid POC tests for infectious diseases  

 

Building on the unprecedented needs for priority diseases of epidemic potential and 

NTDs outlined in sections 2.1 and 2.2, here the core principles of rapid and POC tests 

are presented. Section 2.4.1 looks at rapid antigen tests. Section 2.4.2 reviews 

advancement in nucleic acid testing based on PCR and isothermal amplification 

methods. CRISPR diagnostics and their potential applications as POC tests is 

discussed in section 2.4.3. 

 

2.4.1 Rapid antigen tests 
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Antigen testing relies on the detection of proteins linked to diseases and conditions. 

The commercialisation of rapid, POC antigen tests dates from the 1970s with the first 

at-home pregnancy tests206. These tests were immunoassays taking advantage of a 

double antibody ósandwichô to capture and detect the antigen of interest207. Application 

of this method coupled with nitrocellulose membranes gave birth to lateral flow 

immunoassays (LFIAs)227. Rapid antigen tests aim to be more cost-effective, rapid 

and user-friendly, compared to more time-consuming and labour-intensive 

immunoassays such as enzyme-linked immunosorbent assay (ELISA), making them 

ideal for POC testing. Although LFIAs are evolving with novel techniques to improve 

their performance, the traditional format is similar to ósandwichô ELISA, and they can 

run horizontally (lateral flow) or vertically (dipstick).  

An often recognised pitfall of rapid antigen tests is their poorer sensitivity compared to 

nucleic acid amplification tests107. Sensitivity enhancement of LFIAs has been 

investigated and can generally be achieved by improving four fundamental properties: 

i) sample input, ii) transport dynamics, iii) reaction kinetics, and iv) signal generation252. 

Improving one or several of these interconnected system dynamics can increase the 

visible signal output (Figure 2.10). 

 

 

 

Figure 2.10 Illustration of four fundamental properties of LFIA  

Four fundamental properties of LFIA can be targeted for sensitivity enhancement: i) 

biological sample input, ii) transport dynamics, iii) reaction kinetics, iv) signal generation. 

Illustration adapted from 252. 

 

 

LFIA sample types for antigen testing can be diverse, including clinical (e.g., blood, 

serum, plasma, faecal, urine, sputum, saliva)253 and non-clinical (e.g., foodstuff, 

Sample pad Conjugate pad Test Line Control Line Adsorption pad
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groundwater, plant)254ï256. Crude samples may be added to LFIAs with specifically 

designed sample pad, however some samples require processing prior to LFIA 

testing. Improving sample preparation can improve the overall sensitivity of the assay; 

this step can be non-integrated in the LFIA or done onboard252. Non-integrated sample 

preparation prior to antigen testing may include sample concentration257, 

enrichment258, extraction256, all which can improve LFIA performance. LFIA systems 

embedding onboard sample preparation often leverage microfluidics capacity, able to 

do whole blood separation259 or sample preconcentration260 for instance. 

 

Traditionally, the support of LFIAs is a nitrocellulose membrane, which is a porous 

material used to bind and transport proteins by capillary action252. In the conventional 

format, the sample is added onto the sample pad, then it passes through a conjugate 

pad and gets mixed with dried detection reagents (e.g., antibody-nanoparticle 

conjugates), finally it flows to the test and control lines all the way to the adsorption 

pad (Figure 2.10). Many strategies to alter and improve transport dynamics in LFIAs 

have been proposed, like printing of dissolvable wax barrier (51.7-fold sensitivity 

enhancement)261, spatial constriction with polymer walls (62-fold sensitivity 

enhancement)262 or stretching elongation (25% increased membrane wicking 

performance)263, to cite a few. 

 

Changes to reaction kinetics may improve LFIA sensitivity. Unidirectional, premix 

delivery (sample mixed with detection reagent while passing through conjugate pad) 

is the conventional LFIA design, however alternate reaction orders, such as sequential 

delivery (analyte transported to the test line before [instead of with] detection reagents) 

and two-dimensional delivery formats showed a 4- to 10-fold improvement on LoD for 

malaria antigen detection264,265. 

 

In standard LFIAs, capture of the target analyte is executed by antibodies immobilised 

(via direct adsorption) on the detection area of the nitrocellulose membrane. Strategies 

to improve antibody immobilisation via oriented immobilised capture antibodies onto 

LFIAs have been explored and compared to standard non-oriented immobilisation266. 

Other approaches for enhanced immobilisation used capture reagents at the test line, 

with successful demonstration of avidin-biotin anchoring, covalent epoxide-thiol 

attachment and genetic fusion anchor protein267. Although having some drawbacks 
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(e.g., increased cost, more optimisation needed), the three alternate methods showed 

assay signal improvement over traditional direct adsorption. 

 

A popular method for sensitivity enhancement focuses on the signal generation 

component. Colorimetric AuNPs are the most commonly used detection method252. 

The LoD achievable with AuNPs is limited and research on more sensitive 

nanoparticles has intensified268. However, colorimetric nanoparticles such as AuNPs 

have the unique advantage to produce a direct visual readout readable with the naked 

eye. Enhancement methods for AuNP-based detection exist, such as using silver 

immersion or dual-gold conjugates, reaching a 3-fold and 2.5-fold enhancement, 

respectively269. Carbon black nanoparticles also produce a colorimetric signal that is 

stronger than AuNPs thanks to their higher natural contrast with the white 

nitrocellulose membrane270.  

 

Nanozymes are nanocatalysts (e.g., platinum nanoparticle) which can be used on 

LFIAs as the detection nanoparticle to chemically amplify the detection event271. The 

use of nanozymes have resulted in highly sensitive prototypes for Ebola virus81 and 

HIV272 antigen tests, with a 20 to 100-fold improvement compared to AuNPs. Platinum 

nanoparticles and their peroxidase activity have also been used as chemiluminescent 

labels for LFIAs, providing a 103-fold increase in sensitivity compared to AuNP, 

however requiring a chemiluminescence reader273. Surface-enhanced Raman 

spectroscopy (SERS) combined with LFIA can improve sensitivity of these assays via 

laser excitation of metallic nanoparticles, like AuNPs, increasing their Raman signal274. 

 

Fluorescent nanoparticles can be detected by their specific excitation and emission 

spectra, often resulting in better sensitivity than colorimetric particles. Quantum dots 

are semiconductor nanocrystals with optical and electronic properties harnessed in 

many areas, including POC diagnostics275. Early applications of quantum dots 

conjugates for LFIAs showed they could achieve a 10-fold increase in the detection 

limit compared to AuNP conjugates when targeting syphilis antigens, and the lateral 

flow could be read under a portable UV lamp276. Likewise, fluorescent nanodiamonds 

antibody conjugates can be used on LFIAs, and their quantum spin properties have 

been leveraged by a microwave field to separate their intrinsic signal from the 

background autofluorescence of the nitrocellulose membrane277. This novel 
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fluorescence detection label enabled a 105-fold increase in sensitivity in a model 

avidin-biotin assay compared to traditional AuNP LFIAs. Though highly sensitive, this 

modulation method currently requires the use of a fluorescence microscope, making 

it incompatible with POC testing. LFIAs based on SERS, fluorescence or 

chemiluminescence readouts may provide higher signal amplification, but they require 

a reader and often add more complexity compared to instrument-free colorimetric 

readouts (e.g., AuNP and carbon black). 

 

Surface acoustic wave (SAW) biochips can be fabricated similarly to LFIA, with a 

unidirectional flow generated by the surface wave and a biosensing area made of a 

piezoelectric sensing the capture of an antigen onto its surface278. The use of SAW 

digital antigen testing was demonstrated for HIV rapid antigen testing, aiming towards 

the REASSURED criteria and showing high sensitivity and specificity (64.5-100% and 

100%, respectively) in a pilot clinical study279. 

 

Redefining the criteria for an ultrasensitive antigen test, setting the bar towards sub-

picomolar detection limits has been discussed as a potential new requirement for 

diagnostic tests268. Defining the necessary clinical ranges for antigen testing for each 

disease and clinical contexts is also primordial. Taking the example of Ebola rapid 

antigen tests, tests with limited sensitivities for early diagnosis of patients may still be 

suitable for triage and post-mortem diagnosis, enabling identification of suspected 

patients and safe burials in remote areas280.  

 

 

2.4.2 POC molecular diagnostic tests 

2.4.2.1 PCR-based tests 

 

Over the past 40 years, PCR became an indispensable molecular biology method and 

the gold standard in nucleic acid amplification281. The method developed in the 

1980s282 and recipient of the Nobel Prize in Chemistry in 1993, achieves exponential 

amplification of primer-targeted DNA (or RNA, by RT-PCR) using thermocycling283. 

PCR occurs in three steps: denaturation of the dsDNA target at 95-96ęC to unwind the 

duplex DNA, then primers anneal to the opened DNA at ~68ęC, and elongation of 
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primers with a DNA polymerase at 72ęC. Then this cycle repeats to achieve 

exponential amplification (Figure 2.11). The efficiency of PCR was shown to be over 

105-fold in 20 cycles282. 

PCR is nowadays a ubiquitous method in clinical laboratories, especially real-time and 

qPCR, achieving ultra-sensitive and specific results284. The thermocycling required for 

PCR has been a major bottleneck to employ the technology in low-resource settings 

and at the POC, since traditional instruments are high-priced, bulky, needing 

continuous power supply285. 

 

 

 

Figure 2.11 Schematic of PCR 

The three step PCR reaction is illustrated. (1) the DNA duplex is opened by heat 

denaturation, (2) Primers anneal to the opened DNA target, (3) primers are elongated to 

produce a complementary copy of the target. Then the reaction repeats exponentially. 

Illustration from 286. 

 

Low-cost, more energy-efficient and fast thermal systems have been developed with 

speedy PCR cycle rate of 17 sec per cycle287. Detection of anthrax was possible in 7 

min (real-time PCR) and Ebola RNA (real-time RT-PCR) in 7.5 min288 using this fast 

PCR system. Moreover, the unit cost for building these rapid thermal cyclers can be 

as low as 150 USD, compared to 2ï4k USD for the most cost-effective commercial 
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thermocyclers for conventional (not real-time) PCR. Nowadays, the GeneXpert 

(Cepheid) automated closed platform for rapid PCR has been deployed to LMICs and 

used for diagnosis of TB and drug-resistant TB289, Chlamydia trachomatis and 

Neisseria gonorrhoeae290 and SARS-CoV-3291. This fast PCR-based platform is 

modular, with minimal hands-on manipulation, rapid sample-to-result (50 min for 

SARS-CoV-2, 90 min for Chlamydia trachomatis/Neisseria gonorrhoeae and just 

below 120 min for drug-resistant TB) and enhanced sensitivity compared to some 

traditional diagnostic methods (e.g., smear microscopy for TB). While these molecular 

tests cost more than traditional methods (e.g., ~13 USD/test for GeneXpert versus ~3 

USD/test for smear microscopy), partnerships have formed to try lower the cost to 

make this technology affordable, widely accessible and well-integrated within routine 

testing in LMICs292,293. 

 

In the literature, prototypes of highly miniaturised PCR devices for the POC have been 

reported294ï296. A microPCR (or PCR chip) was engineered and comprised a silicon 

ring, a highly efficient thermocycler system, real-time fluorescence reading and a 

disposable PCR chamber294. No benchmarking to standard real-time PCR was 

reported, but in addition to demonstrating that PCR can be highly miniaturised, this 

prototype also proposed a single use PCR reaction chamber to avoid cross-

contamination between samples, a caveat of highly sensitive molecular testing at the 

POC. A handheld device weighing less than 80 g, with an integrated optical head was 

developed and applied to Ebola RNA detection295,296. RT-PCR (40 cycles) and melting 

curve analysis was performed in 37 mins, and the device could process four samples 

simultaneously. No data on analytical or clinical sensitivity was reported and sample 

processing would be required prior to testing, though this palm-sized device made 

headway towards a true PCR POC device. 

 

Sample preparation is a crucial step pre-PCR since PCR reaction is easily impacted 

by inhibiting substances that can be presented in raw samples, hence it is a bottleneck 

to developing POC PCR tests297. Sample preparation typically involves extraction and 

purification of the nucleic acids contained in a sample to be tested. Because these 

processes are traditionally performed in multi-steps by a skilled laboratory technician, 

they need to be fully automated to develop a true POC test.  

 



 

 72 

2.4.2.2 Isothermal amplification  

 

While PCR is still generally considered the gold standard for molecular diagnostics, 

isothermal amplification methods amenable to POC testing, have emerged298,299 

(Figure 2.12). These methods take advantage of different molecular biology 

techniques and enzymes, but all have the advantage of amplifying nucleic acids at a 

constant temperature, removing the need for thermocycling, peculiar to PCR. The 

most popular isothermal methods are nucleic acid sequence-based amplification 

(NASBA), loop-mediated isothermal amplification (LAMP), recombinase polymerase 

amplification (RPA), helicase dependent amplification (HDA), rolling circle 

amplification (RCA) and strand displacement amplification (SDA). Some 

characteristics of each method are summarised in Table 2.5 and a description of these 

methods is presented in sub-sections below. 

 

Isothermal amplification methods have gained in popularity during the COVID-19 

pandemic due to low stocks of PCR reagents and challenges relating to centralised 

testing, demanding for other back up methods300. Studies have shown that some of 

the isothermal diagnostics delivered high sensitivities, comparable to PCR-based tests 

and should be considered as reliable alternatives for molecular testing301. 

 

 

Figure 2.12 Timeline of molecular amplification methods 

Molecular amplification methods chronologically ordered following the first publication 

dates. Data source from 302. 
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Table 2.5 Comparison of characteristics of isothermal amplification methods 

 

NASBA: nucleic acid sequence-based amplification; LAMP: loop mediated isothermal amplification; 

RPA: recombinase polymerase amplification; tHDA: thermophilic helicase dependent amplification; 

CA: rolling-circle amplification; tSDA: thermophilic strand displacement amplification. 

*: Sample processing is usually done prior to LAMP, however extraction-free detection of SARS-

CoV-2 by RT-LAMP in raw saliva samples was possible303. 

§: Sample processing is usually done prior to tHDA, but detection of malaria parasites was 

demonstrated with unprocessed blood samples304. 

#: Sample processing is usually done prior to tSDA, though detection of DNA mutations was 

achieved using unprocessed blood, urine, and buccal swabs305. 

 

2.4.2.2.1 NASBA  

 

NASBA is an RNA isothermal amplification method developed in 1991306. Appearing 

less than 10 years after the invention of PCR, NASBA is introduced as a continuous 

amplification technology for RNA in a single mixture at one temperature. The method 

requires a pair of specific primers, of which one primer holds a T7-RNA polymerase 

promotor site. NASBA relies on three enzymes for RNA amplification: T7 RNA 

polymerase, reverse transcriptase and RNase H306. Each NASBA amplification cycle 

produces 10-100 RNA copies, making it more efficient than RT-PCR306. NASBA 

Characteristics NASBA LAMP RPA tHDA RCA tSDA

DNA or RNA

RNA
(DNA with 

additional 

denaturation)

Both Both DNA
Both 

(circular)
Both

Temperature (ęC) 41 60-65 37-42 60-65 30-65 30-55

Reaction time 90-180 min 15-60 min 15-20 min 60-120 min
30 min-120 

min
30 min-120 

min

Enzymes/proteins

reverse 
transcriptase, 

RNaseH, T7 

RNA 

polymerase

Bst DNA 
polymerase

recombinase, 
SSB protein, 

strand-

displacing 

polymerase

Helicase, DNA 
polymerase, 

SSB protein

Probe, 
ligase, DNA 

polymerase

DNA 
polymerase, 

restriction 

endonuclease

Number of 
primers

2 4-6 2 2 1-2 4

Multiplex Yes Yes Yes Yes Yes Yes

Efficiency
109-fold in 2 

h
109-fold in 1 h

104-fold in 10 
min

106-fold in 2 h
109-fold in 90 

min
1010-fold in 15 

min

Detection limit
~100 

copies/mL
~10 

copies/reaction
~1-10 

copies/reaction
~50 

copies/reaction
~1 

copy/reaction
~10 

copies/reaction

Sample 
processing

Yes No* Yes NoÄ Yes No#
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isothermal amplification at 41ęC for 1.5 to 2 hours can achieve an amplification of 

about 109-fold. Although NASBA amplification is isothermal and optimally happens at 

41ęC, a melting step prior to the amplification is required for primer annealing to the 

target (Figure 2.13). NASBA real-time fluorescence was made possible by 

hybridization of a molecular beacon DNA probe. When the beacon probe is in 

presence of its complementary sequence (amplicon), the stem region is forced open 

and a fluorescent signal becomes detectable. 

 

 

 

Figure 2.13 Schematic of NASBA 

An initial denaturation at 65ęC enables annealing of primer 1 (P1) and subsequent reverse 

transcription (RT) to produce an RNA:DNA hybrid. Then, the RNA strand is hydrolysed by 

RNase H, primer 2 (P2) can anneal to the cDNA strand and dsDNA is formed by RT. Then, 

T7 DNA dependent RNA polymerase (T7 DdRp) transcribes more RNA molecules from 

the dsDNA within a cyclic phase. A molecular beacon DNA probe is formed as a hairpin 

structure with a fluorophore (F) and a quencher (Q) in close proximity (white square). When 

the beacon probe is in presence of its complementary sequence (amplicon), hybridisation 

forces open the loop, and the fluorescent signal can be detected. Adapted from 307. 
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Early application of NASBA for HIV-1 RNA detection in plasma and serum samples 

showed high performance when compared to RT-PCR308. After 1995, commercial 

NASBA became available as a diagnostic reagent kit (NucliSENS Basic Kit by 

Organon Teknika)307. NASBA is mainly applied to RNA amplification, however 

amplification of dsDNA is possible by adding two heat-denaturating steps prior to 

NASBA, as successfully demonstrated for the detection of the pathogenic bacteria 

Listeria monocytogenes309. 

 

NASBA is equivalent to its original system called self-sustained sequence replication 

(3SR)310, and a later adaptation into transcription mediated amplification (TMA)311. 

NASBA, 3SR and TMA all mimick the RNA replication process of retroviruses. TMA-

based assays for viral targets proved to be highly sensitive, sometimes superior to 

real-time RT-PCR312. Notably, the PANTHER system, initially commercialised by Gen-

probe Inc (now by Hologic Inc), is a highly sensitive, automated molecular testing 

platform using TMA. TMA platforms are sometimes used in centralised hospitals 

because they offer multiplex panel testing with optimised high-throughput (~275 

samples processed in 8 hours)313. SARS-CoV-2 high-throughput testing on the 

PANTHER system was shown as a highly sensitive alternative to real-time RT-PCR 

assays, with a lower LoD of 5.5x102 RNA copies/mL314. NucliSENS EasyQ, an 

automated NASBA molecular testing platform (now commercialised by bioMérieux), 

offers real-time detection of viral RNA with first results obtained in 1 hour and 48 

samples can be processed in 1.5 to 3 hours315.  

 

Even though these high-throughput instruments rely on isothermal amplification, a 

simpler method compared to PCR, they are bulky (weighs 364 kg), expensive and 

have a long time-to-result (3.5 hours to first result), disqualifying them for use in 

resource-poor settings. In 2018, a pricing agreement with Hologic aimed at increasing 

access to the PANTHER system for viral testing in LMICs, especially for HIV viral loads 

in the context of antiretroviral therapy316. An all-inclusive testing unit price of 12 USD 

per patient test was agreed however caveats such as large instrument footprint, 

energy consumption and price of instrument remain. 
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2.4.2.2.2 LAMP  

 

LAMP is a one-step DNA amplification method, also able to detect RNA targets if 

reverse transcriptase (RT-LAMP) is added317. LAMP isothermal amplification is carried 

out at 60-65ęC. LAMP requires two pairs of primers and a strand-displacing 

polymerase, commonly the Bst (Bacillus stearothermophilus) DNA polymerase is used 

(Figure 2.14). The four specific primers recognise six distinct sequences on the target 

DNA. Amplification of the target DNA is initiated by an inner primer, then DNA 

synthesis with strand displacement is primed by an outer primer and release an 

ssDNA. Using this ssDNA as template, further DNA synthesis is primed by the pair of 

primers to the other end of the target, forming a stem-loop DNA structure. The 

following LAMP cycle is produced by hybridisation of one inner primer to the stem-

loop on the product and displacement DNA synthesis yields the original loop DNA and 

a new loop DNA with a stem double in size. Reaction cycles continue at a rate of 109 

copies of target in less than one hour317. Further optimisation of LAMP showed that 

the addition of two loop primers can accelerate the reaction rate, however it 

complexifies further the primer design318. The original LAMP publication reported an 

LoD as low as six DNA copies per reaction in a 45-min LAMP reaction317. 
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Figure 2.14 Schematic of LAMP with turbidity readout 

Amplification of target DNA is initiated by the forward inner primer (FIP). The strand 

displacement DNA synthesis is primed by an outer primer (F3) to release an ssDNA. This 

ssDNA is used as template for further DNA synthesis primed by the pair of primers (BIP 

and B3) to the other end of the target, forming a stem-loop DNA structure. Following LAMP 

cycle is produced by hybridisation of one inner primer (FIP or BIP) to the stem-loop on the 

product and displacement DNA synthesis yields the original loop DNA and a new loop 

DNA with a stem double in size. Turbidity due to magnesium pyrophosphate (Mg2P2O7), a 

by-product of LAMP, can be used for direct visual readout of amplified DNA. Adapted from 

319. 
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Turbidity due to magnesium pyrophosphate (Mg2P2O7) formation, a by-product of 

LAMP (Figure 2.14), can be used for direct visual readout to detect DNA 

amplification320. This direct visual detection is useful for fast, equipment-free readout 

of the test. Besides, detection of LAMP products on lateral flow tests has been 

demonstrated as a cost-effective and user-friendly readout321. Real-time fluorescence 

readout was later investigated by adding an intercalating dye in the LAMP reaction 

(e.g., SYBR Green) and recording fluorescence using a portable reader, applied to 

malaria testing322. Sequence-specific detection of LAMP amplicons using a 

fluorescent probe was also demonstrated, a readout which can reduce false positive 

results more likely to occur with non-specific methods (e.g., turbidity, intercalating 

dyes)323. Multiple fluorophores can be used with this method, offering a robust real-

time multiplex LAMP assay. 

 

Most (RT-)LAMP tests have a time-to-result varying between 15 and 60 mins321,324 

and the simplicity of some of the available readouts (e.g., turbidity and lateral flow test) 

make LAMP a good candidate for rapid POC molecular testing. Furthermore, thanks 

to the high tolerance of the Bst polymerase (core enzyme of LAMP) assays have 

proven good tolerance to inhibitors commonly present in biological samples, making 

LAMP a robust method for testing blood, urine and stool325. Extraction-free detection 

of SARS-CoV-2 by RT-LAMP in raw saliva samples was possible, however it was less 

sensitive compared to extracted samples303. Kits for rapid LAMP field testing of 

visceral leishmaniasis326 and malaria327,328 have shown promising results. 

 

2.4.2.2.3 RPA  

 

RPA is a one-step isothermal amplification method which emerged more recently, in 

2006329. RPA reactions contain a pair of sequence-specific primers and three core 

enzymes for DNA amplification: a recombinase, a single-stranded DNA-binding (SSB) 

protein and a strand-displacing polymerase (Figure 2.15a). First, the recombinase 

complexes with primers and this complex recognises the template DNA. Complexing 

of recombinase and primers is an ATP-dependent process (Figure 2.15b). The 

recombinase inserts primers in the dsDNA via strand exchange and SSB proteins bind 
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to the displaced strand, stabilising the bound primers. Primers are extended by the 

Bacillus subtilis (Bsu) strand displacing polymerase to generate an amplicon which is 

the copy of the original DNA template. The process is repeated leading to exponential 

DNA amplification. Adding a reverse transcription step to RPA (RT-RPA) allows to 

detect RNA targets. 

 

 

 

Figure 2.15 Schematic of RPA and probe-based readout 

(a) Recombinase-primers complex and recognise homologous sequence on template DNA 

(red/blue). Recombinase inserts primers in the dsDNA via strand exchange. SSB proteins 

(green) bind to the displaced strand, stabilising the bound primers. Primers are extended 

by the Bsu strand displacing polymerase (blue). An amplicon is generated from the 

opposing primer extension events and is the copy of the original DNA template. The 

process is repeated leading to exponential DNA amplification. (b) In the presence of ATP, 

uvsX recombinase (gray) binds to oligonucleotides (red, top) forming a nucleoprotein 

complex. Upon ATP hydrolysis, the complex disassembles (left) and uvsX can be replaced 

by the SSB protein gp32 (green, right). The presence of the recombinase mediator protein 

uvsY and a crowding agent shifts the equilibrium in favour of the recombinase-primer 

complex. (c) Signal generation by separation of a fluorophore and a quencher depends on 

cutting of the probe by double-strand specific endonuclease (e.g., Nfo). Illustrations from 

329. 

a b

c
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RPA is unique for its ability to amplify nucleic acids at relatively low temperatures 

compared to other isothermal methods, at the exception of RCA (as low as 30ęC) 

(Table 2.5). While optimal temperatures are between 37-42ęC, RPA can operate at 

temperatures as low as room temperature (~25ęC)330. At 37ęC, RPA can achieve a 

104-fold amplification efficiency in 10 mins329. Equipment-free RPA assays using body 

heat was accomplished331.  

In addition, (RT-)RPA assays are highly sensitive, with reported analytical sensitivity 

below 10 copies per reaction and even single-copy detection329,332,333. Usually, (RT-

)RPA results can be obtained in 15-20 min, but shorter or longer amplification can be 

required to speed up time-to-result or to increase sensitivity333. 

RPA reagents are affordable, approximately 4 USD per test334, and kits can be 

purchased (TwistDX) as freeze-dried reagents for long-term storage and increased 

heat-stability333. Researchers can develop customed RPA assays using these kits, 

providing their own specific primers and targets.  

 

Multiple RPA readouts have been developed. Probe-based real-time fluorescence 

detection of RPA amplicons (Figure 2.15c) was first proposed by inventors and 

demonstrated for methicillin-resistant Staphylococcus aureus testing329. This same 

assay was demonstrated with a lateral flow test readout, where primers are labelled 

so that amplicons can be captured on LFIA329. Endpoint fluorescence by intercalating 

SYBR Green dye, read by a UV torch or transilluminator or via visual colorimetric 

readout (e.g., hydroxynaphthol blue) are simple, field-deployable and require minimal 

to no instrumentation335. Paper-based readout, for instance using LFIAs was also 

shown as a suitable method for on-site RPA testing of tropical diseases181,336. Real-

time fluorescence RPA was shown to be field-deployable as a mobile suitcase 

laboratory for the rapid detection of Leishmania donovani184, avian influenza337 and, 

later on, for SARS-CoV-2111. The (RT-)RPA suitcase laboratory capitalised on the use 

of a portable fluorescence reader that is battery-powered or using solar panels, 

enabling incubation at a low isothermal temperature (~42ęC). With the RPA suitcases, 

simple on-site nucleic acid extraction protocols were also developed for point-of-need 

application, for instance using a rapid magnetic bead kit184. RPA and RT-RPA assays 

can be designed for one-pot multiplexed testing, making this isothermal method a 

user-friendly screening tool, as shown with a 7-segment lateral flow-based RPA338. 
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RPA demonstrated a good tolerance to inhibitors and can function with extracted 

samples from different types of physiological samples (e.g., plasma, serum, faecal, 

nasal and vaginal swabs, stool, urine), however some sample processing is still 

required to achieve satisfactory results333. 

Altogether, the speed, the low amplification temperature, simple primer design, high 

sensitivity and low cost of reagents make RPA the best candidate for isothermal 

detection of infectious diseases in resource-challenged settings339. 

 

2.4.2.2.4 HDA  

 

HDA is an isothermal DNA amplification method that uses a helicase and a 

polymerase, mimicking in vivo DNA replication340. The helicase can separate a dsDNA 

template and SSB proteins stabilise the two separated strands. A pair of primers 

hybridises to their target regions and the DNA polymerase amplifies one DNA duplex 

into two. The two duplexes are separated by the helicase and the reaction repeats 

itself (Figure 2.16). 

HDA can achieve an efficiency of over a million-fold amplification in 2 hours. HDA does 

not require an initial heat denaturation, and all the reaction can happen in one-step at 

a single temperature. The first paper presenting HDA used the Escherichia coli UvrD 

helicase which amplified at 37ęC340. To improve the specificity and performance of 

HDA, this was rapidly and commonly replaced by the thermostable 

Thermoanaerobacter tengcongensis UvrD helicase for an amplification at 60-65ęC341. 

This enhanced method was named thermostable HDA (tHDA). A commercial tHDA kit 

including core enzymes and proteins is available for about 10 USD per reaction342.  
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Figure 2.16 Schematic of HDA 

The helicase separates the dsDNA template and SSB proteins stabilise the two separated 

strands. A pair of primers hybridises to their target regions and extension by a DNA 

polymerase amplifying one DNA duplex into two. Amplified products serve as templates 

for the next round of amplification. Adapted from 343. 

 

Amplification time for tHDA assays vary. Multiplex pathogen detection by tHDA was 

demonstrated for Neisseria gonorrhoeae and Staphylococcus aureus in 120 mins344. 

One-tube real-time amplification of RNA targets by RT-tHDA (reverse transcriptase 

added to tHDA reaction) showed efficient detection of 50 copies of Ebola viral RNA in 

10 mins345. A colorimetric detection method using AuNPs hybridising with the tHDA 

amplicons achieved a good clinical sensitivity for the detection of Helicobacter pylori 

DNA within 1 hour346. Detection of tHDA amplicons on dipsticks was shown for the 

detection of Plasmodium parasites from unprocessed blood samples with an analytical 

sensitivity of 50 copies DNA per assay (or 200 parasites per µL of blood)304. Although 

it required a 2-hour tHDA amplification to achieve this sensitivity, this assay showed 

promises for field testing of infectious diseases using a sensitive, simple and cost-

effective tHDA isothermal method. 

 

1. Helicase unwinds dsDNA 
target

2. SSB proteins stabilise
the opened dsDNA

3. Primers anneal to 
target region and 

polymerase extends 
primers

4. The two duplexes 
separate and the 

amplification reaction 

repeats
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2.4.2.2.5 RCA 

 

RCA is a method initially developed to amplify circular DNA347. Linear RCA allows 

primer-based isothermal amplification of target nucleic acid sequences using 

circularised oligonucleotides, also called ópadlock probesô348 (Figure 2.17). The 

padlock probe hybridises to the DNA target and the two juxtaposed ends of the probe 

are joined by a DNA ligase. Linear RCA uses only one primer, mainly resulting in 

ssDNA products. Geometric or hyperbranched RCA (HRCA) uses two primers; one 

targets the circle DNA while the other targets the RCA product. The circularised 

padlock probe can then be used as a template for exponential amplification, increasing 

yields compared to linear RCA348. This method demonstrated a 109-fold isothermal 

(~65ęC) amplification of DNA circles within 90 mins.  

 

 

 

 

Figure 2.17 Schematic of linear and hyperbranched RCA (HRCA) 

(A) Ligation of the hybridised padlock probe to the target. (B) Linear RCA using a single 

(forward) primer and DNA synthesis by strand-displacing polymerase. (C) Hyperbranched 

RCA with a second (reverse) primer. Illustration from 349. 
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RCA can be performed at temperatures as low as 30ęC350 and up to 65ęC351, thanks 

to a wide range of compatible enzymes. Commercial RCA kits with core enzymes and 

different polymerases are available for approximately 3 USD per reaction352. Multiplex 

detection of 17 genomic mutations was achieved with microarray RCA with a 30-min 

amplification at 37ęC353. Circularised probes can also be ligated to detect RNA 

templates, without the need for reverse transcriptase, thus RCA could be used to 

detect viral targets such as SARS-CoV351. Solid and liquid phase RCA were 

demonstrated for this assay and amplicon detection was done on agarose gel under 

UV illumination. In this study, amplification of circularised probe for 90 mins at 65ęC 

could detect a single copy template and 100% (N=7) of the RNA extracts derived from 

sputum of SARS-positive patients and screened by RT-PCR. 

 

2.4.2.2.6 SDA  

 

SDA was first proposed as a three step amplification method (Figure 2.18): i) initial 

heat denaturation of target dsDNA, ii) Addition of HincII and exo- klenow, iii) isothermal 

amplification at 37ęC354. In detail, a target DNA is heat denaturated at 95ęC, then 

reaction temperature is lowered to 37ęC. Four specific primers (B1, B2, S1 and S2) are 

added in excess, they anneal to the target at positions flanking the region to be 

amplified. Primers S1 and S2 have a HincIl recognition motif (5ô-GTTGAC). All primers 

are extended by exo- klenow (a large fragment of DNA polymerase I). The extended 

B1 and B2 strands displace the extended S1 and S2 strands, respectively. Then 

opposite primers bind to the extended strands (e.g., B2 and S2 bind to the displaced 

S1-extended strand). HincIl, a restriction endonuclease, is added to the mix, so HincIl 

nicking and exo- klenow extension by displacement reactions initiate at the four 

fragments, starting the SDA reaction cycle. An optimised thermophilic SDA (tSDA) 

showed that by isothermal amplification at 60ęC, tSDA could achieve a 1010-fold 

amplification of Mycobacterium tuberculosis DNA in 15 mins 355. 
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Figure 2.18 Schematic of SDA 

Heat-denaturated dsDNA target is mixed with the four enzymes (B1, B2, S1 and S2). Primers 

S1 and S2 have HincIl recognition sequences (5ô-GTTGAC). Primers are extended by the 

klenow fragment and new S1 and S2 primer extended strands are displaced. S2 and B2 

primers hybridise to new extended S1 strand, B2 is extended and a new fragment with S1 

and S2 at each end is displaced. S1 hybridises with the displaced product and extends. 

HincII produces nick sites, starting the SDA reaction cycle. Adapted from 356. 

 

 

Coupling of tSDA with fluorescence probes achieved real-time sequence-specific 

detection of amplified products357, making it a promising isothermal molecular method 

for laboratory diagnosis358. A DNA (Chlamydia trachomatis) and an RNA (HIV) target 

could be detected simultaneously by tSDA357. The reported analytical sensitivity of this 

assay was 10 copies in 30 mins isothermal amplification (53ęC). Real-time tSDA has 

been developed commercially using an automated, high-throughput, fluorescence 

reader for the detection of several pathogens, including STIs from urogenital 

specimens and Mycobacterium tuberculosis from a wide range of clinical specimens 

(e.g., sputum, lavage fluid)358. These assays showed high clinical performances 

compared to real-time PCR. Low-cost SDA-based genotyping of single nucleotide 

HincII recognition motif

by klenow fragment

HincII

Heat-denaturation of dsDNA



 

 86 

polymorphisms using unprocessed samples (blood, urine, and buccal swabs) was 

achieved using the commercial real-time assay305. 

In summary, molecular assays using isothermal amplification methods appear more 

suitable than PCR for POC testing and a wide range of technologies have been 

developed. The applications of these isothermal molecular assays are already diverse, 

with fast exponential amplification reported. 

 

2.4.3 CRISPR diagnostics 

2.4.3.1 Discovery of CRISPR 

 

CRISPR is a novel biotechnology for which the discovery was honoured by the Nobel 

Prize in Chemistry in 2020234. Several research groups participated in the discovery, 

the activities and potential applications for programmable gene editing of the CRISPR 

components359ï361, however Dr Jennifer Doudna and Dr Emmanuel Charpentier 

authored the first published high impact paper describing the CRISPR system235. 

 

CRISPR was discovered when researchers observed that prokaryotic genomes 

(Archaea and Bacteria) contain peculiar short palindromic DNA repeats with regular 

spacing362. Identification of CRISPR-associated (Cas) genes adjacent to CRISPR 

locus in CRISPR-containing genomes highlighted the biological role of these 

sequences, some of which having characteristic motifs of enzymes, such as helicases 

and exonucleases363. Further research studying the CRISPR/Cas system of 

Streptococcus thermophilus revealed that ribonucleoprotein complexes containing the 

Cas9 endonuclease can introduce double-strand cleavage at a specific site in DNA, 

guided by two small CRISPR RNAs (crRNA and tracrRNA)360. The cleavage occurs at 

a specific DNA sequence complementary to the crRNA. The presence of a short 

protospacer adjacent motif (PAM) juxtaposed to the complementary region in the 

target DNA appears to be needed for site-specific cleavage235. Thereby, the 

CRISPR/Cas9 mechanism, originally providing prokaryotic organisms with an 

adaptive immunity to protect them against viruses and plasmids, was repurposed for 

programmable gene editing235. Application of CRISPR for genome editing was a 

breakthrough due to the simplicity, versatility and relatively high accuracy (reduced 

off-targets) that it offers researchers compared to other methods, such as zinc-finger 
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nuclease and transcription activator-like effector nucleases364,365. Since then, 

flourishing CRISPR research permitted the characterisation of more Cas enzymes 

possessing different endonuclease features237,366,367. 

 

Patent lawsuits for CRISPR gene editing technology have not been resolved since 

2016 and their resolution will likely have an important impact on how the technology 

will be used in the future and who will receive royalties368. Besides, following the report 

of the first in vivo gene editing of human embryos by a Chinese researcher, rapidly 

referred as the óCRISPR babiesô scandal by media, ethics and rules around CRISPR 

genome editing were tightened and the researcher was imprisoned369. The cautious 

ethical considerations around the use of CRISPR in human cells is mainly triggered 

by reports of promiscuous off-targets which could have adverse effects; hence it is 

believed that the novel technique is not totally comprehended yet370. 

 

2.4.3.2 CRISPR biosensing 

 

Cas9 was the first Cas enzyme to be characterised, and then widely used for gene 

editing360, followed by functional characterisation of other Cas enzymes of interest. 

CRISPR-Cas13a (also known as C2c2) endonuclease unveiled the type VI RNA-

guided RNA-targeting activity which recognises and cleaves RNA366,367,371. Another 

derived Cas effector, the type V CRISPR-Cas12a (also known as Cpf1) was described 

as an RNA-guided DNA-targeting complex237. A cornerstone of Cas12a and Cas13a 

is that following their activation by RNA-guided cleavage (only if target is present), the 

activated CRISPR-Cas complex unleashes indiscriminate cleavage (ócollateral 

cleavageô or ótrans-cleavageô) of ssDNA (by Cas12a)237 or ssRNA (by Cas13a)372.  

To leverage this collateral cleavage into signal amplification, reporters containing the 

preferred cleaved sequences of Cas12a or Cas13a can be added with the CRISPR-

Cas complex. Following detection of the target, these reporters are snipped and used 

for readout, most commonly by fluorescence or lateral flow (Figure 2.19). Fluorescent 

reporters may be designed as probes with one fluorophore and one quencher attached 

at each end of a short oligonucleotide. For a lateral flow readout, the oligonucleotide 

reporter is labelled with biomolecules at its ends so it can be captured on test and 

control lines. The untargeted collateral cleavage of Cas12a and Cas13a gives the 
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potential to detect ultralow concentrations of targets by signal amplification. These 

new additions to the CRISPR toolkit showed promise for in vitro DNA and RNA 

detection373. 

 

 

 

 

Figure 2.19 Schematic of CRISPR fluorescence and lateral flow readouts 

CRISPR-based diagnostics leverage the collateral cleavage of the CRISPR-Cas enzyme 

(e.g., Cas12a or Cas13a) to snip a reporter added to the reaction. When a fluorescence 

reporter is cleaved, fluorescence can be detected via a smartphone or a fluorescence 

reader (top). When a lateral flow reporter is cleaved, the reporter can be captured on the 

test line of the lateral flow test (bottom). 

 

The DETECTR (DNA endonuclease-targeted CRISPR trans reporter) diagnostic 

platform was developed to detect DNA targets using Cas12a237. SHERLOCK (specific 

high-sensitivity enzymatic reporter unlocking) was developed to detect RNA targets 

by Cas13a236,374. Both platforms leverage the collateral cleavage of their Cas enzyme, 
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and they incorporate a pre-amplification of the nucleic acid target using an isothermal 

amplification method (e.g., LAMP or RPA) to increase sensitivity (Figure 2.20). 

HOLMES (one-HOur Low-cost Multipurpose highly Efficient System) is another 

CRISPR-Cas12a platform; it uses PCR for pre-amplification of the nucleic acid 

target375. Amplification-free CRISPR tests have been described, however they do not 

ordinarily reach sensitivity levels which are clinically relevant for early diagnosis241,376. 

 

 

 

 

Figure 2.20 Schematic of DETECTR and SHERLOCK 

The DETECTR platform amplifies an RNA or double-stranded DNA (dsDNA) target by (RT-

)LAMP or (RT-)RPA, then the collateral cleavage activity of Cas12a activated in presence 

of the target cleaves the reporter (left). The SHERLOCK platform amplifies an RNA or 

double-stranded DNA (dsDNA) target by (RT-)LAMP or (RT-)RPA, followed by T7 

transcription into RNA, then the collateral cleavage activity of Cas13a activated in 

presence of the target cleaves the reporter (right). 

 

In response to the COVID-19 pandemic, SHERLOCK was rapidly repurposed for the 

detection of SARS-CoV-2 viral RNA377ï379. In May 2020, FDA EUA authorisation was 
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granted to the first commercial CRISPR-Cas13a test for SARS-CoV-2, developed by 

Sherlock Biosciences18. A caveat for wider application of Cas13a-based tests is that 

Cas13a is not currently commercially available to purchase, while Cas12a can be 

purchased for academic research and many applications for in vitro diagnostics have 

been reported. Moreover, an advantage of DETECTR is that it does not require a T7 

transcription step like SHERLOCK (Figure 2.20). An upscaled CRISPR-based 

platform for high-throughput testing based on DETECTR was granted EUA by the FDA 

in 2022380. CARMEN (combinatorial arrayed reactions for multiplexed evaluation of 

nucleic acids) is an early development of Cas13a multiplexed platform allowing testing 

of more than 4,500 targets381.  

 

Thanks to its versatility, speed and single nucleotide specificity, CRISPR is recognised 

as a breakthrough technology146 with multiple possible applications for diagnostics 

(Figure 2.21). 
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Figure 2.21 Examples of CRISPR diagnostics applications 

Applications of CRISPR diagnostics are diverse and include genetic diseases, 

antimicrobial resistance genes, genetic variants, wearable sensors, cancer biomarkers 

and pathogen detection. The schematic illustrates a selection of possible applications as 

the field of CRISPR diagnostics is still in its infancy. 

 

 

CRISPRôs high specificity can revolutionise therapeutics and diagnostics in several 

areas. Clinical trials of CRISPR-based therapies for genetic diseases, including blood 

disorders382, cancers383, inherited eye disease384, diabetes385, inflammatory 

disease386, and protein-folding disorders387, are underway. Prior to treatment, the 

single base specificity of CRISPR could be used to detect the disease-linked mutation 

in patients, a capability demonstrated with a CRISPR-enhanced graphene-based field-
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effect transistor for the rare genetic disease of Duchenne muscular dystrophy388. In 

cancer research, CRISPRôs ability to detect a single base mismatch holds promise for 

both gene therapy and early diagnosis of cancer biomarkers389,390. This feature is also 

essential for AMR, where CRISPR can be adapted to detect antibiotic resistant 

genes391. SARS-CoV-2 variant genotyping using CRISPR biosensing was also 

demonstrated379.  

 

CRISPR sensors have also been proposed for integration into wearables for pathogen 

detection. A garment equipped with freeze-dried cell-free CRISPR-Cas12a sensor, 

with wireless connectivity using a smartphone application, was proposed for the 

detection of three common Staphylococcus aureus resistance markers147. 

Researchers also prototyped a face mask with an embedded Cas12a lateral flow-

based sensor for SARS-CoV-2 detection147. 

 

In addition to an elevated focus on SARS-CoV-2 detection during the COVID-19 

pandemic, CRISPR has been applied for the detection of several other communicable 

diseases. For instance, the RNA detection capability of SHERLOCK was successfully 

demonstrated for the detection of RNA viruses, for instance Zika and Dengue392, Ebola 

virus376. Thanks to a one-step RT-LAMP or RT-RPA, amplifying and reverse 

transcribing an RNA target into a dsDNA amplicon detectable by Cas12a, DETECTR 

has been applied to viral diseases, such as COVID-19393,394 and human 

papillomavirus237. HOLMES was also demonstrated for the detection of Japanese 

encephalitis viral RNA using an initial RT-PCR step375. Both SHERLOCK and 

DETECTR platforms were successfully demonstrated for the diagnosis of bacterial 

infections, including Pseudomonas aeruginosa and Staphylococcus aureus374, 

opportunistic infections post-transplantation395 and Mycobacterium tuberculosis396. 

CRISPR-assisted diagnostics for parasitic diseases and NTDs have been less 

explored, despite their high global health burden397 and the urgent need for accurate 

diagnostic tests for NTDs398. Only one CRISPR test for malaria was reported, showing 

potential in this area399,400. One preprint (not peer-reviewed) reporting a SHERLOCK 

test for a parasitic NTD, human African Trypanosomiasis, has been published401. 
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2.4.3.3 CRISPR for POC testing 

 

Researchers and diagnostic developers are working towards making CRISPR a POC 

technology that meets the REASSURED criteria17,146. Straightforward and cost-

effective equipment, such as a lateral flow test393 and direct visual detection with 

portable LED blue light reader394 can now be used for CRISPR tests readout. Other 

CRISPR tests have used an electronic readout, for instance a graphene transistor388 

and microfluidics376,379. Connected CRISPR tests can capitalise on smartphone-based 

readout for their portability, highly sensitive camera, data processing capabilities and 

real-time connectivity241. The affordability of commercial CRISPR tests is not clearly 

defined yet, however an estimated cost of CRISPR test reagents, including 

preamplification reagents, was as low as 0.61 USD per reaction in an experimental 

setting236.  

 

Sample preparation for molecular testing is an important step which should be made 

as rapid and simple as possible for POC applications. Validation of CRISPR-based 

tests with different types of clinical specimens showed that although sample 

preparation is required pre-CRISPR to inactivate inhibitors (e.g., RNases and 

DNases), it is possible to develop relatively fast and straightforward protocols146. 

HUDSON (heating unextracted diagnostic samples to obliterate nucleases) enabled 

nucleases and viruses inactivation via heat and chemical reduction, and was 

compatible with SHERLOCK sensing for Zika and dengue viruses in blood, plasma, 

serum, saliva and urine392. Nevertheless, HUDSON was inefficient for CRISPR 

detection of malaria parasites in whole blood, thereby the development of a novel 

sample preparation using strong chelating agents was required400. TB diagnosis with 

sputum sample was possible using a CRISPR assay, yet the DNA extraction protocol 

required multiple steps396. SARS-CoV-2 sample preparation prior to CRISPR may be 

rapidly done from saliva samples402. One-pot SHERLOCK SARS-CoV-2 testing using 

nasopharyngeal swabs processed with a commercially available RNA extraction kit 

(lysis and magnetic bead extraction) was possible in 15 mins377. 

 

Despite its speed and convenient coupling with isothermal amplification, the cold chain 

dependence of the primary components lingers as a major hurdle to apply the 
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technique for POC testing. One strategy has been to lyophilise (freeze dry) CRISPR 

reagents to extend their shelf-life and facilitate portability and thermostability, possibly 

enabling deployment of the technology in real-world field testing392,400,403.  

 

Safe to say that CRISPR research will continue in biotech and medicine due to its 

recognised unmatched potential, especially CRISPR-based gene therapy and 

diagnostic tests. Optimisation of the technology and its portability is required to make 

it POC. In general, achieving POC tests with molecular technologies (e.g., PCR, 

isothermal amplification methods, CRISPR) remains more challenging than rapid 

antigen tests (e.g., lateral flow self-test). Although, molecular diagnostics and other 

sophisticated technologies (e.g., physical methods) generally have superior 

performances compared to antigen tests, hence their deployment in decentralised 

settings may close the gap for many healthcare challenges, including AMR 

stewardship404, control priority diseases92 and NTDs elimination26. 
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3. Chapter 3: Methodology 

 

This chapter presents the materials and methodology used for the three thesis 

objectives, developing (i) the Ebola antigen test, (ii) the SARS-CoV-2 isothermal 

molecular test and (iii) the schistosomiasis CRISPR-based test. The methodology for 

the design of the diagnostic tests, the experimental procedures for their 

characterisation and for their evaluation are presented in detail. Results are presented 

in Chapters 4, 5 and 6, respectively. 

 

 

3.1 Development and evaluation of a dual-species dipstick 

assay for rapid antigen testing of EBOV and SUDV 

 

This section describes the key methods to develop a rapid test for Ebola. The objective 

is described in Chapter 1, and a review of the literature on EVD and rapid antigen tests 

in Chapter 2 sections 2.1.2 and 2.4.2.1. The objective is to develop a low-cost dipstick 

test for rapid antigen detection and differentiation of the two most lethal Ebola species 

 ╖ EBOV and SUDV. The antibodies and recombinant antigens are presented in section 

3.1.1. ELISA methods used to characterise the mAbs and screen for antibody pairs 

are described in sections 3.1.2 and 3.1.3, followed by the functionalisation strategies 

in sections 3.1.4 and 3.1.5. The method for the development and characterisation of 

the dipstick sandwich is presented in sections 3.1.6-3.1.8. Finally, the design and 3D 

manufacturing of the envisioned dual test cassette prototype is described. 

 

3.1.1 Antibodies and antigens  

 

Twelve mAbs, 13C6, 6D3, 8C10, 13F6, 14B3, 10F4, 14G7, 6D8, 13G8, 17F6, 3C10 

and 5G10, were tested. The mAbs were produced and supplied by USAMRIID (under 

a Material Transfer Agreement). The antibodies were produced by immunisation of 

female BALB/c mice with a combination of GP recombinant proteins with specific 

mutations56. Antibodies were collected from cultured myeloma cells fused with 

lymphocytes from euthanised mice. Finally, collected antibodies were screened by 
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ELISA using Ebola GPs. Positive antibodies were cloned for production and purified 

by fast protein liquid chromatograph. These antibodies were initially produced by 

collaborators for immunotherapy for neutralisation of Ebola GP405ï407. 

 

The EBOV, SUDV and BDBV recombinant GPs were also produced at USAMRIID 

from generated plasmids with a 6×His tag, expressed in Sf9 insect cells and purified 

(Ni-NTA purification) following published protocol56. Only the EBOV sGP was 

purchased (Gentaur UK Ltd, cat. no. 0565-001). 

 

3.1.2 Indirect ELISA  

 

N.B.: Ben Miller (UCL, London Centre for Nanotechnology) developed the Matlab 

script for ELISA analysis. 

 

ELISA is a commonly used immunoassay to determine if an antibody binds to a certain 

antigen and to quantify the relative binding affinity. ELISA is a solid phase 

immunoassay408. Usually, the antigen of interest is immobilised in the wells of a 

microplate, then the antibody is added to the well, followed by blocking and washing 

steps. An ELISA can be direct or indirect. In a direct ELISA, the colorimetric detection 

is induced by horseradish peroxidase (HRP) directly conjugated to the antibody of 

interest (primary antibody). HRP catalyses the oxidation of several substrates, 

including 3,3',5,5'-Tetramethylbenzidine (TMB). TMB is a chromogenic substrate 

which produces a blue colour upon oxidation. This oxidation can be stopped by 

addition of an acid solution, such as sulfuric acid (H2SO4), which will turn the blue 

reactive solution into yellow. Finally, the colorimetric signal can read by absorbance 

using a microplate reader at wavelength 450 nm (A450). The A450 signal in this final 

reading step is directly proportional to the binding affinity between the primary antibody 

and the antigen. 

In an indirect ELISA, the primary antibody is not modified, thus a secondary antibody 

labelled with HRP and binding to the primary antibody, is used to induce the 

colorimetric signal (Figure 3.1). 
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Figure 3.1 Schematic representation of indirect ELISA 

Mouse mAbs (primary antibody) are tested by indirect ELISA against different Ebola 

antigens, using a secondary anti-mouse antibody conjugated to HRP. Addition of TMB 

substrate, followed by H2SO4, produces a colorimetric signal proportional to the binding 

affinity of the primary antibody and antigen. Schematic created with Biorender. 

 

 

The antigen specificity of the twelve anti-Ebola mouse mAbs was analysed using 

indirect ELISA. A recombinant protein GP was diluted to a final concentration of 2 

ɛg/mL in 1X PBS at pH 7.4 (Thermo Fisher Scientific, cat. no. 10010023). A volume 

of 100 ɛL/well of diluted recombinant protein was added into a 96-well Nunc 

MaxiSorpÊ protein-binding microplate (Thermo Fisher Scientific, cat. no. 44-2404-

21). The plate was covered and incubated overnight at 4°C. PBST buffer was prepared 

by adding 0.05% (w/v) Tween-20® (VWR Chemicals, cat. no. 9005-64-5) in 1X PBS at 

pH 7.4. The plate was washed with 200 ɛL/well of PBST buffer. Blocking solution was 

prepared by dissolving 10% (w/v) dried skimmed milk (Marvel) in PBST. Then, 200 ɛL 

of blocking solution was pipetted into each well. The plate was incubated for 1 hour at 

37°C. After incubation, the plate was washed with PBST buffer. Running solution was 

prepared by dissolving 2% (w/v) dried skimmed milk in PBST. Next, the Ebola mAb 

(primary antibody) was diluted into a range of concentrations (0, 0.1, 1, 10, 50, 100, 

500, 1000 ng/mL) in running solution. 

Subsequently, 100 ɛL of diluted antibody was added to each well and incubated for 1 

hour at 37ÁC. The plate was washed with 200 ÕL/well of PBST. Then, 100 ɛL/well of 

secondary goat anti-mouse antibody (secondary antibody) conjugated to HRP (Dako, 

cat. no. P044701-2) diluted to 1:2000 was added to the microplate and incubated for 

1 hour at 37°C. The plate was washed one final time with 200 µL/well of PBST prior 
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to the reading step. Finally, a total of 100 ɛL/well of 1X TMB substrate solution 

(Thermo Fisher Scientific, cat. no. N301) was added and incubated for 4 mins at room 

temperature (RT) covering with aluminium foil. Next, 100 ɛL/well of sulfuric acid 

(Sigma-Aldrich, cat. no. 7664-93-9) at 10% (v/v) was added to stop the reaction. The 

A450 signal was read using the microplate reader (Molecular Devices, SpectraMax i3).  

Indirect ELISAs were performed for each of the 12 antibodies (13C6, 6D3, 8C10, 

13F6, 14B3, 10F4, 14G7, 6D8, 13G8, 17F6, 3C10 and 5G10) with 4 recombinant 

proteins GP (EBOV GP, SUDV GP, BDBV GP, EBOV sGP) as antigens. Each 

combination was run in 3 technical replicates (N=3). 

 

Background absorbance was calculated by averaging A450 values from each negative 

control well with 0 ng/mL GP. Then each A450 values of the plate was divided by this 

background value. This was done consistently for each plate. Lastly, dose-response 

curves were plotted with non-linear fits (Michaelis-Menten) on GraphPad Prism. The 

apparent dissociation constant (KD,apparent) were computed on Matlab (R2020b) using 

the Langmuir adsorption isotherm: 

 

Equation 1:  Ὅ Ὅ   

 

Where Imax was defined as the peak normalised A450, C the mAb concentration and KD 

the thermodynamic dissociation constant. 

 

Finally, a heatmap was created on GraphPad Prism to visualise the binding affinity 

between the tested antibodies and antigens. The measured KD,apparent constants were 

converted from ng/mL to pM using the molar mass of a typical IgG (= 150,000 g/mol). 

 

3.1.3 Sandwich ELISA 

 

While direct and indirect ELISA do not provide information on the binding epitope of 

antibodies, ósandwichô ELISA can be used to screen antibody pairs able to bind the 

same antigen by forming a ósandwichô in a non-competitive assay. The sandwich 

ELISA strategy using streptavidin-HRP for colorimetric detection of an antibody pair 

with a biotin labelled detection antibody is represented in Figure 3.2. 
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Figure 3.2 Schematic representation of sandwich ELISA 

Antibody pair screening by sandwich ELISA using streptavidin-HRP to detect the antibody 

pair formed with a biotin labelled detection antibody. Addition of TMB substrate, followed 

by H2SO4, induced a colour reaction proportional to the binding affinity of the antibody pair 

and antigen. Schematic created with Biorender. 

 

 

Anti-Ebola antibody pairs were screened by sandwich ELISA after labelling the 

detection antibody with a biotin molecule (described in section 3.1.4). The capture 

antibody was diluted to a final concentration of 2 ɛg/mL in 1X PBS at pH 7.4. A 96-

well Nunc MaxiSorpÊ protein-binding microplate was coated with 100 ɛL/well of 

capture antibody and incubated overnight at 4ęC. The plate was washed with 200 

ɛL/well of PBST buffer (0.05% (w/v) Tween-20® in 1X PBS at pH 7.4). Then, 200 ɛL 

of blocking solution (10% (w/v) dried skimmed milk in PBST) was pipetted into each 
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well. The plate was incubated for 1 hour at 37°C. After incubation, the plate was 

washed with 200 µL/well of PBST buffer. Recombinant GP was added to the wells at 

concentration 1 ɛg/mL diluted in running buffer (2% (w/v) dried skimmed milk in 

PBST). The plate was incubated for 1 hour at 37°C before another wash with 200 

µL/well of PBST buffer. Next, the biotin labelled detection antibody was diluted into a 

range of concentrations (0, 0.1, 1, 10, 50, 100, 500, 1000 ng/mL) in running buffer and 

100 ɛL was added to wells before incubating for 1 hour at 37ÁC. The plate was washed 

with 200 ÕL/well of PBST, and 100 ɛL/well of streptavidin-peroxidase polymer (Merck, 

cat. no. S2438) diluted 1:1250 in running buffer was added and incubated for 1 hour 

at 37°C. The plate was washed one final time with 200 µL/well of PBST prior to the 

reading step. Finally, a total of 100 ɛL/well of 1X TMB substrate solution was added 

and incubated for 4 mins at RT covering with aluminium foil. Next, 100 ɛL/well of 

sulfuric acid at 10% (v/v) was added to stop the reaction. The A450 signal was read 

using the microplate reader (Molecular Devices, SpectraMax i3). 

 

Analysis of sandwich ELISA plate results was done similarly to indirect ELISA.  

 

3.1.4 Antibody labelling with Sulfo-NHS-biotin 

 

Biotin (a vitamin) and avidin (a tetrameric biotin-binding protein) form the strongest 

known non-covalent interaction, with a dissociation constant (KD) of the order of 10-15 

M409. This interaction is also characterised by a very slow off-rate. Utilisations of this 

complex in biochemistry are diverse and extensive, mostly to increase binding affinity 

in assays410. 

 

To do so, a common strategy is to label a protein of interest with biotin so that it will 

bind tightly to an avidin strategically integrated into the assay. The process of biotin 

labelling is commonly referred to as óbiotinylationô. The most popular biotinylating 

reagent using a N-hydroxysulfosuccinimide (Sulfo-NHS) ester, can be purchased as 

Sulfo-NHS-Biotin for biotin labelling. The charged Sulfo-NHS group is added to 

improve water solubility of the reagent and allow successful biotinylation process in 

aqueous solution. Sulfo-NHS-Biotin labels proteins by reacting with their available 

primary amines (-NH2), like lysine side-chains or the amino-termini of polypeptides. 
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Lysine residues are abundant in most antibodies and these residues exposed on side-

chains make for good biotinylation sites. Conserved binding activity should be 

confirmed after biotinylation of an antibody.  

Antibody labelling using a standard Sulfo-NHS-biotin kit makes the process easy and 

convenient. However, this method has some drawbacks compared to other more 

targeted biotin labelling strategies, such as heterogeneity of biotinylated mixture. 

Indeed, this biotinylation process typically produces heterogenous product mixtures, 

meaning some proteins in the mixture may have no biotin, and others may have 

different numbers of biotin groups411.  

 

The anti-Ebola antibodies were biotinylated using the EZ-LinkÊ Sulfo-NHS-Biotin, No-

WeighÊ Format (Thermo Scientific, cat. no. A39256). A 1 mg aliquot was dissolved 

in 224 µL of distilled water to give a 10 mM solution. To modify 100 µg of antibody, 3.3 

µL of sulfo-NHS-biotin solution was added and the reaction was incubated for 2 hours 

on ice, in 1X PBS pH 7.4 (200 µL final volume). Then, desalting and concentration of 

the antibody-biotin solution was done using a 50K protein concentrator (Merck, cat. 

no. UFC505024) equilibrated with 1X PBS prior to use.  

 

Successful antibody biotinylation was tested using a fast in-house method on dipstick. 

AuNPs (Sigma-Aldrich, cat. no. 742007) conjugated (conjugation protocol described 

in section 3.1.5) with goat anti-mouse antibodies (Dako, cat. no. P044701-2) were 

mixed in excess with the biotinylated antibody and a dipstick (Mologic UK, custom-

made) with a polystreptavidin test line was dipped in this solution. If the antibody 

biotinylation was successful, a signal was detectable on the polystreptavidin test line. 

This is a non-quantitative method which does not inform on the number of biotins per 

antibody, but it can assess successful biotinylation rapidly and effortlessly.  

Because biotinylation of biomolecules using NHS chemistry typically produces 

heterogenous biotinylated products, the PierceÊ Biotin Quantitation Kit (Thermo 

Scientific, cat. no. 28005) was tried to estimate the number of biotins per antibody.  

 

3.1.5 Bioconjugation of AuNPs with antibodies by 

physisorption  
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AuNPs conjugation with antibodies may be done covalently or non-covalently412. 

Covalent conjugation has advantages, such as using less antibodies, achieving 

directional binding and higher conjugate stability. Non-covalent conjugation, also 

called physisorption, relies on Van der Waals forces, where positively charged groups 

of antibodies (e.g., lysine residues) and the negatively charged surface of AuNPs. 

It may require optimisation and antibody may detach from the particle as it is not bound 

covalently. However, physisorption is widely used because it is relatively 

straightforward, and it can achieve high antibody coverage on the surface of the 

particle.  

 

 

 

Figure 3.3 Physisorption of AuNPs with antibodies  

Non-covalent bioconjugation of AuNPs produce non-directional binding of antibodies onto 

the AuNP surface. 

 

Localised surface plasmon resonance is the optical feature of AuNPs produced by the 

oscillating electrons in the conduction band of AuNPs. Absorption spectra using 

Ultraviolet-Visible (UV-Vis) spectroscopy are useful to analyse AuNP conjugates. The 

AuNP absorbance spectrum is typically characterised by a peak at 520-530 nm for 

AuNP with diameter 12-41 nm (varies with particle diameter). Functionalisation of 

AuNPs with antibodies, will produce a red-shift (to the right) of the peak, which can 

provide evidence of successful AuNP conjugation (Figure 3.4a). UV-Vis spectra can 

also be used to analyse stability of AuNP and conjugates, since monodisperse AuNPs 
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and conjugates exhibit a sharp peak compared to aggregated AuNPs characterised 

by a shifted peak or wider absorbance band (Figure 3.4b). 

 

 

 

Figure 3.4 Schematic illustration of AuNP conjugate analysis using UV-Vis 

spectroscopy 

(a) AuNPs conjugated to antibody traditionally show a UV-Vis peak red-shifted by ~5 nm 

compared to bare AuNPs. (b) Monodisperse AuNP conjugates have a characteristic sharp 

peak (at ~520-530 nm) while aggregated AuNP may be characterised by shifted, multiple 

or blunt peaks by UV-Vis spectroscopy. 

 

 

AuNP antibody conjugation by physisorption was conducted and optimised. First, 

three types of AuNPs were tested for conjugation with anti-Ebola mouse mABs: 50 nm 

diameter AuNPs (BBI, cat. no. EM.GC40SPL/7), 50 nm diameter AuNPs 

(NanoComposix, act. no. AUCN50), 20 nm diameter AuNPs (Sigma-Aldrich, cat. no. 

742007). One mL of AuNPs solution was centrifuged (18,440 RCF, 4ęC for 10 mins), 

supernatant was removed and AuNPs were resuspended in 1 mL of buffer. Different 

buffers with adjusted pH were tested in order to find the optimal pH condition for 

physisorption. Phosphate buffer (12.5 mM) and borate buffer (12.5 mM) were tried. 

Phosphate buffer was adjusted to pH 7.0 and 7.5, and borate buffer was adjusted to 

pH 8.0 and 8.5. The antibody concentration was optimized by addition to AuNPs 

solution at different concentrations (5, 10, 20 and 50 µg/mL). Eventually, the optimised 

antibody AuNP physisorption was done using the 20 mL diameter AuNP (Sigma-

Aldrich, cat. no. 742007) resuspended in 1 mL of borate buffer at pH 8.5 and the 

antibody was added at 10 µg/mL final concentration. 
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After addition of the antibody to the AuNP in buffer, the mix was incubated for 1 hour 

at RT on a shaking platform. Then, 100 µL of BSA at 1 mg/mL was added to the AuNPs 

for blocking. The tube was incubated for 30 more mins at RT on a shaking platform. 

The tube was centrifuged (18,440 RCF, 4ęC for 20 mins), the supernatant was 

removed and the AuNPs conjugates were resuspended in running buffer (1X PBS, 1 

mg/mL BSA, 50 mg/mL sucrose and 0.1% Tween-20). The AuNP conjugates were 

analysed using UV-Vis spectroscopy using a NanoDropTM (Thermo Fisher Scientific), 

and concentration was adjusted to an optical density (OD) of 4.5.  

A quick method to test for the successful conjugation of AuNPs with the Ebola mouse 

mAbs was to run the conjugates on the dipstick (Mologic) with anti-mouse antibody 

control line.  

 

UV-Vis spectroscopy was used to analyse the AuNP conjugates, especially to assess 

antibody conjugation, monitor stability overtime and adjust their OD. 

 

3.1.6 Dipstick readout 

 

N.B.: Ben Miller (UCL, London Centre for Nanotechnology) developed the Matlab 

script for test line intensity analysis. 

 

Dipsticks are paper-based biosensors used for the detection of various biological and 

chemical markers, such as proteins, metabolites and nucleic acids. The main material 

used for dipstick is a porous nitrocellulose membrane which enables the sample 

solution to migrate through. An absorbent pad is strategically added to the top end of 

the dipstick, directing a unilateral flow through the dipstick. This way, when the dipstick 

is dipped into the sample solution, the liquid runs vertically towards the absorbent pad 

(Figure 3.5). Some dipsticks may also have a sample pad and a conjugation pad. 

Lateral flow tests (LFTs) are similar to dipsticks as they usually have the same 

components (nitrocellulose membrane, absorbent pad, sample pad, conjugate pad), 

but they run horizontally enclosed in a cassette and the sample is added in a different 

way (not dipped). Design and development of dipsticks and LFTs have been 

extensively reviewed in a Nature protocol publication253. 
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Dipsticks and LFTs are customised by printing lines across the nitrocellulose 

membrane. These lines will define which target analyte is detected, for instance if the 

target analyte is an antigen, the test line will be printed with an antibody specific to this 

antigen. Most commonly, a test line will be printed close to the bottom end of the 

dipstick and a control line will be printed close to the top end for quality control, 

ensuring the solution reached the top of the nitrocellulose membrane. 

Commercial dipsticks customed-made by Mologic (Bedford UK) with a polystreptavidin 

test line and an anti-mouse antibody control line were used for the Ebola antigen test. 

The Mologic dipsticks were 5 mm wide with control line at 13 mm and a 

polystreptavidin test line at 7 mm (from bottom). The dipsticks were blocked with 

polyvinylpyrrolidone by the manufacturer. The dipsticks had an absorbent pad but no 

sample pad or conjugate pad. They were dipped directly in a solution containing the 

target analyte (Ebola GP), the biotin labelled antibody and the antibody-AuNP 

conjugate (Figure 3.5).  
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Figure 3.5 Schematic illustration of the dipstick for the rapid Ebola antigen test 

A commercial dipstick with a polystreptavidin test line and anti-mouse antibody control line 

was used to detect the Ebola glycoprotein (GP). The dipstick was dipped into a solution 

containing antibody-AuNP conjugates, biotin labelled antibodies and the Ebola GP. The 

absorbent pad at the top end of the dipstick directs the flow vertically. After 15 mins of run 

(including a 5-min wash step), the dipstick result could be read. 

 

An in-house developed buffer was prepared (1 mg/mL BSA, 0.05% Tween-20 and 50 

mg/mL sucrose in 1X PBS pH 7.4) and the same buffer was used for running and 

washing of the dipsticks. The EBOV and SUDV components of the test were 

characterised individually with their selected antibody pairs. The wells of a 96-well 

plate were filled with 5 µL of antibody-AuNP conjugates (at OD 4.5), 2 µL of biotin 

labelled biotin (at 65 µg/mL) and 4 µL of Ebola GP and 29 µL of buffer to get a final 
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volume of 40 µL. The solution was mixed and incubated for 30 mins at RT before 

dipping the dipsticks into the well. After the dipsticks have run for 10 mins, 70 µL of 

buffer was pipetted into the same well to wash the excess AuNPs. The result could be 

read 5 mins later (15 mins total dipstick run time). 

 

The dipsticks could be read by the naked eye thanks to the use of colorimetric AuNPs, 

accumulating on the control and test lines, producing a visible red signal. 

Computational analysis of the signal on the dipstick lines was performed using Matlab 

(R2020b) as a pixel analyser (Figure 3.6). This method may enhance sensitivity of 

detection when faint lines might be missed by the human eye.  

 

 

 

Figure 3.6 Matlab workflow for dipstick pixel analysis 

Line intensity analysis was done using Matlab. A photograph of the dipstick(s) was loaded 

onto the Matlab script developed by Ben Miller (UCL, London Centre for Nanotechnology). 

Cropping of the dipstick to isolate region of interest was manually done by clicking on the 

control line of the dipsticks and setting dimensions. The Matlab script provided automated 

pixel analysis across the cropped image of the dipstick. Final output was a plot of the 

dipstick line(s) intensity which could be quantified. 

 

Cropping (by clicking on control line)

with set dimensions

Automated pixel analysis

Plotting of dipstick line intensity

Load dipstick photograph

Input

Output

Matlab Dipstick Analysis
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3.1.7 Analytical LoD 

 

N.B.: Ben Miller (UCL, London Centre for Nanotechnology) developed the Matlab 

script for LoD computation from dipstick images. 

 

The LoD is traditionally defined as the lowest analyte concentration likely to be reliably 

(with a stated confidence level) distinguished from blank values and at which detection 

is feasible413. Hence to define and measure the LoD accurately another term, which is 

the limit of blank (LoB), is introduced. The LoB is the óhighest apparent analyte 

concentration expected to be found when replicates of a blank sample containing no 

analyte are testedô. LoB and LoD can be calculated with a 95% confidence level from 

Equation 2 and 3, respectively. Stdev stands for standard deviation. 

 

Equation 2:  ,Ï"  ÍÅÁÎÂÌÁÎË  ρȢφτυÓÔÄÅÖÂÌÁÎË 

 

Equation 3:  ,Ï$  ,Ï"  ρȢφτυÓÔÄÅÖÌÏ× ÃÏÎÃÅÎÔÒÁÔÉÏÎ ÓÁÍÐÌÅ  

 

To measure the separate LoD of the EBOV and SUDV components, dipsticks were 

run as described above (section 3.1.6) with different concentrations of GP. The tested 

GP concentrations were 0, 1, 10, 50, 100, 500 and 1,000 and 5,000 ng/mL GP (EBOV 

or SUDV). All concentrations were tested in three replicates (N=3) for both EBOV and 

SUDV components.  

Then, a photograph of the dipsticks was taken with a Powershot G15 camera (Canon 

Inc., Japan) and analysed using a Matlab script previously developed by Ben Miller 

(UCL, London Centre for Nanotechnology). The peak intensity of the test line was 

calculated for each dipstick. The LoB was computed as per Equation 1 using the 

triplicate dipsticks run with 0 ng/mL GP (blank). The mean value and standard 

deviation between the non-blank triplicates (GP concentration > 0 ng/mL) were plotted 

onto a titration curve. The data was then fitted to a Langmuir Adsorption Isotherm 

Model (Equation 1, section 3.1.2) with its 95% confidence interval, where Imax was 

defined as the peak intensity of the test line, C the GP concentration and KD the 

thermodynamic dissociation constant. 
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The titration curve was plotted with Matlab (R2020b). The resulting LoD was the value 

corresponding to the intersection of the limit of blank with the lower 95% confidence 

interval of the Langmuir fit (Figure 3.7). 

 

 

 

Figure 3.7 Determination of LoD using limit of blank and Langmuir fit 

The LoD (red dot) was determined as the intersection of the limit of blank (dashed line) 

with the lower 95% confidence interval of the Langmuir fit (green shaded area). 

 

 

3.1.8 Analytical Specificity 

 

The species specificity of the EBOV and SUDV components was tested against 

EBOV, SUDV and BDBV GP. Species specificity was confirmed by running each 

dipstick component with 1 µg/mL of EBOV, SUDV and BDBV GP, following the 
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protocol described above (section 3.1.6). Replicates (N=3) were run for each antigen 

type. The test line intensity of the dipsticks was analysed using a Matlab script (section 

3.1.6) with calculation of mean and standard deviation. The results were plotted and 

analysed using Matlab. In addition, one-way ANOVA with multiple comparison was 

computed, testing the null hypothesis for the mean test line intensities. 

 

3.1.9 Proof of concept 3D printed cassette 

 

Three-dimensional printing is the process of making a physical item from a three-

dimensional digital design. This novel process holds promises in many areas, 

including biotechnology414,415.  

A custom-made cassette was envisioned for a final test and co-designed with Yiyun 

Chen (Imperial College London, Department of Materials, Department of 

Bioengineering and Institute for Biomedical Engineering) (Figure 3.8). The cassette 

was manufactured by Yiyun Chen using SOLIDWORKS software and printed in dark 

resin using the Form 2 SLA 3D printer (Formlabs Inc., USA). 
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Figure 3.8 Schematic illustration of the envisioned dual lateral flow test 

A 3D-printed cassette was envisioned for the final dual lateral flow test. The schematic 

was used as model for 3D-printing of the case by Yiyun Chen (Imperial College London, 

Department of Materials, Department of Bioengineering and Institute for Biomedical 

Engineering). 

 

 

3.2 RT-RPA for multi-gene detection of SARS-CoV-2 RNA 

 

This section describes the methods to develop the RT-RPA assay for multi-gene 

detection of SARS-CoV-2. The objective is described in Chapter 1 and Chapter 2 

presents a review of the literature on COVID-19 and isothermal amplification methods 

in sections 2.1.3 and 2.4.2.2, respectively. The objective is to develop a rapid, 

isothermal, variant-proof molecular test to detect SARS-CoV-2 viral RNA, as an 

alternative to real-time PCR. Primers/probe design and screening of four gene targets 

are described (sections 3.2.1 and 3.2.2). The methods to develop and evaluate two 

different readout methods, dipstick and real-time fluorescence, are presented, 

including measurement of analytical sensitivity and specificity (sections 3.2.3-3.2.7). 

The methodology for the development of a prototype smartphone application, testing 
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model saliva samples and comparing four incubation methods with the dipstick 

readout is described (section 3.2.8-3.2.10). Finally, the methods for the clinical study 

of the real-time fluorescence RT-RPA are detailed (sections 3.2.11-3.2.16).  

 

3.2.1 RPA primers/probe design 

 

N.B.: Primers/probe for E, RdRP and Orf1ab genes were designed by Da Huang 

(UCL, London Centre for Nanotechnology) and primers/probes for N gene were 

designed by me. 

 

Primers are oligonucleotides used for nucleic acid amplification. They are typically 

complementary to the target DNA sequence to be amplified and, for that reason, they 

play an important role in the specificity of a nucleic acid amplification assay. Even 

though similar, RPA primers have different requirements compared to PCR primers. 

Following the manufacturerôs manual design assay416, RPA primers were designed 

taking into consideration the following parameters: primer length, primer sequence, 

amplification product length and primer specificity. 

 

RPA primers were designed with an optimal length between 30 and 35 nucleotides, 

providing increased sequence specificity compared to shorter PCR primers (18ï30 

nucleotide long for PCR). Melting temperature was not used for the RPA primer design 

as it is not known to be an important criterion (another important difference with PCR 

primers). Primer sequence is a crucial feature for RPA primers. Primers with sequence 

elements associated with hairpin formation or self-primer interactions were discarded. 

In addition, hetero-dimer formation due to dimerization of forward and reverse primers 

were avoided. Primer dimers risk creating noise and false positive results. Primers 

containing other uncommon elements were dismissed, including long repeats of one 

nucleotide or large numbers of small repeats. GC content was kept between 70% and 

30% for improved stability of RPA, however GC content requirement is usually less 

strenuous than for PCR primers.  

 

Ensuring primer specificity was crucial to enhance the overall specificity of the assay. 

In addition to the other characteristics described above, the primer sequences were 
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made specific for the target sequence, with low similarity with other biological 

sequences, to prevent cross-reactivity with other closely related sequences, possibly 

leading to false positive results. The online tool BLAST (https://blast.ncbi.nlm.nih.gov/) 

was used to check for similarities between a sequence input and the wide sequence 

database. Statistical significance was checked for any match and used to identify 

potential off-targets of primers. 

The amplification product length was kept around 200 bp as this is the recommended 

amplicon length for RPA assays, although amplification of smaller or larger products 

is feasible. 

 

RPA óexoô (for exonuclease) probes required special design criteria (Figure 3.9). They 

were designed as 46ï52 nucleotides long probes and designed from the positive or 

the negative strand. A dT-coupled fluorophore and a dT-coupled quencher were 

integrated into the probe sequence. The reporter fluorophore (also called dye) was 

paired with an appropriate quencher for optimal quenching. An abasic nucleotide 

analog called a tetrahydrofuran (THF) residue was judiciously positioned in between 

the dT-coupled fluorophore and its dT-coupled quencher. The THF site was placed at 

least 30 nucleotides away from the 5ô end and at least 15 nucleotides away from the 

3ô end. Lastly, a 3ô modification group (C3-spacer) was added at the end of the probe 

to prevent polymerase extension.  

When the exo probe was in presence of its complementary target, it annealed to it. 

Once in a double-stranded conformation, the THF residue displayed on the probe can 

be cleaved by the exonuclease III present in the exo RPA kit.  

Probe sequences add specificity to the RPA assay, in addition to specificity brought 

by primers, as no cleavage, nor fluorescence signal will be produced if the probe target 

sequence is not detected. Probe sequences may also be screened through BLAST to 

ensure they are specific. 
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Figure 3.9 RPA exo probe design 

The probe is designed with a tetrahydrofuran (THF) residue optimally placed at least 30 

bases away from the 5ô end and 15 bases from the 3ô end. A fluorophore and a quencher 

are dT-coupled in close proximity and separated by the THF residue. The probe is 46ï52 

nucleotides long with a 3ô block to prevent polymerase extension. The exonuclease III 

contained in the óexoô RPA reaction can cleave at the THF residue when the probe anneals 

to its complementary target and is in double-stranded conformation. Cleavage releases 

the fluorophore from the quencher, producing a fluorescence signal. 

 

The RPA primers were designed for four SARS-CoV-2 genes: the nucleocapsid (N) 

gene, the envelope (E) gene, the RNA-dependent RNA polymerase (RdRP) gene and 

the open-reading frame 1a/b (Orf1ab) gene. The original SARS-CoV-2 genome 

sequence (GenBank accession number NC_045512.2) was used for primers/probes 

design. Each primer pair was designed following above criteria for optimised primer 

length, secondary structures, GC content and amplicon length, and three pairs of 

primers were designed for each gene (Table 3.1). Designing and screening in vitro 

several pairs of primers for each target is critical when developing an RPA assay 

before selecting the best performing primer pair. 

An online software (https://www.bioinformatics.org/sms2/pcr_primer_stats.html) was 

used to check for primer GC content, hairpin formation and self-annealing. Self-dimer 

and hetero-dimer formation were verified and avoided. Hetero-dimers were screened 

using an online tool (https://eu.idtdna.com/calc/analyzer). BLAST online tool 

(https://blast.ncbi.nlm.nih.gov/) was used to ensure target specific primers/probes. 
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Table 3.1 Multiple SARS-CoV-2 RPA primers for initial primer screening by agarose 

gel electrophoresis 

 

In bold: primer pair selected 

 

One probe was designed for each gene after selection of the best primer pair (Table 

3.2). Following the recommended design criteria for RPA exo probes described above, 

four gene-specific probes with FAM fluorophore and Black Hole Quencher 1 (BHQ1) were 

designed, using either the positive or negative strand, and ordered (Eurogentec, Belgium). 

 

 

 

 

 

Target Name Sequence (5ô-3ô)

N gene

Forward #1 CGCATTACGTTTGGTGGACCCTCAGATTCAACTGG

Reverse #1 TTATTGGGTAAACCTTGGGGCCGACGTTGTTTTGA

Forward #2 GACAAGGAACTGATTACAAACATTGGCCGCAA

Reverse #2 GGCACCTGTGTAGGTCAACCACGTTCCCGAAGG

Forward-#3 GGTGCTAACAAAGACGGCATCATATGGGTTG

Reverse #3 TGGCAATGTTGTTCCTTGAGGAAGTTGTAGCACGA

E gene

Forward #1 GGTTCATCCGGAGTTGTTAATCCAGTAATG

Reverse #1 GTAACTAGCAAGAATACCACGAAAGCAAGA

Forward #2 TACTCATTCGTTTCGGAAGAGACAGGTACG

Reverse #2 AAGATCAGGAACTCTAGAAGAATTCAGATT

Forward #3 TTACACTAGCCATCCTTACTGCGCTTCGAT

Reverse #3 GCTAAAATTAAAGTTCCAAACAGAAAAACT

RdRPgene

Forward #1 GTTCACTATATGTTAAACCAGGTGGAACCT

Reverse #1 TAGAGACACTCATAAAGTCTGTGTTGTAAA

Forward #2 GAGTGTGCTCAAGTATTGAGTGAAATGGTC

Reverse #2 CTGTGTTGTAAATTGCGGACATACTTATCG

Forward #3 CTAAATGTGATAGAGCCATGCCTAACATGC

Reverse #3 CTATTAGCATAAGCAGTTGTGGCATCTCCT

Orf1ab gene

Forward #1 TTGTGCTAATGACCCTGTGGGTTTTACACT

Reverse #1 TCAGTACTAGTGCCTGTGCCGCACGGTGTA

Forward #2 TACTGCCGTTGCCACATAGATCATCCAAAT

Reverse #2 AACCCGTTTAAAAACGATTGTGCATCAGCT

Forward #3 AAGGATTTTGTGACTTAAAAGGTAAGTATG

Reverse #3 GACGGGCTGCACTTACACCGCAAACCCGTT
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Table 3.2 RPA exo probes for four SARS-CoV-2 gene targets (N, E, RdRP, Orf1ab) 

Target Probe sequence (5ô-3ô) 

N gene CCGACGTTGTTTTGATCGCGCCCCACTGCGT[FAM-dT][THF][BHQ1-dT]CCATTCTGGTTACTGC[Spacer C3] 

E gene AGACCAGAAGATCAGGAACTCTAGAAGAATT[FAM-dT]C[THF]A[BHQ1]GATTTTTAACACGAG[Spacer C3] 

RdRP gene TTACCATCAGTAGATAAAAGTGCATTAACAT[FAM-dT]T[THF]G[BHQ1]GCCGTGACAGCTTGA[Spacer C3] 

Orf1ab gene TGGGTTCGCGGAGTTGATCACAACTACAGCC[FAM-dT]A[THF]T[BHQ1]AACCTTTCCACATAC[Spacer C3] 

 

 

3.2.2 Screening of four SARS-CoV-2 genes (N, E, RdRP and 

Orf1ab genes)  

 

Initial selection of optimal RPA primer pair was conducted for each gene by running 

RPA with agarose gel analysis. Agarose gel electrophoresis is a common molecular 

biology method to separate DNA fragments by length. RPA is an isothermal nucleic 

acid amplification method (introduced in section 2.4.2.2.3) using a pair of primers, a 

recombinase, single-stranded binding DNA and a DNA polymerase (Figure 3.10).  
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Figure 3.10 Recombinase polymerase amplification 

DNA amplification by recombinase polymerase amplification (RPA) uses three core 

proteins: recombinase, single-strand DNA binding protein (SSB) and strand-displacing 

polymerase enabling PCR-like DNA amplification without thermocycling. 1. Recombinase 

and RPA primers form a complex and anneal to the homologous target DNA. 2. An initial 
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strand displacement is induced by single-stranded DNA binding (SSB) proteins which open 

the DNA double-helix. 3. Synthesis of a new strand is initiated by a DNA polymerase. 4. 

Amplification of parental strands continues. 5. Two DNA duplexes are formed. Schematic 

illustration created on Biorender. 

 

 

First, 50 µL RPA reactions were prepared by resuspension of a TwistAmp® basic RPA 

pellet (TwistDX) with 29.5 ɛL of Rehydration Buffer (TwistDX), 2.1 ɛL of forward primer 

(at concentration 10 ɛM), 2.1 ɛL of reverse primer (at concentration 10 ɛM), 1 ɛL of 

cDNA and 12.8 ɛL of nuclease-free water. The cDNA targets were positive controls 

for N gene (Integrated DNA Technology, CAT_10006625_2019-

nCoV_N_Positive_Control, 4012 bp), E gene (Genscript, pUC57-2019-nCoV-PC:E, 

3099 bp), RdRP gene (Genscript, pUC57-2019-nCoV-PC: 

ORF1ab, 3072 bp) or Orf1ab (Genscript, ORF1ab_gene_Genscript_Control, 3029 bp) 

gene plasmids. Control cDNA for SARS-CoV (Integrated DNA Technologies, SARS-

CoV Control, 4012 bp) and MERS-CoV (Integrated DNA Technologies, SARS-CoV 

Control, 3994 bp) were also available for the N gene, thus they were also tested by 

RPA to assess primers specificity. Control cDNA were added at high concentration, 

corresponding to 50,000 copies for the N gene or 1 ng for E, RdRP and Orf1ab. Finally, 

2.5 ɛL of magnesium acetate (MgOAc) at 280 mM was added in the lid of the tube. 

The tubes were spun to mix the MgOAc to start the reaction. The tubes were 

immediately incubated at 37ęC for 15 min with shaking at 6 RCF in an incubator (New 

BrunswickÊ Innova® 42).  

 

The RPA products were analysed by agarose gel electrophoresis. The RPA products 

were first purified with QIAquick PCR purification kit (Qiagen, cat. no. 28104) prior to 

agarose gel analysis. The purified products were analysed on a 2% agarose gel by 

mixing 5 µL of product, 2 µL of 5X loading dye and 3 µL nuclease-free water. Then, 

10 µL of this mix was loaded onto the agarose gel with a 50 bp DNA ladder (Invitrogen, 

cat. no. 10416014) and electrophoresis ran for 1h30 at 100V.  

Among the three primer pairs, the pair producing the brightest amplification band on 

agarose gel electrophoresis was selected for each gene tested (N, E, RdRP and 

Orf1ab).  
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Then, the pre-selected RPA primers were tested by real-time RPA with a specifically 

designed exo probe (section 3.2.1). The 50 ɛL reactions were prepared by 

resuspending a TwistAmpÈ exo RPA pellet with 29.5 ɛL Rehydration Buffer 

(TwistDX), 2.1 ɛL of forward primer at 10 ɛM, 2.1 ɛL of reverse primer at 10 ɛM, 0.6 

ɛL of probe at 10 ɛM, 1 ɛL of corresponding cDNA template and 12.2 ɛL of nuclease-

free water. Finally, 2.5 ɛL of MgOAc at 280 mM was added to start the reaction. For 

each gene, three cDNA concentrations (50, 500, 5000 copies per reaction) were tried 

along with a non-template control (NTC) reaction. The reactions were incubated at 

39ęC for 30 min and real-time fluorescence was recorded using a fluorescence reader 

(excitation wavelength 495 nm and emission 520 nm). The screen was done in 

replicates (N = 2). Background subtraction was done to remove potential variations 

due to initial mixing and normalised the data to compare relative fluorescence 

increase. The measurement at ~60 sec was identified and subtracted from all following 

fluorescence values. Moreover, all measurements prior to this value were set to zero. 

Then, the average fluorescence signal with corresponding standard deviation (error 

bars) were plotted. A fluorescence threshold for the four genes RPA screen with cDNA 

was set to 25,000. The average time to threshold, defined as the time corresponding 

to the intersection of the amplification curve with the threshold value, was determined 

for each gene and cDNA concentration. 

 

3.2.3 In vitro synthesis of RNA standards for SARS-CoV-2 E 

and RdRP genes 

 

RNA standards for SARS-CoV-2 E and RdRP genes were synthesised in vitro. The 

cDNA plasmids encoding for the E (Genscript, E_gene_Genscript_Control, 3099 bp) 

and RdRP (Genscript, RdRP_gene_Genscript_Control, 3072 bp) genes were digested 

using a pair of restriction enzymes with restriction sites present within the plasmid. 

Double digestion enabled to isolate the sequence of interest as linear DNA. The 

digestion product was run on a 1% agarose gel (1h30 at 100 V) with a DNA ladder. 

The band of interest was excised from the gel and the DNA was purified using the 

QIAquick Gel Extraction kit (Qiagen, cat. no. 28706X4). To generate positive-sense 

RNA transcripts, a T7 promoter sequence was added via PCR amplification using the 

PhusionÊ High-Fidelity DNA Polymerase kit (Thermo Scientific, cat. no. F553L) with 
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the promoter sequence on the forward primer (Table 3.3). PCR thermocycling 

conditions were: 98°C for 30 sec, [98°C for 10 sec, 54°C for 30 sec, 72°C for 30 sec] 

for 25 cycles, 72°C for 5 mins, 4°C hold. The PCR products were verified on an 

agarose gel. In vitro transcription was performed with the HiScribeÊ T7 Quick High 

Yield RNA Synthesis kit (New England Biolabs, cat. no. E2050S) with 2.5 h incubation, 

with several rounds of DNase I treatment to remove the DNA template, and RNA was 

purified with the Monarch RNA CleanUp kit (New England Biolabs, cat. no. T2040S). 

The RNA was tested by PCR using the RPA primers (also suitable for PCR) to check 

for traces of DNA impurities. SUPERaseÅInÊ RNase inhibitor (Invitrogen, cat. no. 

10773267) was added. The concentration of the RNA transcripts was measured using 

a Qubit 4 fluorometer and QubitÊ RNA HS Assay kit (Invitrogen), then RNA was 

diluted in DEPC-treated water to get a dilution series of RNA standards (100-105 copies 

per µL). RNA standards were stored at -80°C. 

 

Table 3.3 PCR primer sequences for synthesis of RNA standards (T7 transcription) 

 

 

3.2.4 Multiplex RT-RPA with real-time fluorescence detection 

 

Addition of a reverse transcriptase enzyme into a traditional RPA reaction allows one-

pot RT-RPA, starting with reverse transcription of an RNA target into cDNA before the 

amplification process. A multiplex real-time fluorescence RT-RPA assay was 

developed similar to real-time RT-PCR, using a fluorescent probe to monitor real-time 

amplification of the viral target. Fluorophores were multiplexed to simultaneously 

detect the amplicons of the E gene with a FAM dye and RdRP gene with a HEX dye. 

Fluorescent probes were designed as described in section 3.2.1 (Table 3.2), with HEX 

dye replacement for the RdRP probe. 

 

Target Primers Sequence (5ô-3ô)

E gene
forward_E_gene (+T7 promoter) TAATACGACTCACTATAGATGATGAACCGACGACGACT

reverse_E_gene GATCCGATGCCATGGCTAAAA

RdRP gene
forward_RdRP_gene (+T7 promoter) TAATACGACTCACTATAGTTATGGCCTCACTTGTTCTTGC

reverse_RdRP_gene AGAGACACTCATAAAGTCTGTGTTG

Ladder
Negative 
control

Positive
control

RNA
E gene

RNA 
RdRP gene

27.08.2020
PCR control of RNA transcripts
No DNA contamination

50

100

150

200

350

800

2.5k
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control

Positive

control

PCR

Egene

PCR

RdRPgene

50

100
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800

2.5k

a

b c
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Amplification and multiplexed detection of E and RdRP genes were performed using 

the multi-channel portable reader (Axxin, T16-ISO) using the FAM and HEX channels. 

The 50 µL reactions were prepared by resuspending a TwistAmp® exo RPA pellets 

with 29.5 µL Rehydration Buffer (TwistDX), 2.1 µL of both forward primers at 10 µM, 

2.1 µL of both reverse primers at 10 µM, 0.6 µL of both probes at 10 µM, 1 µL of each 

corresponding RNA standard (E and RdRP genes), 2.5 µL of M-MLV reverse 

transcriptase at 200 U/µL (Invitrogen, cat. no. 28025013) and 3.9 µL of nuclease-free 

water. Finally, 2.5 µL of MgOAc at 280 mM was added to start the reaction. The 

reactions were incubated at 39ęC for 20 min, with magnetic shaking and the 

fluorescence was measured in real-time directly from the tubes. 

 

3.2.5 Multiplex RT-RPA with dipstick detection 

 

Multiplex RT-RPA was also developed with a dipstick detection. Commercial PCRD 

Flex dipsticks (Abingdon, cat. no. FG-FD51676) were used for the dipstick RT-RPA 

detection. These dipsticks were printed with two test lines and a control line. Test line 

(1) is printed with anti-digoxygenin (DIG) antibody, test line (2) with anti-FAM antibody 

and the control line with biotin. This dipstick has a sample pad and a conjugate pad 

with dried carbon nanoparticles conjugated to neutrAvidin.  

 

The E and RdRP primer sequences were the same as for the real-time fluorescence 

readout, but these primers were modified with small molecules. The E gene primers 

were modified with biotin and digoxigenin for detection on test line (1), whereas the 

RdRP gene primers were modified with FAM and biotin for detection on test line (2). 

The primer concentration was optimised for the RT-RPA dipstick readout to eliminate 

non-specific binding on the test lines attributed to binding of dimerised primers when 

used in excess. Primer stock concentration of 10, 2, 1 and 0.5 µM were tried. 

Eventually, the 50 ɛL reactions were prepared by resuspending TwistAmpÈ basic 

RPA pellets with 29.5 ɛL Rehydration Buffer (TwistDX), 2.1 ɛL of both forward primers 

(at concentration 1 ɛM), 2.1 ɛL of both reverse primers (at concentration 1 ɛM), 1 ɛL 

of each corresponding RNA standard (E and RdRP genes), 2.5 ɛL of M-MLV reverse 

transcriptase at 200 U/ɛL (Invitrogen, cat. no. 28025013) and 5.1 ɛL of nuclease-free 

water. Finally, 2.5 ɛL of MgOAc at 280 mM was added to start the reaction. The 
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reactions were incubated at 37°C in an incubator (New Brunswick Innova 42) for 20 

min, with shaking at 6 RCF. Then, 10 ɛL of reaction was mixed in the well of a 

microplate with 140 ɛL of running buffer, and the dipstick was dipped in the well. The 

test result was read after 10 min. A photograph of the strips was taken immediately.  

 

The dipsticks were analysed with the naked eye and by image analysis of the 

photographs on Matlab, following the method developed by Ben Miller (UCL, London 

Centre for Nanotechnology) (Figure 3.6). 

 

3.2.6 Calculation of fluorescence thresholds and analytical 

sensitivity 

 

Two fluorescence thresholds were calculated for the RT-RPA protocol using the FAM 

and HEX dyes. The thresholds were computed from eight NTC reactions. The 

maximum fluorescence values were taken after background subtraction. The mean of 

these values and the standard deviation were calculated. Finally, the thresholds were 

calculated as followed: 

 

Equation 4:  4ÈÒÅÓÈÏÌÄÍÅÁÎ.4# τȢχψυ ÓÔÄÅÖ.4# 

 

The multiplication factor 4.785 corresponds to the 99.9% confidence interval of the t 

distribution with seven degrees of freedom. The high confidence interval was chosen 

to strengthen the specificity of the assay.  

To measure the analytical sensitivity of the real-time fluorescence for both genes 

separately, five RT-RPA replicates (N=5) were run with a range of RNA inputs: 1, 2.5, 

5, 7.5, 10, 102 and 103 RNA copies per reaction. The fraction of positive reactions 

(reactions which reached the threshold in less than 20 min) was calculated separately 

for both genes and a probit regression was done using Matlab (R2020b). The effective 

concentration at 95% (EC95) was calculated from the probit regression with its 95% 

CI. The EC95 was defined as the analytical sensitivity of the assay. 

 

Analytical sensitivity of the dipstick method was calculated with detection of both 

genes used as positivity criterion. RT-RPA reactions were run in six replicates (N=6) 
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with a range of RNA inputs: 100, 101, 102, 103, 104 and 105 RNA copies per reaction. 

The dipsticks were analysed with the naked eye and also by image analysis. The 

fraction of positive reactions (two test lines seen on dipstick) was calculated and a 

probit regression was plotted using Matlab (R2020b). The EC95 was calculated from 

the probit regression with its 95% CI and the EC95 was defined as the analytical 

sensitivity of the assay. 

 

3.2.7 Cross-reactivity with other coronaviruses 

 

Cross-reactivity of the multiplex RT-RPA assay, with both real-time fluorescence and 

dipstick detection, was tested against a coronavirus specificity panel. The coronavirus 

specificity panel included SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-NL63, HCoV-

OC43 and HCoV-229E and was obtained from the European Virus Archive (France). 

The RNA samples were supplied as full-length virus RNA with reported Cq values 

between 28 and 30. 

 

The multiplex RT-RPA (real-time fluorescence and dipstick) was run as described 

above (section 3.2.4 and 3.2.5) with the RNA samples from the coronavirus specificity 

panel. As the RNA stock concentration was unknown, 5 ɛL of RNA was used directly 

from stock. The SARS-CoV-2 RNA sample supplied with the specificity panel was also 

run with 5 ɛL from stock for comparison with other coronaviruses. 

  

3.2.8 Smartphone application prototype 

 

Android Studio is the integrated development environment designed specifically to 

develop Android applications (apps). There are different types of apps, mainly web 

apps and native apps. While web apps are downloaded from the web, native apps are 

downloaded through the Apple Store (for Apple devices) or Google Play (for Android 

devices). An important difference between web apps and native apps are the 

programming language used to code them. Web apps are usually coded in JavaScript 

while programming languages for native apps are diverse and depend on the platform 

they are built on. Native apps for Android are typically programmed in Java, but since 

2017, the Kotlin project417 which aimed to improve Java syntax, conciseness and 
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facilitate multi-platform projects, means many Android developers opt for Kotlin 

instead of the original Java language.  

 

The ñCovidAppò prototype smartphone application was developed in Android Studio 

using java libraries and Kotlin programming language. Screenshots were taken from 

the emulator using a Galaxy Nexus API 28. The complete code for the Android 

application is available on request. The application opened onto a homepage where 

user could choose between three activities ñTestò, ñAlertsò or ñMap outbreakò. The 

ñTestò activity prompted the capture of patient information (patient ID, date of birth, 

GPS and symptoms). GPS coordinates were captured in real-time, with time and date 

also automatically captured, by clicking a button. Then, the user could click on the 

ñTake Test Pictureò button to access the smartphone camera and take a photograph 

of the dipstick. Manual cropping is required to crop around the result area of the test 

(where the lines are). Another application function enabled automated pixel analysis 

of the cropped image for enhanced visualisation of the test lines and plotting of the 

test line intensity. Finally, the user could select between the options ñthree linesò, ñtwo 

linesò, ñone lineò, ñno lineò which records the test result as ñpositiveò, ñpresumptive 

positiveò, ñnegativeò or ñinvalidò, respectively. If the user test result was ñpositiveò or 

ñpresumptive positiveò, the user was taken to the ñContactsò page when clicking on 

the ñNext stepò button. This enabled the user to record the contacts of the positive 

case so they could later be reached by the local contact tracing system. Finally, the 

activity ñMap outbreakò opened to visualise the location of the tested case on the map. 

In the ñAlertsò activity, the information of the patient and test result could be visualised. 

 

3.2.9 Model saliva samples 

 

Human saliva (LeeBiosolutions, cat. no. 991-05-P-PreC) was spiked with RNA 

standards. The model saliva samples were tested with the multiplex RT-RPA with 

dipstick readout as described in section 3.2.5, yet the 5.1 ɛL of nuclease free-water 

were replaced with human saliva and RNA standards were spiked to get a final 

concentration of 100, 102 and 105 RNA copies per reaction. An NTC reaction with only 

saliva but no RNA standard was also tested. 
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3.2.10 Comparison of four incubation methods 

 

RT-RPA for visual detection on dipstick was commonly done as described in section 

3.2.5, using a laboratory incubator (New Brunswick Innova 42) at 37 °C with shaking 

at 6 RCF. The same protocol but using other incubation methods was tried and 

compared including incubation in a water bath at 37 °C, incubation on a hand warmer 

bag (HotHands® air activated) and by holding the tube in the hand. The temperature 

released by the hand warmer bag was recorded using a K-type thermocouple with 

model CL25 calibrator thermometer (Omega). For each incubation method, one 

negative (NTC) and one positive (102 RNA copies per reaction) RT-RPA reactions 

were tried in parallel with an incubation time of 20 min. Then, the reactions were 

analysed on dipsticks following the dipstick readout protocol. 

 

3.2.11 Clinical samples 

 

N.B.: clinical samples were collected and pre-screened at UCLH. Sample collection 

was done by clinicians, Judith Heaney (UCLH) selected the clinical samples for the 

study.  

 

The RT-RPA assay was validated with 91 residual de-identified RNA extracts from 

nasopharyngeal swabs collected at UCLH. The clinical samples were collected from 

suspected COVID-19 patients during a medical examination as part of the standard of 

care. The residual material was used for clinical validation of the developed RT-RPA 

assay. Clinical samples were selected for RT-RPA analysis based on SARS-CoV-2 

lineages revealed from whole genome sequencing. In addition, a range of Cq values 

were included. Although these samples were not routinely screened to eliminate the 

presence of other respiratory pathogens, the real-time RT-PCR assay has previously 

been shown not to cross-react418. A total of 55 positive and 36 negative samples were 

tested (blinded).  

 

3.2.12 RNA extraction 

 

N.B.: This work was done by Judith Heaney (UCLH). 
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RNA was extracted on the QiaSymphony platform (Qiagen, cat. no. 9001297) using 

the DSP virus pathogen mini extraction kit (Qiagen, cat. no. 937055). Extraction was 

done in 200 µL of viral transport media (VTM), with 200 µL lysis buffer, the additional 

lysis step with ATL buffer, and finally samples were eluted in 60 µL elution buffer.  

 

3.2.13 Screening and confirmatory real-time RT-PCR 

 

N.B.: Screening real-time PCR was done by Judith Heaney (UCLH). 

 

All samples were initially screened at University College London Hospitals with a 

routine extraction-free real-time RT-PCR targeting the N gene418. In brief, 2 µL of 

sample in VTM was added to the RT-PCR mix comprised of 5 µL of 4X TaqMan Fast 

Virus 1-step Master Mix (Applied Biosystems, cat. no. 4444432), SARS-CoV-2 N gene 

primers, RNase P primers and probes each at a final concentration of 250 nM and the 

reaction volume made up to 20 µL with nuclease-free water. Thermocycling was 

performed at 56ęC for 15 min for reverse transcription, followed by 95ęC for 20 sec and 

then 45 cycles at 95ęC for 3 sec, 60ęC for 30 sec using a QuantStudio 5 real-time PCR 

system (Applied Biosystems, cat. no. A28574), and Cq values were determined using 

QuantStudio Design and Analysis Software (Thermo Fisher Scientific). 

 

Confirmatory real-time RT-PCR for presumptive positive samples was performed at 

University College London with the N1 gene US CDC protocol 419. TaqMan Fast Virus 

1-step Master Mix (Applied Biosystems, cat. no. 4444432) and QuantStudio 5 real-

time PCR system (Applied Biosystems, cat. no. A28574) were used. The positivity 

criterion was Cq < 40. 

 

3.2.14 Sequencing 

 

N.B.: This work was done by Matthew Byott and Judith Heaney (UCLH). 

 

Total nucleic acid extraction was performed prior to sequencing, as described in 

section 3.2.12. SARS-CoV-2 full genome amplification was performed in accordance 
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with protocols published by the ARTIC network420 using the ARTIC primer set 

(Integrated DNA Technologies) to create tiled amplicons across the viral genome. 

Libraries were prepared using the Illumina DNA prep kit and sequencing on Illumina 

platforms. Genomes were either assembled in house using the V3 ARTIC network 

Illumina bioinformatics pipeline or by PHE/UKHSA using the ARTIC V4 version and 

made available in the COG-UK database421. Pangolin422 was used to assign an 

epidemiological lineage to each sequence and mutations analysed using COG UK 

Mutation Explorer423. 

 

3.2.15 Clinical validation of multiplex RT-RPA  

 

Multiplex RT-RPA with real-time fluorescence detection was run as described in 

section 3.2.4 with 5 µL of RNA extract from clinical sample.  

The 50µL RT-RPA reactions were prepared by resuspending a TwistAmp exo RPA 

pellet (TwistDX) with 29.5 µL Rehydration Buffer (TwistDX), 2.1 µL of both forward 

and both reverse primers at 10 µM, 0.6 µL of both exo probes at 10 µM, 2.5 µL of M-

MLV reverse transcriptase (Invitrogen, cat. no. 28025013), 0.9 µL of nuclease-free 

water, and 5 µL of RNA extract from clinical samples. For each RT-RPA run, an NTC 

reaction was included for quality control. Finally, a magnetic bead was added to the 

tube and 2.5 µL of MgOAc at 280 mM was added to the lid. The tubes were spun to 

start the reactions and immediately incubated at 39ęC for 20 min with magnetic 

shaking. Real-time fluorescence was measured in real-time on a multi-channel 

portable fluorescence reader (Axxin, T16-ISO). 

Background subtraction was applied (section 3.2.2) and individual fluorescence 

thresholds previously determined (section 3.2.6) for the E gene and RdRP gene were 

used. The thresholds were used to assess if a sample was positive for each gene 

(fluorescence signal above the threshold at t = 20 min) or negative (fluorescence 

signal below the threshold at t = 20 min). If a sample was negative for one gene but 

positive for the other, it was designated as ópresumptive positiveô and required 

confirmatory RT-PCR (section 3.2.13) to confirm the result. Sensitivity and specificity 

were calculated using the statistical calculator for clinical research VassarStats 

(http://vassarstats.net/).  
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3.2.16 Correlation between quantification cycle and time to 

threshold 

 

The time to threshold (TT) was calculated separately for E and RdRP genes for all 

true positive samples. The TT was defined as the time at which the fluorescence signal 

becomes higher than the fluorescence threshold. The linear regression and Pearson 

correlation coefficient between Cq and TT values were done on GraphPad Prism 9. 

 

 

3.3 CRISPR/Cas12-assisted testing for Schistosoma 

haematobium (CATSH) 

 

This section describes the methods to develop and characterise a CRISPR-assisted 

diagnostic for S. haematobium. The objective is described in Chapter 1 and Chapter 

2 presents a review of the literature on schistosomiasis and CRISPR in sections 2.2.2 

and 2.4.3, respectively. The objective is to develop a one-pot CRISPR test to detect 

S. haematobium genomic DNA and eggs. The methods to design and optimise the 

RPA-coupled CRISPR assay are described (sections 3.3.1-3.3.3). The methodology 

for the final optimised CATSH assay (section 3.3.4), followed by real-time 

fluorescence data analysis (section 3.3.5) and visual detection with LED Blue Light 

(section 3.3.6) are described. Then, methodology to characterise the real-time 

fluorescent assay (sections 3.3.7 and 3.3.8), validation of sample preparation with 

simulated urine samples (sections 3.3.9 and 3.3.10) and lyophilisation of the assay 

components (section 3.3.11) is presented.  

 

3.3.1 Design of crRNA  

 

Three crRNAs were designed using the CRISPOR online tool (http://crispor.tefor.net/). 

The S. haematobium Dra1 repeat region sequence (Genbank DQ157698.1) was 

submitted with PAM parameters óTTT(A/C/G) Cas12a (Cpf1) ï recommended, 23 bp 

guidesô and óTTT(A/C/G) Cas12a (Cpf1) ï 21bp guides recommended by IDTô. The 

http://crispor.tefor.net/
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three crRNAs (crRNA1, crRNA2 and crRNA3) with the highest predicted efficiency and 

the lowest off-target score were chosen (Table 3.4). 

The crRNA sequences were run on BLAST (https://blast.ncbi.nlm.nih.gov) to confirm 

100% identity and query cover only for the S. haematobium Dra1 repeat region. 

 

Table 3.4 Sequences for CATSH optimisation 

Component Sequence 

Forward primer ATCTCACCTATCAGACGAAACAAAGAAAAT 

Reverse primer GTCGTATCGTTGTGAAAATTGTTTCATATT 

crRNA1 TTTAAAATTGTTGGTGGAAGTGCCTGT 

crRNA2 TTTAAAATTGTTGGTGGAAGTGCCT 

crRNA3 TTTCGCAATATCTCCGGAATGGTTG 

ssDNA-FQ 56-FAM/TTATT/3IABkFQ 

Synthetic DNA CCTTGGTCACGTGATTTTCAGTTTGCCCCACCCTGATGCTGGCTGCCC

CACCTCGACCGGCATAAGGTGGAGCGATCTCACCTATCAGACGAAAC

AAAGAAAATTTTAAAATTGTTGGTGGAAGTGCCTGTTTCGCAATATCTC

CGGAATGGTTGGTCGTATCGTTGTGAAAATTGTTTCATATTATTGGTGA

C 

 

 

3.3.2 Preparation of Dra1 synthetic DNA, S. haematobium 

genomic DNA and whole eggs.  

 

Synthetic double-stranded DNA (Integrated DNA Technologies) including the S. 

haematobium Dra1 repeat region sequence (Genbank DQ157698.1) was used for 

CATSH optimisation (Table 3.4). A dilution series was made by diluting Dra1 synthetic 

DNA in nuclease-free water to 106 copies/µL and used as a positive control. gDNA 

from S. haematobium, S. mansoni, S. bovis and S. curassoni adult worms, originating 

from the Schistosomiasis Collection at NHM (SCAN)424, was provided as described in 

179.  
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Frozen S. haematobium eggs, provided by the Schistosomiasis Resource Centre 

(Biomedical Research Institute, Rockville MD, USA) were individually collected as 

described in 180. 

 

3.3.3 CATSH assay optimisation 

 

In a 0.2 mL PCR tube, CATSH reactions were prepared by mixing three components 

referred to as Component A (RPA reagents), Component B (ssDNA-FQ reporters) and 

Component C (CRISPR reagents).  

Component A was prepared first by rehydrating a pellet of TwistAmp Basic RPA with 

29.5 µL of Rehydration Buffer. Then, 2.1 µL (at 10 µM) of both forward and reverse 

primers (Table 3.4), and 13.8 µL of nuclease-free water were added to Component A. 

RPA inputs of 1X (7 µL of Component A) or 2X (14 µL of Component A) were tried for 

optimisation. 

Component B was optimised by trying 2 µL of single-stranded DNA FAM-Quencher 

(ssDNA-FQ) (Integrated DNA Technologies) at stock concentration 20, 50, 100 and 

500 nM. Sequence for ssDNA-FQ can be found in Table 3.4. 

Component C was made as a 50 µL solution containing Cas12 and crRNA. 

Lachnospiraceae bacterium Cas12a (Cpf1) (New England Biolabs, cat. no. M0653T) 

was diluted to 1 µM stock concentration in the provided 10X NEBuffer r2.1 and crRNAs 

(Integrated DNA Technologies) were each used at 1 µM stock concentration. 

Component C was tried with Cas12 to crRNA ratios of 1:1, 1:2, 2:1 or 2:2 ratios, where 

one part equals to 50 nM of reagent. Component C was made fresh and left at room 

temperature for 10 min prior to use to let the crRNA-Cas12 complex form. 

Then, 1 µL of MgOAc at 280 nM was pipetted into the lid of the tube. For CATSH 

optimisation, a sample of 1 µL of Dra1 synthetic DNA at 106 copies/µL was added as 

a positive control. 

The tube was briefly centrifuged to mix in the MgOAc which starts the RPA reaction. 

The reactions were immediately placed in the portable fluorescence reader (Axxin, 

T16-ISO) at 37ęC and real-time fluorescence was measured for 40 min. 
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3.3.4 Final CATSH assay 

 

The optimised CATSH assay was prepared in a 0.2 mL PCR tube by mixing 14 µL of 

Component A, 2 µL of Component B at 100 nM ssDNA-FQ reporter, 2 µL of 

Component C with 1:2 Cas12 to crRNA1 ratio (50 nM Cas12, 100 nM crRNA1) and 1 

µL of MgOAc at 280 nM was pipetted into the lid of the tube. Finally, the sample (1 µL 

for gDNA/whole egg or 5 µL of simulated urine sample) was added to the reaction. 

The tube was briefly centrifuged and placed in the portable fluorescence reader (Axxin, 

T16-ISO) at 37ęC for 40 min. 

 

3.3.5 Fluorescence data editing 

 

Background fluorescence was subtracted from all fluorescence readings to normalise 

the runs and mitigate artefacts sometimes occurring at the beginning of the reading 

(e.g., bubbles). To do so, the fluorescence measurement directly preceding t = 60 sec 

was identified, and all following measurements were subtracted by this value. In 

addition, all measurements taken before t = 60 sec were set to zero. 

 

3.3.6 Visual detection with LED blue light 

 

The ssDNA-FQ containing a FAM dye characterised by an excitation peak at 495 nm 

and emission peak at 517 nm may also be visualised by LED Blue Light. Because 

SYBR Green, a dye traditionally used for agarose gel analysis, and FAM have similar 

excitation and emission spectra (Figure 3.11), gel image analyser with an LED Blue 

Light may be used to analyse FAM fluorescence. 
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Figure 3.11 Excitation and emission spectra 

Visualisation and comparison of excitation and emission spectra of SYBR Green and FAM. 

LED Blue Light provides the right excitation for both SYBR Green and FAM. Figure 

designed with Fluorescence SpectraViewer online tool by Thermo Fisher Scientific 

(https://www.thermofisher.com/order/fluorescence-spectraviewer). 

 

For visual detection with LED Blue Light (excitation 470 nm, bandwidth 20 nm) the 

final CATSH protocol (section 3.5) was followed, though instead of adding 2 µL of 

ssDNA-FQ at 100 nM as Component B, higher ssDNA-FQ concentrations (10, 20, 50 

and 100 µM) were tried. Eventually, Component C was prepared at 100 µM ssDNA-

FQ. The CATSH reactions were incubated at 37ęC for 40 min, then the tubes were 

placed on the E-GelÊ Imager System (Invitrogen, cat. no. 11662129) with the Blue 

Light Base and images were taken with exposure time 0.2 sec. The final fluorescence 

was assessed with the naked eye or quantified using ImageJ software. A visual 

fluorescence cut-off was calculated based on five NTC reactions and using Equation 

5 (see next section). 

 

3.3.7 CATSH analytical sensitivity 
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The optimised CATSH assay was tested with 1 µL of S. haematobium gDNA at 

concentrations 10-3, 10-2, 10-1, 100, 101 and 102 pg per reaction. Five repeats were 

done for each concentration. A fluorescence cut-off was calculated from five non-

template (NTC) reactions. After background subtraction, the endpoint (at t = 40 min) 

fluorescence of each NTC reaction were used to calculate the cut-off as per Equation 

5: 

 

Equation 5:  ÃÕÔÏÆÆÍÅÁÎ.4# σ  ÓÔÄÅÖ.4# 

 

Reactions were classified as positive if the endpoint background subtracted 

fluorescence was above the calculated cut-off (cut-off = 30). For each positive 

reaction, the time at which the signal crossed the cut-off was defined as ótime to cut-

offô.  

Finally, the analytical sensitivity of the CATSH assay was defined as the concentration 

of S. haematobium gDNA per reaction that can be detected Ó 95% of the time (<5% 

false negative rate), also known as the EC95. The fraction positive (the percentage of 

positive repeats) for each concentration tested was calculated and plotted. Finally, a 

probit regression was fitted to the fraction positive to determine the EC95 with the 

associated 95% confidence interval (Matlab, R2022a). 

 

3.3.8 Species specificity 

 

CATSH was tested with gDNA of S. haematobium, S. mansoni, S. bovis and S. 

curassoni to test for species specificity, as described in 181. An input of 1 ng of gDNA 

was added to the optimised CATSH reactions. 

 

3.3.9 Simulated urine samples 

  

To develop and validate a rapid and simple sample preparation method compatible 

with CATSH, we used simulated urine samples. The simulated samples were 

prepared by spiking 100 µL of human urine (LeeBiosolutions, cat. no. 991-03-P-1) with 

a controlled number of frozen S. haematobium eggs180. 
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3.3.10 Development of a rapid CRISPR-compatible nucleic acid 

extraction for urine samples 

 

Prior to developing an in-house sample preparation protocol, two commercial kits 

(DNeasy Blood & Tissue kit by Qiagen and SwiftX DNA by Xpedite) and three 

published nucleic acid extraction methods (HUDSON392, DTT/EDTA/95ęC and S-

Prep400) were tried following recommended protocols using simulated urine sample. 

The CATSH-compatible sample preparation was developed by mixing 100 µL of 

simulated urine samples (prepared as described above) with 100 µL of PrimeStore 

MTM (Longhorn Vaccines & Diagnostics, cat. no. R13905), followed by a 5-min or 1-

hour incubation at room temperature. 

After incubation, the urine-MTM sample was purified and concentrated using the 

DNeasy purification kit (Qiagen, cat. no. 69504). First, the total 200 µL urine-MTM 

solution was loaded onto the purification column and centrifuged for 1 min at 6,021 

RCF. Then, 500 µL of AW1 wash buffer was added and the column was centrifuged 

for 1 min at 6,021 RCF. A second wash step was done by adding 500 µL of AW2 wash 

buffer to the column and centrifuged for 3 min at 15,900 RCF. Lastly, 30 µL of elution 

buffer was added to the column, let sit for 1 min, then centrifuged for 1 min at 6,021 

RCF. This step was repeated once to increase DNA yield. To test the purified samples, 

5 µL was added to CATSH reactions and run as described in section 3.5.  

 

3.3.11 Lyophilisation of CATSH reactions 

 

Freeze drying, also known as lyophilization, is a low temperature water removal 

process, often used for preservation of materials. Indeed, lyophilisation can help retain 

quality once rehydrated, and extend the shelf life of products and prepare them for 

shipping. The dehydration process involves freezing the material, then reducing the 

pressure, and adding heat to remove the ice by sublimation (direct change of the ice 

into vapor). Hence the freeze-drying process happens in three phases: 1) Freezing, 

2) Primary drying (sublimation), 3) secondary drying (adsorption)425. 

 

The final CATSH assay was prepared as described above, however without MgOAc. 

The tubes were opened, sealed with parafilm and small perforations were made using 
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a needle. The tubes were snap-frozen in liquid nitrogen and lyophilised for 4 hours 

(temperature ï50ęC, vacuum set point 0.025 mbar) in a FreeZone® 2.5 L ï50ęC 

benchtop freeze-drier (Labconco, cat. no. 700201000) (Figure 3.12). The lyophilised 

reactions were resuspended just before use, by adding 18 µL of nuclease-free water, 

1 µL of sample (10 pg gDNA) and 1 µL of MgOAc.  

 

 

 

Figure 3.12 Schematic of lyophilisation process 

The aqueous CATSH reaction was snap-frozen in liquid nitrogen (LN2) at -190ęC then 

freeze-dried for 4 hours at -50ęC. Schematic illustration created on Biorender. 

 

The lyophilised reactions were packaged for into heat-sealed metallic pouches 

containing a silica gel pack (Figure 3.13) and were kept in a -20ęC freezer for long-

term storage. Stability of lyophilised reactions kept in the freezer was tested after 2 

weeks and one month. 
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A general-purpose oven (Genlab, cat. no. GEN-MINO/40) was used to test the heat 

stability of the lyophilised reactions at 30ęC for 4 hours. 

 

 

 

Figure 3.13 Thermostable packaging for freeze-dried CATSH reaction 

Photograph of the packaging of the freeze-dried CATSH reactions. The freeze-dried 

reactions are stored with a silica gel pack to reduce humidity in a metallic pouch, which is 

heat sealed using a mini heat sealer. 
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4. CHAPTER 4. Rapid antigen test for dual-species 

detection of Zaire and Sudan ebolaviruses. 

 

A description of EVD outbreaks in Central Africa and a current review of the diagnostic 

landscape, including the current needs and challenges, are presented in Chapter 2 

section 2.1.2. The methodology for the characterisation and functionalisation of 

antibodies for the development of an antigen is presented in Chapter 3 section 3.1. 

This research follows the development of a POC serological test for Ebola species 

identification among Ebola survivors by Dr Polina Brangel (UCL, London Centre for 

Nanotechnology) and collaborators83. Twelve mAbs were generously supplied by 

USAMRIID under a Material Transfer Agreement as part of a collaboration with Dr 

Polina Brangel at UCL in the McKendry group. 

This chapter presents the characterisation of the twelve mAbs and the development 

of dipstick assays for the detection of EBOV and SUDV GP. The antibodies were first 

screened to different recombinant Ebola virus GPs using indirect ELISA and then 

further characterised to determine species specificity, successful biotinylation, 

conditions for stable conjugation to AuNPs, ability to form an antibody pair, and the 

high binding affinity in a pair. The objective of this work was to develop an antigen test 

for rapid and simple dual species detection of the two most lethal Ebola species, EBOV 

and SUDV. 

 

This proof-of-concept dual-species rapid antigen test was evaluated with recombinant 

antigens spiked in buffers, limited by available facilities. In future, the envisioned test 

will need clinical validation, requiring access to Containment Level 4 (CL-4) facilities. 

 

 

4.1 Characterisation of twelve mAbs 

 

A total of twelve anti-Ebola mouse mAbs (13C6, 6D3, 8C10, 13F6, 14B3, 10F4, 14G7, 

6D8, 13G8, 17F6, 3C10 and 5G10) ð initially developed for immunotherapy by 

USAMRIID ð were characterised. The mouse mAbs were tested by indirect ELISA to 

determine their antigen specificity and binding affinity against four Ebola virus 



 

 138 

antigens: EBOV GP, SUDV GP, BDBV GP and EBOV sGP (Figure 4.1). Recombinant 

EBOV GP, SUDV GP, and BDVB GP antigens were provided by USAMRIID for the 

characterisation, and additionally EBOV sGP was purchased to investigate if 

antibodies binding to EBOV GP could also bind the soluble version of GP. 

 

 

 

 

 

Figure on next page 

Figure 4.1 Indirect ELISA of twelve mouse mAbs 

A total of twelve mouse mAbs were tested against four different Ebola glycoproteins: EBOV 

GP, SUDV GP, BDBV GP and EBOV sGP. (a-c) The antibodies 13C6, 6D3 and 8C10 

showed some binding affinity for EBOV GP and EBOV sGP. (d-h) The antibodies 14B3, 

10F4, 14G7, 13F6and 6D8 bound only the antigen EBOV GP. (i) The antibody 13G8 

seemed to bind all four antigens tested. (j-l) The antibodies 17F6, 3C10 and 5G10 only 

bound to SUDV GP. Indirect ELISAs were done in technical replicates (N=3 for a-i and 

N=2 for j-l). The y-axis represents the normalised absorbance at 450 nm (A450). The 

normalised A450 was averaged between replicates and plotted. The error bars correspond 

to the standard deviation between the replicates. Non-linear fittings were added where 

applicable. 
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The affinity of the mAbs for the different antigens tested was determined by calculating 

their apparent dissociation constants (KD,apparent) from indirect ELISA experiments. A 

heatmap summary of the results is presented for rapid visual comparison in Figure 

4.2.  

 

 

 

 

Figure 4.2 Heatmap summary of the measured KD,apparent from indirect ELISA 

Summary of the equilibrium KD,apparent constants in pM (converted from ng/mL) is presented 

for all twelve antibodies and the 4 Ebola antigens tested: EBOV GP, EBOV sGP, SUDV 

GP and BDBV GP. White boxes represent no detectable binding. The green colour 

gradient represents the level of binding affinity, with highest binding affinity (low KD,apparent) 

in dark green and lowest binding affinity (high KD,apparent) in light green. The KD,apparent values 

were calculated using the Langmuir adsorption isotherm from the indirect ELISA 

experiments. 
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The mAbs 14G7, 10F4, 14B3, 6D8 and 13F6 exhibited binding only to EBOV GP. Dual 

affinity to EBOV GP and EBOV sGP, the soluble version of the protein, was observed 

for the mAbs 13C6, 8C10 and 6D3. The mAbs 17F6, 3C10 and 5G10 bound 

exclusively to SUDV GP. Finally, 13G8 showed binding affinity for all four antigens 

tested. None of the antibodies showed specific binding to BDBV GP. 

The equilibrium KD,apparent constant is often used to rank order strength of antibody-

antigen binding. A small KD,apparent reflects a high binding affinity, while a high KD,apparent 

reflects a low binding affinity. In general, the tested mAbs had KD,apparent in the pM 

range. The best KD,apparent constants were reported for mAbs binding EBOV GP (14G7, 

10F4, 14B3, 6D8, 13F6 and 13C6). Moreover, 13G8 had reasonably good KD,apparent 

for the four tested antigens. Lower binding affinity were observed for antibodies 

binding specifically to EBOV sGP and SUDV GP, especially 5G10 had a KD,apparent in 

the nM range. 

This first characterisation allowed to group the antibodies based on their antigen 

binding affinity and species specificity (especially EBOV and SUDV) before 

subsequent antibody modification and pair screening. Eventually, the antibodies 

chosen to be incorporated in the test were selected upon further characterisation and 

based on four main criteria: i) species specificity, ii) successful biotinylation, iii) ability 

to form an antibody pair, and iv) binding affinity of the pair. 

 

 

4.2 Functionalisation of anti-GP mAbs and pair screening 

for species specific detection  

 

To allow subsequent antibody pair screening in a sandwich ELISA format, the mAbs 

were biotinylated. Moreover, biotin labelling of the antibodies was also necessary for 

the capture antibody to bind to the dipstick streptavidin test line. Only the antibodies 

14B3, 13C6, 6D3, 3C10, 5G10 and 17F6 showed successful biotinylation using the 

sulfo-NHS method. Nevertheless, six biotinylated antibodies were sufficient to perform 

pair screening.  

The antibody pair analysis was carried out separately for EBOV and SUDV antibodies 

in two steps: i) first by sandwich ELISA using a biotinylated antibody with another bare 
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antibody, and ii) pairs that produced a binding curve by sandwich ELISA were tried on 

the dipstick test. 

Following the sandwich ELISA, two pairs for specific detection of EBOV GP were 

identified, with the antibodies 13C6-14B3 and 6D3-14B3 (Figure 4.3a). The binding 

of the pairs was quantified by calculating their KD,apparent, which were equal to 490 

ng/mL and 620 ng/mL for 6D3-14B3 and 13C6-14B3, respectively. Similarly, three 

antibody pairs for SUDV GP were identified by sandwich ELISA (Figure 4.3b). SUDV 

GP antibody pairs were 5G10-17F6, 5G10-3C10 and 3C10-17F6, with KD,apparent equal 

to 160 ng/mL (1.07 nM), 170 ng/mL (1.12 nM) and 260 ng/mL (1.73 nM), respectively.  
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Figure 4.3 Antibody pairs screening by sandwich ELISA  

Antibody pairs for specific detection of EBOV GP and SUDV GP were screened by 

sandwich ELISA. For each pair, the detection antibody was modified with biotin. (a) 

Antibodies 13C6, 14B3 and 6D3 were screened together for pair formation with EBOV GP. 

(b) Antibodies 17F6, 3C10 and 5G10 were screened together for pair formation with SUDV 

GP. Negative controls (no GP) were added for each pair to check for unspecific binding 

between the two antibodies, in absence of GP. Sandwich ELISAs were done in technical 

replicates (N=2). The y-axis represents the normalised A450 which was averaged between 

replicates and plotted. The error bars correspond to the standard deviation between the 

replicates. Non-linear fitting was added where applicable. 
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Antibody conjugation to AuNPs was optimised to achieve stable conjugates. We 

focused on optimising nanoparticle size, antibody concentration and pH, which are 

critical parameters for conjugate stability426. We chose to optimise the conjugation for 

one of the antibodies (13C6) and apply the same optimal conditions to others, 

considering that the antibodies were all mouse mAbs and that their isoelectric point 

should not vary widely. 

Conjugation using nanoparticle with diameter 50 nm and 20 nm were tried. Eventually, 

we obtained satisfying results with smaller (20 nm diameter) nanoparticles compared 

to larger diameter nanoparticles for which aggregation was directly visible by eye 

(Figure 4.4). Although antibodies may have different isoelectric point which plays an 

important role for AuNP conjugation, optimisation of conjugates conditions specifically 

for each antibody was not attempted.  

 

 

 

 

Figure 4.4 Rapid visual screen of aggregation of conjugates for varying sizes of 

AuNPs 

Three types of nanoparticles were screened for conjugation of mouse mAbs. After 

conjugation, a rapid visual evaluation of aggregate formation was done with the naked eye. 

A solution colour change from red to blue is characteristic of aggregation. 

 

A pH sweep showed that conjugates prepared with the mouse mAbs at pH 8.5 were 

more stable than other pH tested (Figure 4.5a). Optimisation of the antibody 

concentration was also performed; however antibody concentration did not have an 
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observable impact on the conjugate stability (Figure 4.5b). A mid-range antibody 

concentration of 10 µg/mL was selected. After optimisation, the conjugated antibody-

AuNPs were stored in the fridge and remained stable for two weeks (Figure 4.5c).  

 

 

 

Figure 4.5 Analysis of antibody-AuNPs conjugates by UV-Vis spectroscopy 

Optimisation of antibody (13C6) conjugation to AuNP (20 nm) with (a) pH, (b) antibody 

concentration sweep and (c) analysis of conjugate stability (kept at 4ęC) over time.  
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Dipsticks with a polystreptavidin test line and anti-mouse control line were used to 

screen the previously identified pairs, to determine the optimal pair producing the 

strongest test line intensity. The four EBOV pair combinations were tested, including 

13C6-biotin with 14B3-AuNP, 14B3-biotin with 13C6-AuNP, 6D3-biotin with 14B3-

AuNP and 14B3-biotin with 6D3-AuNP. The EBOV-specific pair 13C6-biotin and 14B3-

AuNP exhibited the highest test line intensity readout (Figure 4.6a) and the best 

signal-to-blank ratio (Figure 4.6b) on dipsticks. This combination produced a test line 

signal intensity nearly twice as high as any other combinations and therefore was 

selected as the optimal pair for the EBOV test component. 

The six SUDV pair combinations, namely 17F6-biotin with 5G10-AuNP, 5G10-biotin 

with 17F6-AuNP, 3C10-biotin with 5G10-AuNP, 5G10-biotin with 3C10 AuNP, 17F6-

biotin with 3C10-AuNP and 3C10-biotin with 17F6-AuNP, were tested on dipsticks. 

The anti-SUDV antibody pairs showed weaker test line signal intensities (Figure 4.6c) 

and signal-to-blank ratio (Figure 4.6d) than the anti-EBOV pairs (also observed on 

sandwich ELISA). The signal-to-blank ratios were the highest for the two combinations 

with 17F6 and 5G10 antibodies however there was no statistical difference between 

these two combinations (t-test, P-value > 0.05). Eventually, the combination 17F6-

biotin and 5G10-AuNP was selected as it produced a slightly higher signal-to-blank 

ratio compared to 5G10-biotin and 17F6-AuNP.  
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Figure 4.6 Evaluation of antibody pairs on dipstick test 

Antibody pairs that were pre-screened by sandwich ELISA and shown to be specific for 

EBOV GP (a) or SUDV GP (b) were evaluated and compared on dipstick format. A positive 

sample (1 µg/mL of GP) and a negative (no GP) were tested. For each pair, the two 

antibodies were tested as both capture antibody (modified with biotin) and detection 

antibody (conjugated to AuNPs). The y-axis represents the test line intensity. The average 

of three replicates was plotted and the error bar corresponds to the standard deviation 

between the replicate. The signal-to-blank was also plotted for each EBOV (c) and SUDV 

(d) antibody pair. 

 

 

4.3 Determination of the LoD with spiked GP in buffer 

 

The analytical performance of the dipstick tests for EBOV and SUDV was then tested 

for both components EBOV GP and SUDV GP separately. Images and associated line 

intensity plots of the dipsticks tested with different antigen inputs are presented for the 
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EBOV (Figure 4.7a) and SUDV (Figure 4.7b) components, respectively. A positive 

result could be seen with the naked eye from 500 ng/mL for the EBOV component and 

5 µg/mL for the SUDV component, with a clear red band on the test line (T) (higher 

panel). Computational test line intensity analysis (lower panel) enabled a more 

sensitive detection, with peaks detected on the test line from 50 ng/mL for the EBOV 

GP component and from 1 µg/mL for SUDV GP. 

 

 

 

 

Figure on next page 

 

Figure 4.7 Detection of EBOV GP and SUDV GP by components 

(a) Photograph of the dipsticks for detection of EBOV GP using the antibody pair 14B3-

13C6 run at different concentrations of EBOV GP. (b) Similarly, different concentrations of 

SUDV GP were detected on dipsticks using the antibody pair 17F6-5G10. The control line 

and test line are annotated (C) and (T), respectively. 
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The LoD calculated via computer-aided image analysis and defined as the lowest 

concentration of GP that can be statistically (at 95% probability) distinguished from a 

blank sample, was measured for both EBOV and SUDV. The LLOD for the EBOV 

component was 23 ng/mL of EBOV GP (Figure 4.8a) and LLOD for the SUDV 

component was 480 ng/mL of SUDV GP (Figure 4.8b). 

 

 

 

Figure 4.8 LoD for EBOV and SUDV components 

Image analysis of the photographs enabled computation of the LoD for the (a) EBOV GP 

and (b) SUDV GP components of the multiplex test. Analyses were done on triplicates 

(N=3 strips). The dots represent the average test line intensity from the triplicates, and the 

error bar represent the standard deviation between triplicates. The green line represents 

the Langmuir Adsorption Isotherm with its 95% confidence interval (green shaded area). 

The limit of blank is represented by a dashed line.  

 

 

4.4 Cross-reactivity testing of the EBOV and SUDV 

components 

 

The specificity of the dipstick assays was also assessed to ensure that the two 

antigens ï EBOV GP and SUDV GP ï could be detected and differentiated. The 

EBOV-specific assay only detected EBOV GP and did not show a signal on the test 

line when tested with SUDV GP or BDBV GP (Figure 4.9a). The mean of the test line 
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intensity for EBOV GP was significantly different, with a p-value of < 0.001 (one-way 

ANOVA with multiple comparison) compared to both SUDV and BDBV GP. We also 

confirmed that the SUDV-specific assay could only detect SUDV GP and no signal 

was detected for EBOV GP or BDBV GP (Figure 4.9b). The mean of the test line 

intensity for SUDV GP was significantly different, with a p-value of < 0.001 (one-way 

ANOVA with multiple comparison) compared to both EBOV and BDBV GP. Altogether, 

we confirmed no cross reactivity with antigens from the other Ebola virus species 

tested. 

 

 

 

Figure 4.9 Evaluation of cross-reactivity of EBOV and SUDV components  

Species specificity was tested for both components of the test. The (a) EBOV and (b) 

SUDV components were tested separately with EBOV GP, SUDV GP and BDBV GP. For 

each sample, dipsticks were run in triplicates (N=3) and the mean was plotted. The error 

bars represent standard deviation between triplicates. One-way ANOVA with multiple 

comparison was done with target species against the other two species (EBOV against 

SUDV and BDBV or SUDV against EBOV and BDBV), testing the null hypothesis that the 

mean test line intensities are the same. (****) represents a p-value lower than 0.0001. 

 

 

4.5 Envisioned dual-species lateral flow test 
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N.B.: The 3D-printed cassette was designed with Yiyun Chen (Imperial College 

London, Department of Materials, Department of Bioengineering and Institute for 

Biomedical Engineering). Yiyun Chen printed the case at Imperial College London. 

 

A 3D-printed cassette was designed to conceptualise the envisioned dual-species 

lateral flow test. In this envisioned test, the two EBOV and SUDV components will be 

further developed into lateral flow tests by adding a conjugate and sample pad to the 

current dipstick format. The two lateral flow tests will be embedded into the customed 

cassette and could be run separately or in parallel (Figure 4.10). The model prototype 

was only designed and built as a model for the envisioned lateral flow test, but it was 

not operational at this stage of development. 

 

 

 

Figure 4.10 Envisioned dual-species lateral flow test 

(a) Schematic illustration of the envisioned lateral flow test. A sample (e.g., saliva, urine, 

finger-prick blood) is applied onto the sample pad and runs unilaterally through the 

conjugate pad with immobilised antibody-gold conjugates and biotin labelled antibody. In 

8
.5

 c
m

2.4 cm

a b
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presence of Ebola GP, a ñsandwichò antibody is formed on the test line. The antibody-gold 

conjugate is caught on the control line. The envisioned lateral flow test is aimed to run in 

15 mins. (b) Photograph showing the envisioned dual diagnostic test with dimensions. Two 

model lateral flow tests are enclosed in the 3D printed case designed for parallel testing of 

EBOV and SUDV antigens.  

 

 

4.6 Discussion 

 

The work presented herein aimed to design, develop and evaluate a rapid antigen test 

for the detection and differentiation of EBOV and SUDV infections. To develop the 

Ebola antigen test, it was instrumental to identify high affinity and high specificity 

antibody pairs able to specifically bind EBOV GP or SUDV GP. GP is a good target 

for Ebola antigen testing for several reasons: i) GP is a transmembrane protein and is 

the only antigen that is directly accessible at the surface of the virion, ii) important 

research has been done on GP-binding antibodies, for the development of neutralising 

antibodies406,427ï430 and vaccines431. Herein, the antibodies used to develop the 

diagnostic test were the preliminary antibodies in the research for immunotherapy of 

Ebola virus disease. Especially, antibody 13C6 has been used to treat EBOV 

infections, and is given in a cocktail immunotherapy called ZMapp406,427ï430.  

 

Herein, capture antibodies were functionalised with a biotin label to bind on a 

polystreptavidin test line. This strategy exploits the high binding rate of biotin-avidin 

for optimal capture of the antibodies-antigen complex as it runs up across the test line 

with relatively small residency time. This, in turn, means the capture antibody binding 

to the test line is the fastest binding event, allowing a longer time for antibody-antigen 

binding to occur on the test line. The use of biotinylated capture antibodies and a 

polystreptavidin test line has been successfully demonstrated for HIV antigen 

detection272. Furthermore, the use of avidin test line may standardise antigen test 

development as it removes the antibody printing step onto the nitrocellulose 

membrane. This antibody printing process traditionally requires a high resolution and 

expensive liquid-handling spotter, along with optimisation of the immobilisation 

biochemistry267. Further development of the dipstick assay could look at pre-
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immobilisation of the biotin-labelled capture antibody on the test line, prior to running 

the sample, hence improving the antibody-antigen binding kinetics further.  

 

Characterisation of the anti-GP Ebola antibodies and the antibody pair screening 

permitted to identify antibodies that could be used in the dipstick assay for species-

specific detection of EBOV GP and SUDV GP. The soluble version of EBOV GP, 

namely sGP, was also tested in the indirect ELISA. sGP has been characterised as a 

decoy antigen, with transcripts approximately three times more abundant than GP 

transcripts432. This makes sGP an interesting antigen target for early detection of 

Ebola infections; however, of the functionalised antibodies, no pair could be formed 

with two antibodies specific to sGP hence EBOV GP was targeted here. 

 

Another proof-of-concept study in the literature describes the development of an 

immunoassay using nitrocellulose test strip, colloidal gold and silver amplification for 

the detection of EBOV sGP80. This antigen test achieved high clinical performance 

(85.7% sensitivity and 100% specificity), with a time to result of 15 mins, when 

evaluated with 40 patient plasma samples previously screened by RT-qPCR. 

 

In this early-stage characterisation of the test, a dipstick format was used and the 

modified antibodies were mixed in solution with the samples prior to running the test. 

Although assays operating in a dipstick format are not uncommon (especially for 

urinary analysis)433, a dried lateral flow test would be more suitable to operate under 

field conditions. This will require future developmental work, first adding a conjugate 

pad embedding the modified antibodies. In the envisioned test, the two lateral flow 

tests would operate in parallel, hence, this separate characterisation of each 

component stands. Once the lateral flow tests are fully assembled with conjugate 

pads, they could be run separately or in parallel: a sample can be applied on the 

sample pad of one or both components, and the lateral flow test(s) will run in the 

custom-made cassette. 

The sample pad designed in the envisioned test might be suitable for a small sample, 

for instance a few drops of saliva, plasma or finger-prick blood. A different sample pad 

could be designed for various specimen types, like urine, where a larger sample pad 

might be more suitable. For clinical diagnosis of EVD, it is advantageous to prioritise 

non-invasive samples to make the testing process more patient-friendly, using saliva 
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or urine. A urine sample could be applied directly onto a large sample pad (similar to 

pregnancy test), while a saliva sample could either be collected by a suitable sample 

pad with direct friction in the mouth, or by swab collection, extraction in viral transport 

media and application of a few drops onto the sample pad. RDTs working with saliva 

samples have the advantage to allow post-mortem testing434. 

 

The LoD of the EBOV component was found to be comparable to the performance of 

some commercial Ebola tests, such as the SQ Ebola Zaire Ag (SD Biosensors Inc) 

with a reported LoD of 31.3 ng/mL for EBOV GP79. The rapid antigen test ReEBOV 

(Corgenix), targeting the antigen EBOV VP40, reported an LoD of 320 ng/mL in whole 

blood75. The DPP Ebola antigen (ChemBio Diagnostics, Inc) can detect 150 ng/mL of 

EBOV VP40 in serum samples76,77. The OraQuick (OraSure Technologies, Inc) Ebola 

Rapid Antigen Test, reported LoD values of 7.6-3200 ng/mL73 for EBOV VP40 when 

tested with oral fluid samples and 53 ng/mL with whole blood samples74. A major 

limitation hindering an accurate comparison between LoD results from different tests 

was the lack of standardisation between methodologies and the use of different types 

of physiological matrices (e.g., venous whole blood, oral fluid). 

The SUDV component of the test was less sensitive than the EBOV component, with 

a relatively high LoD for SUDV GP; a signal was only clearly detected by visual 

interpretation at 5 µg/mL for SUDV GP. This may not allow early diagnosis of SUDV 

infections using this prototype dipstick without further development. Enhancement of 

the assay biochemistry or identification of better affinity SUDV-specific antibodies 

could help reach a lower LoD for early clinical diagnosis of SUDV. 

 

Importantly, the Ebola species-specificity of the two components was demonstrated 

for EBOV, SUDV and BDBV species, showing that this dual test can reliably 

differentiate between EBOV and SUDV infections. This is a unique feature of this 

assay, and we could not make any comparison to other tests for the SUDV component 

since there is no commercial antigen test currently available for specific detection of 

SUDV antigens. Cross-reactivity with other known Ebola species (RESTV, TAFV and 

BOMV) and other pathogens with epidemiological and clinical relevance was not 

tested in this initial validation due to limited access to antigens. A complete cross-

reactivity study should be performed using a wide panel of antigens derived from 
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important differential diagnostic pathogens, including other Ebola species and 

filoviruses.  

 

The findings of this work demonstrated a proof-of-concept for dual diagnostic of EBOV 

and SUDV via rapid antigen testing. The dual diagnostic test was designed to be 

species-specific, with LoD for EBOV GP comparable to commercial tests, and with the 

added capacity of detection and differentiation of SUDV GP. Specific detection of 

SUDV antigen is here a unique feature, not achieved by any current commercial test 

at the time of writing. Future work would need to include the assembly of the dipstick 

into a lateral flow test with a sample and conjugate pad, testing of clinical samples of 

EBOV and SUDV patients to determine the clinical sensitivity and specificity of the 

dual diagnostic test. Further development of the Ebola antigen test was limited at the 

time by availabilities of the proprietary mAbs donated by collaborators. Future work to 

validate the antigen test in its final envisioned format with clinical samples may be 

possible upon access to CL-4 facilities and well-characterised samples, although they 

are limited for Ebola virus studies. A final application for the envisioned test could 

consist of a field study in primary healthcare settings in affected communities in 

Central Africa where EBOV or SUDV outbreaks occur. Community work with local 

health workers and patients would help to further develop and validate the test. 

 

The reported performance of commercial Ebola RDTs and other prototypes described 

in the literature show evidence that fast and simple antigen testing of Ebola virus is 

feasible, and high clinical sensitivity and specificity can be achieved. Field studies 

validating some of these RDTs in real-world also reported high performance compared 

to RT-qPCR, especially the ReEBOV test77,78,435,436. Global health institutions such as 

WHO and CDC report success stories of Ebola RDTs, identified as a powerful tool for 

timely diagnosis of patients, saving many lives during outbreaks437,438. In 2019, the 

OraQuick Ebola RDT was the first FDA-approved for marketing in the U.S.439 and it 

was successfully used in the field for postmortem surveillance during the 2019-2020 

EBOV outbreak in DRC434. 

 

Since their authorisation for emergency use, vaccines440 and immunotherapies441,442 

have been deployed to support EBOV outbreak response in DRC and neighbouring 

countries. Despite this new hope to control the highly lethal virus, there is still a need 
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for a rapid, portable and robust tests for Ebola virus surveillance in endemic regions. 

The early identification of a new outbreak should allow faster response, including 

deployment of vaccines and treatments, increasing chances to control the outbreak 

faster. With several outbreaks in Uganda and South of Sudan, SUDV is the second 

most lethal species of Ebola virus, although at the moment, research has mainly 

focused on the EBOV species. To this date, Ebola virus and its different species 

remain on WHOôs list of priority diseases25. The next Ebola virus outbreak remains 

impossible to predict and it could be caused by any species of the virus. 

On April 2022, the DRC declared a new outbreak of EVD, which is the sixth outbreak 

of the country since 2018 and the thirteenth since the first identification of EVD in 1976. 

In 2021, an outbreak of EVD was also reported in Guinea, with a total of 16 confirmed 

cases and 12 deaths. Even though no case of SUDV has been detected since 2012, 

viral haemorrhagic viruses has re-emerged in unexpected places and times, as seen 

in 2021 with the first-ever laboratory confirmed case of Marburg virus in Guinea37. 

 

By capitalising on the ease-of-use of rapid antigen tests and species-specific 

antibodies we developed a simple test for dual diagnosis of two Ebola species with a 

risk of re-emergence in Central Africa. While increasing human mobility34 and activities 

(such as deforestation)35,36 are purportedly increasing the risk of more frequent and 

rapidly spreading infectious diseases, RDTs can help timely identification and control 

of outbreaks of priority pathogens. 
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5. Chapter 5: One-pot multiplexed RT-RPA assay for 

rapid variant-proof detection of SARS-CoV-2 

 

The COVID-19 pandemic has unveiled a pressing need to expand the diagnostic 

landscape to permit high-volume testing in peak demand. Chapter 2 section 2.1.3 

presents the emergence of SARS-CoV-2 and variants in the context of the COVID-19 

pandemic, and the landscape for laboratory diagnosis. Furthermore, constraints of 

centralised laboratory testing solely relying on PCR in time of pandemic and high-

volume samples, for instance due to reagent shortages and long turnaround time, 

were discussed. Rapid nucleic acid testing based on isothermal amplification is a 

viable alternative to real-time reverse transcription polymerase chain reaction (RT-

PCR) and can help close this gap. Additionally, with the emergence of SARS-CoV-2 

variants of concern, clinical validation of rapid molecular tests needs to demonstrate 

their ability to detect known variants, an essential requirement for a robust pan-SARS-

CoV-2 assay. To date, there has been no clinical validation of reverse transcription 

recombinase polymerase amplification (RT-RPA) assays for SARS-CoV-2 variants. 

The methodology for the development and validation of the rapid multi-gene RT-RPA 

assay is described in Chapter 3 section 3.2.  

 

This chapter presents the experimental results of the RT-RPA assay for SARS-CoV-

2 detection. This project aimed at developing the first reported one-pot multi-gene RT-

RPA as a viable alternative to PCR-based tests, yet adapted to decentralised testing 

to fill some of the testing challenges highlighted by the COVID-19 pandemic. Following 

the objectives of this work, RPA primers were designed to target conserved regions 

for pan-SARS-CoV-2 detection within multiple genes. Moreover, two multiplexed 

readout methods, namely real-time fluorescence and dipstick, were explored. The 

analytical sensitivity and specificity to other seasonal coronaviruses were evaluated 

with model samples. A clinical study of the fluorescence RT-RPA method was 

performed with 91 extracted clinical samples (collected at UCLH) including different 

SARS-CoV-2 variants. The clinical validation of the RT-RPA method for detection of 

SARS-CoV-2 variants was also novel and lacking in the literature. Finally, the 

multiplexed dipstick readout was further explored as a cost-effective and decentralised 
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test by evaluating different low-cost incubation, designing a smartphone application 

for dipstick analysis and testing simulated saliva samples.  

 

N.B.: Two peer-reviewed papers on the research presented in this chapter were 

published. The first part of this work was published in the peer-reviewed Journal 

Biosensors and Bioelectronics with co-first authors Dounia Cherkaoui and Da Huang 

(UCL, London Centre for Nanotechnology)443. The latter part of this work (clinical 

validation) was published in the peer-reviewed Journal Diagnostics with co-first 

authors Dounia Cherkaoui and Judith Heaney (UCLH)444. All research done by other 

authors is clearly specified in this chapter. 

 

 

5.1 Gene screening for detection of SARS-CoV-2 by real-

time fluorescence 

 

N.B.: Da Huang (UCL, London Centre for Nanotechnology) designed the RPA primers 

and fluorescent probes for E, RdRP and Orf1ab genes.  

 

Pairs of RPA primers and fluorescent óexoô probes (Appendix A Table A1) were 

designed to target conserved regions of four SARS-CoV-2 genes, namely the 

nucleocapsid (N) gene, the envelope (E) gene, the RNA-dependent RNA polymerase 

(RdRP) gene and the open-reading frame 1a/b (Orf1ab) gene. Three pairs of primers 

were designed for each target genes and screened by RPA using cDNA as positive 

control and amplicons were analysed by agarose gel electrophoresis (Appendix A 

Figure A1ï4). The RPA assay design was optimised for amplicon size of ~200 bp and 

primers of ~30 bp. BLAST analysis indicated that these pairs and probes specifically 

detect SARS-CoV-2 with 100% identity. In addition, primers and probes sequences 

were also screened through BLAST against seasonal coronaviruses, SARS-CoV and 

MERS-CoV which revealed no match or relatively low identity score and high E value. 

One pair of primers was selected for each gene target based on the strongest DNA 

band seen by agarose gel electrophoresis (Appendix A Figure A1ï4). The primer 

pair #1 was selected for the N gene, primer pair #3 for the E gene, primer pair #2 for 

the RdRP gene and primer pair #3 for Orf1ab. All primer sequences are shown in 
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Table 3 (Chapter 3 section 3.2.1) and the selected primer pairs are highlighted in bold. 

The final RPA primer pairs which were further used for gene screening by real-time 

fluorescence are summarised in (Table 5.1). 

 

Table 5.1 RPA primers and exo probes for gene screening of SARS-CoV-2 targets 

 

BHQ1: Black Hole Quencher 1; E: envelope; FAM: 6-carboxyfluorescein; HEX: Hexachloro-

fluorescein; N: nucleocapsid; Orf1ab: open-reading frame 1a/b; RdRP: RNA-dependent RNA 

polymerase; THF: tetrahydrofuran. Table adapted from own publication443. 

 

 

Gene screening comparing the N, E, RdRP and Orf1ab genes aimed to identify the 

two best primers/probe sets to achieve rapid and sensitive detection of SARS-CoV-2 

in a real-time RPA assay. 

All reactions with cDNA showed successful amplification of 50, 500 and 5,000 copies 

per reaction with fluorescent signals reaching the threshold in less than 30 mins, 

except for the N gene target with 50 copies (Figure 5.1a). To compare the speed of 

amplification between targets, their average time-to-threshold (TT) was determined 

(Figure 5.1b). The two genes with the shortest average TT with 50 copies of cDNA 

were the E gene (14 mins) and the RdRP gene (19 mins). The Orf1ab gene was 

Target Name Sequence (5ô-3ô)

N gene

forward_N_gene CGCATTACGTTTGGTGGACCCTCAGATTCAACTGG

reverse_N_gene TTATTGGGTAAACCTTGGGGCCGACGTTGTTTTGA

exo_probe_N_gene (FAM) CCGACGTTGTTTTGATCGCGCCCCACTGCGT[FAM][THF][BHQ1]CCATTCTGGTTACTGC[Spacer C3]

E gene

forward_E_gene TTACACTAGCCATCCTTACTGCGCTTCGAT

reverse_E_gene GCTAAAATTAAAGTTCCAAACAGAAAAACT

forward_E_gene_modified [DIG]TTACACTAGCCATCCTTACTGCGCTTCGAT

reverse_E_gene_modified [Biotin]GCTAAAATTAAAGTTCCAAACAGAAAAACT

exo_probe_E_gene (FAM) AGACCAGAAGATCAGGAACTCTAGAAGAAT[FAM][THF][BHQ1]GATTTTTAACACGAG [Spacer C3]

RdRP gene

forward_RdRP_gene GAGTGTGCTCAAGTATTGAGTGAAATGGTC

reverse_RdRP_gene CTGTGTTGTAAATTGCGGACATACTTATCG

forward_RdRP_gene_modified [FAM]GAGTGTGCTCAAGTATTGAGTGAAATGGTC

reverse_RdRP_gene_modified [Biotin]CTGTGTTGTAAATTGCGGACATACTTATCG

exo_probe_RdRP_gene (FAM) TTACCATCAGTAGATAAAAGTGCATTAACA[FAM][THF][BHQ1]GCCGTGACAGCTTGA[Spacer C3]

exo_probe_RdRP_gene (HEX) TTACCATCAGTAGATAAAAGTGCATTAACA[HEX][THF][BHQ1]GCCGTGACAGCTTGA[Spacer C3]

ORF1ab gene

forward_Orf1ab_gene AAGGATTTTGTGACTTAAAAGGTAAGTATG

reverse_Orf1ab_gene GACGGGCTGCACTTACACCGCAAACCCGTT

exo_probe_Orf1ab_gene (FAM) TGGGTTCGCGGAGTTGATCACAACTACAGC[FAM][THF][BHQ1]AACCTTTCCACATAC [Spacer C3]
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slightly slower than RdRP gene, while the N gene showed particularly low sensitivity 

in the RPA protocol. Eventually, the E and RdRP genes were selected and multiplexed 

to build a dual-gene RT-RPA assay to detect SARS-CoV-2 virus.  

 

 

 

Figure 5.1 Gene screening by real-time RPA with control cDNA 

(a) Four genes (N, E, RdRP and Orf1ab) were screened by RPA using control cDNA to 

select the two best gene targets to be multiplexed in the final RT-RPA assay. Technical 

replicates (N=2) were averaged and plotted. The error bars represent the standard 

deviation between replicates. (b) The average time-to-threshold (TT) was measured and 
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compared for the four genes and the different cDNA inputs. Figure adapted from own 

publication443. 

 

To ensure the E and RdRP gene targets are in conserved regions of the SARS-CoV-

2 genome, an analysis of genome variations was conducted (determined from 5139 

sequenced genomes deposited on https://www.gisaid.org/ by October 2020). The 

analysis confirmed that the selected primers and probes target conserved regions of 

the SARS-CoV-2 genome with low variability comprised between 0.1ï0.5%, hence 

reducing the probability that the assay will be impacted by genomic mutations (Figure 

5.2).  

 

 

 

https://www.gisaid.org/
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Figure 5.2 Analysis of SARS-CoV-2 genomic variations at primers and probes site 

(a) The number of mutations was reported for each nucleotide position for the E gene and 

RdRP primers/probe sets. (b) The overall variability was calculated for the individual 

primers and probes taking into account the total number of mutations occurring in their 

sequence. These data came from GISAID genomic epidemiology reports of hCOVID-19 

https://www.gisaid.org/epiflu-applications/hcov-19-genomic-epidemiology/ and reported 

mutations from 5139 sequenced genomes as of October 18th, 2020. The reference SARS-

CoV-2 sequence (GenBank accession number NC_045512.2) was used.  Figure adapted 

from own publication443. 

https://www.gisaid.org/epiflu-applications/hcov-19-genomic-epidemiology/
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5.2 Development of the duplex RT-RPA platforms 

 

The isothermal RT-RPA assay (Figure 5.3a) was designed to simultaneously detect 

E and RdRP genes in one-pot (Figure 5.3b). The detection was made flexible by 

developing two alternative methods: real-time fluorescence (Figure 5.3c) and dipstick 

(Figure 5.3d). 

 

 

 

 

 

 



 

 165 

 

 

Figure 5.3 Schematic representation of the rapid and multiplex RT-RPA assay with 

real-time fluorescence and dipstick detection 

(a) One-pot RT-RPA assay including reverse transcription of the viral RNA and 

amplification by RPA at constant temperature (37-39ęC). (b) Sequences of the 

primers/probe sets used for SARS-CoV-2 E gene and RdRP gene in the multiplex RT-RPA 

assay with real-time detection (blue) and sequences of the modified primers used for the 

multiplex dipstick detection (orange). (c) Real-time fluorescence detection by exonuclease 

cleavage of the exo probes for E gene and RdRP gene at their tetrahydrofuran (THF) 

residue. (d) Design of the dipstick for multiplexed detection of the E gene and the RdRP 

gene. Figure adapted from own publication443. 
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Synthetic RNA for SARS-CoV-2 E gene and RdRP gene was prepared in vitro 

(Appendix A Figure A5). First, a real-time fluorescence readout was developed using 

two fluorescent probes to monitor the amplification of the two gene targets. 

Multiplexing two primer pairs and probes was achieved with two fluorophores: FAM 

for the E gene probe and HEX for the RdRP probe (Figure 5.3c). Fluorescent probes 

were designed as short ~50 oligonucleotide sequences, complementary to the target 

sequence. The fluorescent probes included a fluorophore (FAM or HEX) and a 

proximal quencher (BHQ1), separated by a tetrahydrofuran (THF) residue. When the 

target is recognized, the fluorescent probe anneals and complexes with the target, 

which in turn activates the exonuclease (contained in the exo RPA reaction) that 

cleaves at the THF site. As the fluorophore is released, close proximity with the 

quencher is lost and a fluorescent signal is produced. This fluorescent signal was 

recorded on a portable multi-channel fluorescence reader.  

A second detection method was developed using a dipstick to detect the RPA 

amplicons on a nitrocellulose strip using optical (black) carbon nanoparticles. Dipsticks 

are lateral flow tests which are not enclosed in a cassette and dipped directly in the 

analyte; hence they are lower cost and plastic-free. The dipstick-based platform was 

developed to be as low-cost and minimalist as possible for application in resource-

limited settings. The primer sequences used were the same as for the real-time 

fluorescence readout above, but these primers were modified with small molecules to 

mediate capture of the amplicons on the test lines of the dipstick (Table 5.1). The RPA 

amplicons produced with modified primers can be detected on two distinct test lines: 

E gene amplicons captured on test line (1) printed with anti-DIG antibodies and RdRP 

amplicons captured on test line (2) printed with anti-FAM antibodies. The dipstick also 

has a control line (C) printed with biotin and used as confirmation that the test worked 

properly (Figure 5.3d). 

To develop a rapid test with minimal steps, the RT-RPA product was run directly on 

the dipstick, without a purification step. False positive results were observed when 

running non-template control (NTC) with primer stock concentration at 10 µM. The 

non-specific signal observed on test lines (1) and (2) was attributed to binding of 

dimerised modified primers when used in excess. Therefore, the modified primers 

were diluted to find the optimal concentration which will remove false positive results. 

This optimisation showed that primer concentration needed to be reduced to 1 µM to 

avoid non-specific binding of primer dimers (Figure 5.4).  
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Figure 5.4 Optimisation of primer concentration for dipstick RPA 

Images of dipsticks run with non-template control (NTC) reactions using different primer 

dilution. Relative dilution is shown above the dipstick images and the stock primer 

concentration used is written in parentheses. Figure adapted from own publication443. 

 

 

5.3 Evaluation of the RT-RPA assay 

5.3.1 Real-time fluorescence RT-RPA 

 

Analytical sensitivity and cross-reactivity with SARS-CoV, MERS-CoV and three 

seasonal coronaviruses were evaluated for the real-time fluorescence RT-RPA assay 

using model samples. 

 

Two thresholds were calculated to account for the different background fluorescence 

of the FAM and HEX fluorophores when determining positive reactions. The resulting 

thresholds were 112 for the E gene (FAM) and 13 for the RdRP gene (HEX).  

The analytical sensitivity, defined as the concentration of analyte (synthetic SARS-

CoV-2 viral RNA copies per reaction) that can be detected Ó 95% of the time (< 5% 

false negative rate), was calculated for both gene targets separately. The analytical 

(10 ÕM) (2 ÕM) (1 ÕM) (0.5 ÕM)

Primer dilution

1:1 1:5 1:10 1:20

(C) Control

(2) RdRP

(1) E
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sensitivity was 9.5 RNA copies per reaction (95% CI: 7.0ï18) was calculated for the E 

gene (Figure 5.5a) and 17 RNA copies per reaction (95% CI: 11ï93) for the RdRP 

gene (Figure 5.5b).  

The amplification time was fixed at 20 mins, as this was sufficient for the assay to 

detect as little as 1 RNA copy per reaction with both gene targets. 

 

 

 

Figure 5.5 Analytical sensitivity of the real-time fluorescence RT-RPA 

Evaluation of the analytical sensitivity of the RT-RPA assay with real-time fluorescence 

detection. Analytical sensitivity for the (a) E gene and (b) RdRP gene with their 95% 

confidence interval (CI). The fraction positive was determined from RT-RPA reactions with 

buffer spiked with synthetic RNA and probit regression was plotted to determine the 

effective concentration at 95% (EC95) for both genes. Figure adapted from own 

publication443. 

 

 

Cross-reactivity of the assay was tested with seasonal coronaviruses (also ócommon 

coldsô), namely HCoV-NL63, HCoV-OC63 and HCoV-229E, and SARS-CoV and 

MERS-CoV model samples. No cross-reactivity with SARS-CoV and MERS-COV was 

observed with the E gene (Figure 5.6a) and the RdRP gene (Figure 5.6b) targets. 

Similarly, no signal was detected by the E gene (Figure 5.6c) and RdRP gene (Figure 

5.6d) targets when seasonal coronaviruses were tested.  

 






























































































































