


 
 

  



 
 

ABSTRACT 

Development of Recombinase Polymerase Amplification (RPA) 
Assays to Diagnose Infectious Diseases 

 by 

Zachary Austin Crannell 

This thesis describes the development of Recombinase Polymerase 

Amplification (RPA) assays that can be used to improve access to diarrheal 

diagnostics and thereby reduce the number of preventable deaths that occur each 

year due to persistent diarrhea. In low-resource settings (LRS), where the majority 

of the almost 1.5 million annual diarrheal deaths occur, a major obstacle to receiving 

life-saving treatment is the inability to identify the specific cause of diarrhea. 

Diagnosis in LRS is usually done via stool smear microscopy and culture, which fails 

to identify the cause of diarrhea up to half of the time. The widely considered gold 

standard diagnostic method is Polymerase Chain Reaction (PCR), which detects 

trace amounts of pathogen DNA from stool samples. While highly sensitive, PCR 

requires highly trained technicians and access to expensive thermal cycling 

equipment, restricting its use to centralized reference laboratories. The RPA 

diagnostics presented here amplifies trace amounts of pathogen DNA (much like 

PCR), but unlike PCR do not require the use of expensive thermal cycling equipment 

and can function at low temperatures, alleviating the need for any external heating 

equipment. RPA-based diagnostics and sample preparation protocols that are 



 
 

appropriate for low resource settings were developed to detect Cryptosporidium, 

Giardia, and Entamoeba, three of the leading protozoan causes of diarrhea. The 

three diagnostic assays were individually characterized on the benchtop where they 

demonstrated limits-of-detection and specificities comparable to the gold standard 

PCR. The assays were further characterized in field studies using clinical samples 

where they demonstrated sensitivity and specificity nearly equivalent to that of the 

gold standard PCR. The three individual assays were then integrated into a 

multiplexed test designed to simultaneously amplify and detect DNA from 

Cryptosporidium, Giardia, and Entamoeba. This test was also characterized on the 

benchtop and in pre-clinical studies.  All of the assays presented here are read using 

lateral flow strips that can easily be used in the field. This work demonstrates for 

the first time that multiplex RPA results can be read with lateral flow strips. By 

modifying the DNA primers, this diagnostic platform could be adapted to diagnose a 

broad variety of infectious diseases.    

 



 

 

Acknowledgments 

I would like to give my heart-felt thanks to my advisor Dr. Rebecca Richards-

Kortum. She has been an exemplary mentor, advisor, and role model the past five 

years. Her faith and confidence in me means more than she could know.  

I would also like to thank the other members of my committee including Dr. 

George Bennett, Dr. Tomasz Tkaczyk, and Dr. Clinton White for their support 

throughout my tenure at Rice University. Dr. White and the entire team at UTMB 

including Dr. Miguel Cabada and Dr. Alejandro Castellanos-Gonzalez time and again 

provided indispensable clinical and molecular biology advice.  

Thank you to the entire Richards-Kortum lab including Meaghan Bond, 

Jessica Dobbs, Benjamin Grant, Karen Haney, Anne Hellebust, Dr. Veronica Leautaud, 

Catherine Majors, Tim Quang, Dr. Richard Schwarz, Kamal Shah, Erica Skerrett, 

Chelsey Smith, Yubo Tang, Dr. Nadhi Thekkek, and others. Without the help of Vivan 

Mack and John Wright I am certain my Ph.D. would have taken another full year – 

every graduate student should be so lucky as to have people of their caliber on their 

team. Jennifer Burnett was a critical partner that helped me survive my first year at 

Rice. Special thanks to Dr. Brittany Rohrman for her collaboration on too many 

projects to list, for setting the bar high, and for inspiring me to be a better scientist 

and writer.  

Dr. Karen Adler-Storthz generously gave her time every week at our point-of-

care group meetings and often helped untangle the toughest of knots.  



vi 
 

Thank you to those outside of Rice who kept me balanced, motivated, and 

just plain happy: my soccer team for all of the shenanigans, my friends from 

Portland who shared their homes and lives with me when I needed to escape 

Houston, Dean and Lindsay Pomphrett for the late night talks, Drew and Courtney 

Crouch for their unfaltering confidence, Alina Daszkowski for your personal and 

professional inspiration, Chad Byers for your patient ear and easy-going 

companionship, and of course Justin Adams for always keeping me humble. 

I would never have dared to try something as challenging as earning a Ph.D. 

were it not for the steadfast support of my family. My	  parents’	  unflagging	  belief	  that	  

I can do anything inspires me to push myself beyond what I think is possible. My 

siblings inspire me daily to be adventurous and to stubbornly pursue my passion.  

Thank you to my wife Paige Smyth. You make me a better person in more 

ways than I can describe. Thank you for being the backbone of our family and for 

inspiring	  me	  to	  “do	  better.”	  	  My children, Opal and Owen, are the reason I get out of 

bed every day. They keep me happier than I thought possible and provided the 

motivation and focus to make it to the finish line. 

Funding for this work was provided by the National Institutes of Health, the 

National Science Foundation Graduate Research Fellowship Program, a Whitaker 

Foundation Summer Grant, and the Bill and Melinda Gates Foundation.  

 

 



 

 

Contents 

Acknowledgments ...................................................................................................... v 

Contents .................................................................................................................. vii 

List of Figures ............................................................................................................xii 

List of Tables ............................................................................................................ xiv 

Nomenclature ........................................................................................................... xv 

Introduction ............................................................................................................. 16 

1.1. Objective and Specific Aims ................................................................................... 16 

1.2. Overview................................................................................................................. 17 

Background .............................................................................................................. 20 

2.1. Clinical Significance ................................................................................................ 21 

2.2. Diagnosing Diarrhea – Challenges in Low Resource Settings................................. 23 

2.3. Isothermal Nucleic Acid Amplification ................................................................... 24 

A Nucleic Acid Test to Diagnose Cryptosporidiosis: Lab Assessment in Animal and 
Patient Specimens .................................................................................................... 30 

3.1. Abstract .................................................................................................................. 30 

3.2. Introduction ............................................................................................................ 31 

3.3. Materials and Methods .......................................................................................... 34 

3.3.1. Ethics Statement .............................................................................................. 34 

3.3.2. Study Design .................................................................................................... 34 

3.3.3. RPAC Assay Development and Optimization ................................................... 35 

3.3.4. Image Analysis to Assess Test Results ............................................................. 38 

3.3.5. DNA Extraction from PBS Spiked with Oocysts ............................................... 39 

3.3.6. DNA Extraction from Stool Spiked with Oocysts ............................................. 40 

3.3.7. Testing the Specificity of the RPAC Assay ........................................................ 40 

3.3.8. Testing the RPAC Assay with Stool Samples from Infected Animals ............... 41 

3.3.9. Testing the RPAC Assay with Stool Samples from Infected Patients and 
Healthy Controls ........................................................................................................ 42 

3.3.10. Evaluating the RPAC Assay in a Paper and Plastic Device ............................. 43 



viii 
 

3.4. Results .................................................................................................................... 44 

3.4.1. Performance of the RPAC Assay in Solution with Spiked Stool Samples ........ 44 

3.4.2. RPAC Assay Consistency .................................................................................. 46 

3.4.3. Specificity of the RPAC Assay ........................................................................... 48 

3.4.4. Performance of the RPAC Assay with Stool Samples from Infected Animals 
and Healthy Controls ................................................................................................. 48 

3.4.5. Performance of the RPAC Assay with Stool Samples from Infected Patients 
and Healthy Controls ................................................................................................. 49 

3.4.6. Performance of the RPAC Assay in a Paper and Plastic Device ....................... 50 

3.5. Discussion ............................................................................................................... 51 

3.6. Conclusion .............................................................................................................. 54 

3.7. Acknowledgments .................................................................................................. 54 

3.8. Conflict of Interest .................................................................................................. 54 

Recombinase Polymerase Amplification-Based Assay to Diagnose Giardia in Stool 
Samples ................................................................................................................... 55 

4.1. Abstract .................................................................................................................. 55 

4.2. Introduction ............................................................................................................ 56 

4.3. Materials and Methods .......................................................................................... 58 

4.3.1. Ethics statement .............................................................................................. 58 

4.3.2. DNA extraction of stool samples ..................................................................... 58 

4.3.3. Benchtop PCR .................................................................................................. 60 

4.3.4. Bench-top development of the RPAG assay .................................................... 61 

4.3.5. Specificity testing of the RPAG assay ............................................................... 64 

4.3.6. Testing DNA extracted from clinical samples with the RPAG assay and PCR.. 64 

4.4. Results .................................................................................................................... 66 

4.4.1. Benchtop characterization of Giardia PCR and RPAG assay ............................ 66 

4.4.2. RPAG assay clinical performance ..................................................................... 68 

4.5. Discussion ............................................................................................................... 68 

4.6. Financial Support .................................................................................................... 70 

Detection of Entamoeba histolytica by Recombinase Polymerase Amplification ........ 71 

5.1. Summary of contribution ....................................................................................... 71 



ix 
 

5.2. Background and clinical significance ...................................................................... 72 

5.3. Results .................................................................................................................... 72 

5.4. Discussion ............................................................................................................... 73 

A multiplexed recombinase polymerase amplification assay to detect intestinal 
protozoa .................................................................................................................. 74 

6.1. Abstract .................................................................................................................. 74 

6.2. Introduction ............................................................................................................ 76 

6.3. Methods ................................................................................................................. 78 

6.3.1. Singleplex RPA assays ...................................................................................... 78 

6.3.2. Multiplex RPA assay ......................................................................................... 81 

6.3.3. Multi-target amplification ............................................................................... 82 

6.3.4. Objective determination of test results .......................................................... 82 

6.3.5. Assembly of lateral flow strips......................................................................... 83 

6.3.6. Synthetic DNA Standards ................................................................................. 86 

6.3.7. DNA Extraction ................................................................................................. 87 

6.3.8. Statistical analysis ............................................................................................ 87 

6.4. Results .................................................................................................................... 88 

6.4.1. Singleplex and multiplex limits-of-detection ................................................... 88 

6.4.2. Simultaneous multi-target amplification ......................................................... 90 

6.4.3. Probe optimization .......................................................................................... 90 

6.5. Discussion ............................................................................................................... 91 

Quantification of HIV-1 DNA Using Real-Time Recombinase Polymerase Amplification
 ................................................................................................................................ 94 

7.1. Abstract .................................................................................................................. 94 

7.2. Introduction ............................................................................................................ 95 

7.3. Methods ................................................................................................................. 97 

7.3.1. Real-time RPA .................................................................................................. 97 

7.3.2. Generation of internal positive control (IPC) DNA. ......................................... 99 

7.3.3. Quantification algorithm for analysis of real-time data. ................................. 99 

7.4. Results .................................................................................................................. 101 

7.5. Discussion ............................................................................................................. 105 



x 
 

Development of a Quantitative Recombinase Polymerase Amplification Assay with an 
Internal Positive Control ......................................................................................... 109 

8.1. Abstract ................................................................................................................ 109 

8.2. Introduction .......................................................................................................... 110 

8.3. Protocol Text ........................................................................................................ 112 

8.4. Representative Results: ........................................................................................ 127 

8.5. Discussion ............................................................................................................. 133 

8.6. Acknowledgements .............................................................................................. 137 

8.7. Disclosures ............................................................................................................ 137 

Strategies for implementing in low-resource setting: Sample preparation ............... 138 

9.1. Traditional Nucleic Acid Extraction ...................................................................... 139 

9.2. Low Resource Setting Nucleic Acid Extraction ..................................................... 141 

9.3. Low resource setting design criteria .................................................................... 142 

9.4. Low resource setting nucleic acid extraction protocol ........................................ 144 

9.5. Additional improvements ..................................................................................... 145 

9.6. Future considerations .......................................................................................... 147 

Equipment-Free Incubation of Recombinase Polymerase Amplification Reactions Using 
Body Heat .............................................................................................................. 148 

10.1. Abstract .............................................................................................................. 148 

10.2. Introduction ........................................................................................................ 149 

10.3. Methods ............................................................................................................. 152 

10.3.1. Ethics statement .......................................................................................... 152 

10.3.2. Body temperature measurements .............................................................. 152 

10.3.3. Evaluation of methods for securing tubes .................................................. 153 

10.3.4. Effect of ambient conditions on incubation temperature .......................... 154 

10.3.5. Incubation of RPA reactions using body heat.............................................. 155 

10.4. Results ................................................................................................................ 157 

10.5. Discussion ........................................................................................................... 162 

10.6. Acknowledgements ............................................................................................ 164 

Conclusion ............................................................................................................. 165 

11.1. Summary ............................................................................................................ 165 



xi 
 

11.2. Future work ........................................................................................................ 169 

References ............................................................................................................. 171 

Appendix A ............................................................................................................ 184 



 

 

List of Figures 

Figure 1: Gel detection of RPA products ........................................................................ 45 

Figure 2: Lateral flow detection of RPA products ....................................................... 46 

Figure 3: Testing the RPAC assay for specificity ......................................................... 48 

Figure 4: RPA testing using a paper and plastic foldable device ........................... 51 

Figure 5: RPAG assay limit of detection ......................................................................... 66 

Figure 6: Specificity testing the RPAG Assay ................................................................ 67 

Figure 7: Schematic of simultaneous lateral flow detection of multiple targets
 ...................................................................................................................................................... 81 

Figure 8: Schematic of lateral flow card assembly ..................................................... 85 

Figure 9: Multiplex lateral flow detection strips with three detection zones and 
a positive control zone ......................................................................................................... 88 

Figure 10: Signal to Background Ratios for singleplex (SX) assays and the same 
target in the multiplex (MX) assay ................................................................................... 89 

Figure 11 Quantitative RPA Assay Schematic .............................................................. 97 

Figure 12: Typical raw fluorescence data for HIV-1 DNA and IPC amplification
 ................................................................................................................................................... 102 

Figure 13: Generation of a standard curve ................................................................ 103 

Figure 14: Effect of algorithm parameters on performance ................................ 106 

Figure 15: Block diagram of quantitative RPA DNA targets ................................. 117 

Figure 16: Screening of IPC candidates. ...................................................................... 128 

Figure 17: Typical raw fluorescence data generated during co-amplification of 
HIV-1 DNA and IPC on a thermal cycler ....................................................................... 129 

Figure 18: Typical raw fluorescence data generated during co-amplification of 
HIV-1 DNA and IPC on a microscope............................................................................. 131 



xiii 
 

Figure 19: Typical standard curve for HIV-1 ............................................................. 133 

Figure 20:  Algorithm tunability. ................................................................................... 136 

Figure 21: Methods for securing tubes. ....................................................................... 154 

Figure 22: Temperature of mock reactions incubated at different body 
locations. ................................................................................................................................ 158 

Figure 23: Temperature of mock reactions secured to the body with different 
materials ................................................................................................................................ 159 

Figure 24: Effect of ambient conditions on mock reaction temperature.. ...... 160 

 



 

 

List of Tables 

Table 1: Testing the RPAC assay on different dilution series ................................. 47 

Table 2: Performance of RPAC assay relative to qPCR for DNA extracted from 
stools of infected and uninefected mice. ........................................................................ 49 

Table 3: Performance of the RPAC Assay compared to various gold standards
 ...................................................................................................................................................... 50 

Table 4: RPA primers for amplification of Giardia DNA. .......................................... 61 

Table 5: Sensitivity and Specificity of the RPAG assay compared against a 
microscopy and PCR composite gold standard. .......................................................... 68 

Table 6: False negative RPAG specimens. ...................................................................... 69 

Table 7: DNA sequences of all primers and probes ................................................... 80 

Table 8: Double-stranded DNA standards used for bench-top characterization.
 ...................................................................................................................................................... 87 

Table 9: Performance of quantification algorithm ................................................. 104 

Table 10: HIV-1 qRPA assay validation ....................................................................... 132 

Table 11: Design Criteria for a low resource setting DNA extraction protocol
 ................................................................................................................................................... 143 

Table 12: Performance of body heat versus a heat block for incubating RPA 
reactions at room temperature...................................................................................... 161 

Table 13: Performance of body heat versus a heat block for incubating RPA 
reactions in a cold room. .................................................................................................. 162 

 



 

 

Nomenclature 

DNA deoxyribonucleic acid 

HIV human immunodeficiency virus 

IPC internal positive control 

LFA lateral flow assay 

LOD limit of detection 

NAT nucleic acid test 

POC  point of care 

PCR polymerase chain reaction 

RNA ribonucleic acid 

RPA recombinase polymerase amplification 

RPAC recombinase polymerase amplification 

Cryptospordium assay 

RPAG recombinase polymerase amplification Giardia 

assay 

SBR signal to background ratio 

 



 

16 
 

Chapter 1 

Introduction 

1.1. Objective and Specific Aims 

The objective of this thesis is to develop a multiplex recombinase polymerase 

amplification (RPA) assay to detect the diarrhea-causing protozoa Cryptosporidium 

spp., Giardia lamblia, and Entamoeba histolytica in stool samples and to develop 

tools that allow easier implementation of RPA assays in low-resource settings (LRS). 

The specific aims are:  

Specific Aim 1:  Develop an RPA assay to detect Cryptosporidium spp. in 

stool samples.  

Specific Aim 2:  Develop an RPA assay to detect Giardia lamblia in stool 

samples. 
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Specific Aim 3:  Support the development of an RPA assay to detect 

Entamoeba histolytica in stool samples. 

Specific Aim 4:  Integrate the three RPA assays into a multiplex assay 

capable of detecting all three pathogens simultaneously. 

Specific Aim 5:  Develop strategies to implement RPA assays in a LRS. 

These specific aims were designed to develop a foundational understanding 

of how to integrate RPA assays into syndromic panels that can be used in a LRS to 

differentiate between diarrheal diseases that present similarly in the clinic, but 

require different courses of treatment.  

1.2. Overview 

This dissertation contains 10 chapters describing my work towards 

achieving these specific aims.  

Chapter 1 outlines the specific aims of this dissertation and summarizes the 

contents of each chapter 

Chapter 2 reviews previous work done in the field of nucleic acid-based 

diagnostics and reviews information about the clinical significance of diarrheal 

disease.  

Chapter 3 describes the development of an RPA assay to detect 

Cryptosporidium spp. in stool samples spiked with live parasites, stool samples from 
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infected mice, and clinically confirmed infected stool samples from humans. The 

work was originally published in Analytical Chemistry [1]. 

Chapter 4 describes the development of an RPA assay to detect Giardia 

lamblia in stool samples spiked with live parasites. It also contains data from a 

preliminary clinical study with the RPA Giardia assay conducted in the highlands of 

Peru. The chapter was originally published in the American Journal of Tropical 

Medicine and Hygiene [2].  

Chapter 5 summarizes findings from a manuscript describing the 

development of an RPA assay to detect Entamoeba histolytica. The manuscript has 

been accepted for publication in the American Journal of Tropical Medicine and 

Hygiene [3].  

Chapter 6 describes the integration of the three individual RPA assays from 

chapters 3-5 into a multiplex assay. The manuscript will be submitted for 

publication in Analytical Chemistry. 

Chapter 7 describes the development of a quantitative RPA assay to detect 

both HIV-1 DNA and an internal positive control. The work and methods used to 

quantify and simultaneously detect two different sequences is relevant to the 

development of multiplex or quantitative RPA assays. The chapter was originally 

published in Analytical Chemistry [4].    

Chapter 8 includes a step-by-step protocol for the methods used in Chapter 

7. The chapter was originally published in the Journal of Visualized Experiments [5]. 
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Chapter 9 describes work that was done to develop sample preparation 

protocols that can be used in a LRS. Portions of this chapter have been published in 

the conference proceedings from the IEEE EMBS Special Topics Conference on 

Healthcare Innovations and Point-of-Care Technologies [6].    

Chapter 10 contains methods and data collected demonstrating RPA 

reactions can be incubated using body heat. This chapter is relevant to the 

development of RPA assays for very low resource settings. The chapter was 

originally published in PLoS ONE [7]. 

Chapter 11 briefly summarizes the conclusions that can be drawn from 

work presented in this thesis.  
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Chapter 2 

Background  

This thesis describes the development and characterization of four nucleic 

acid-based assays that were developed to detect the presence of the diarrhea-

causing protozoa, Cryptosporidium spp., Giardia lamblia, and Entamoeba histolytica. 

This thesis also describes a quantitative assay designed to simultaneously detect 

HIV-1 DNA and an internal positive control that may be of interest to researchers 

seeking to develop multiplex assays. All of these diagnostic assays use an isothermal 

DNA amplification platform called recombinase polymerase amplification (RPA) to 

amplify trace levels of pathogen DNA to detectable levels in just a few minutes.  

Several strategies for implementing RPA assays in a low resource setting (LRS) are 

also described.  
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2.1. Clinical Significance 

According to the most recently published Global Burden of Disease report, 

diarrhea is the third leading cause of death for infectious diseases and one of the 

overall top ten killers of people around the world [8]. In 2010 severe diarrhea was 

responsible for the death of over 1.4 million people, more than malaria or 

tuberculosis, and almost as many as HIV/AIDS. While there are many causes of 

diarrhea that contribute to the overall disease burden, a few are disproportionately 

responsible for most diarrheal deaths; one of these is the protozoa Cryptosporidium.  

Cryptosporidium is a highly infectious and robust water-borne parasite that 

often leads to persistent and severe diarrhea, cramping, and dehydration [9]. In one 

of the largest gastroenterological studies ever conducted, the Global Enteric 

Multicenter Study (GEMS) tracked over 20,000 children around the world and found 

the odds ratio of dying were 8.5 fold higher for children with moderate-to-severe 

diarrhea and that most of the deaths before the age of two years of age could be 

attributed to one of four pathogens, including Cryptosporidium [10]. Because 

Cryptosporidium oocysts are so small and robust, they can easily contaminate water 

supplies, even in areas with advanced water treatment facilities. For example, in 

1994 the water supply in the city of Milwaukee was contaminated, resulting in over 

400,000 cases of cryptosporidiosis [11].  

Similar to Cryptosporidium, infection with other waterborne protozoa such as 

Giardia lamblia or Entamoeba histolytica is highly associated with persistent 

diarrhea and disproportionately affects children and immune compromised 
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individuals [9]. Among nonfatal diarrhea episodes, infection with protozoan 

parasites can lead to malnutrition and have severe impacts on growth and cognitive 

development. Bartelt et al. found that Giardia infection causes significant 

remodeling of the intestinal lining and enhances the effects of malnutrition [12]. 

Additionally, Ignatius et al. and Al-Mekhlafi et al. have gathered compelling evidence 

showing infection with diarrheal protozoa is highly associated with children being 

significantly underweight [13], [14].	  Another	  large,	  multicenter	  study,	  the	  “Etiology,	  

Risk Factors, and Interactions of Enteric Infections and Malnutrition and the 

Consequences for Child Health (MAL-ED)	  Study”	  is	  currently	  underway	  to	  better 

understand the role that specific diarrheal pathogens play in growth faltering and 

delayed cognitive developments [15]. 

Respiratory infections and diarrhea are the two leading causes of death 

among children, accounting for almost 30% of all childhood deaths [16].  Walker et 

al. found that annually there are more than 1.7 billion cases of childhood diarrhea 

leading to over 700,000 deaths per year in children under 5 years, most of which are 

vaccine preventable or easily treatable with drugs when properly diagnosed. The 

fact that so many of these deaths are preventable has led UNICEF and the World 

Health Organization to develop a global action plan to end preventable childhood 

deaths from pneumonia and diarrhea by 2025 [17]. One of the cornerstones of this 

plan is effective case management in health facilities, including delivering the 

appropriate treatment to patients who are infected with pneumonia and diarrhea, 

management that can happen only if clinicians have the tools available to rapidly 

diagnose the cause of infection and to deliver the recommended treatment.   
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2.2. Diagnosing Diarrhea – Challenges in Low Resource Settings 

 All protozoa-caused diarrhea presents in the clinic with symptoms of 

persistent, loose, watery bowel movements [9]. While Cryptosporidium, Giardia and 

Entmoeba all present similarly, each has a different recommended first line therapy, 

underscoring the need for effective and reliable diagnostics [15]–[17]. When the 

correct treatment is administered promptly, protozoa-caused diarrhea typically 

resolves quickly. For this reason, when diagnostics are readily available, protozoa-

caused diarrhea rarely becomes life threatening. In areas where diagnostics are less 

available and clinicians treat empirically though, it is not uncommon for diarrheal 

symptoms to take much longer to resolve, leading to a much higher mortality rate. 

In developing countries where the greatest burden of diarrhea occurs, the 

cause of diarrhea is traditionally determined using stool smear or Ziehl-Neelsen 

microscopy[9]. Unfortunately, microscopy can miss 25% to 50% of cases and does 

not allow for the differentiation of morphologically similar species that may not be 

infectious. In 2014 Liu et al. published results from a large multicenter study that 

examined how the cause of diarrhea is diagnosed around the world [18]. They found 

that traditional methods of diagnosis such as culture and enzyme linked 

immunosorbent assays (ELISA) demonstrate sensitivities of 20% to 75%, mis-

diagnosing up to 80% of cases. Liu et al. went on to test several nucleic acid-based 

diagnostic tests on over 1,500 stool samples. They showed that nucleic acid based 

tests demonstrate significantly greater sensitivity, reliability, and reproducibility 

compared to all other diagnostic methods.  However, while highly sensitive, most 
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nucleic acid-based tests, such as polymerase chain reaction (PCR), require 

infrastructure, refrigerated enzymes, and thermal cycling equipment that often 

make the tests difficult to implement outside of centralized reference laboratories. 

For example, Taniuchi et al. developed highly sensitive, high throughput PCR that 

was capable of detecting seven different types of diarrheal pathogens [22]. While 

simultaneously detecting seven parasites is extremely useful in the clinic, this assay 

required the use of not only a thermal cycler, but also a Luminex bead-based 

detection system. 

To guide the development of nucleic acid tests that are appropriate for low 

resource settings, the World Health Organization created the ASSURED criteria [23]. 

ASSURED stands for Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, 

Equipment-free, and Deliverable. Originally developed for HIV diagnostics, the 

ASSURED criteria are frequently considered when developing any type of diagnostic 

for users in low resource settings. Currently available diarrhea diagnostics like 

microscopy fail the sensitivity criteria, whereas the nucleic acid tests fail in the 

affordable, equipment-free, and deliverable criteria. These criteria are important to 

consider when developing NA diagnostic tests.  

2.3. Isothermal Nucleic Acid Amplification 

A number of isothermal nucleic acid amplification methods were developed 

to alleviate the requirement for the expensive thermal cycling equipment associated 

with PCR. These include nucleic acid sequence based amplification, rolling circle 
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amplification, strand displacement amplification, and recombinase polymerase 

amplification among others [24]–[29].  These isothermal amplification platforms 

typically only require a fixed temperature heater (roughly an order of magnitude 

cheaper than the thermal cycling equipment required of PCR), allowing them to be 

implemented in lower resource settings than traditional nucleic acid platforms.  

Of the existing isothermal amplification platforms, recombinase polymerase 

amplification (RPA) offers significant advantages [30]. RPA enzymes are provided 

lyophilized and can easily be transported around the world without refrigeration, 

they function at lower temperatures (room temperature to body temperature), and 

they only require the use of 2-3 DNA primers. Perhaps most significantly, RPA tests 

can easily be performed in the field with results read using lateral flow strips similar 

to home those used in home pregnancy tests. 

Rather than use thermal cycling to allow primers to bind to their 

complementary sites, RPA uses recombinase driven strand exchange to allow 

primers to bind without global melting of the template DNA. The resulting 

complexes are stabilized with single stranded binding proteins and the primers are 

then extended with a strand displacing DNA polymerase.   

As described by Piepenburg et al, in order to enhance specificity and reduce 

primer artifact, RPA reaction may employ a probe-based detection method [29] . 

RPA probes contain a tetrahydrofuran abasic site in the middle of the probe that is 

flanked	  by	  a	  fluorescence	  label	  and	  a	  quencher.	  The	  3’	  end	  of	  the	  probe	  contains	  a	  

blocker that prevents the probe from acting as a primer. Only after the probe binds 
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to the complementary DNA sequence and forms a double stranded complex is the 

abasic site recognized by the double-strand-specific E. coli endonuclease. The 

endonuclease cleaves the abasic site separating the fluorescence label and the 

quencher, generating a measureable fluorescence signal and a	  free	  3’	  OH-end on the 

5’	  remnant of the probe. The probe may then function as an amplification primer 

and be extended.  

Probes used for lateral-flow	  based	  detection	  contain	  the	  abasic	  site	  and	  the	  3’	  

blocker as with the fluorescence-based detection probes, however instead of the 

fluorophore and quencher that flank the abasic site, the lateral flow probes contain a 

5’	  label	  (typically	  fluorescein).	  When	  the	  abasic	  site	  is	  cleaved,	  the	  5’	  remnant	  

containing the label is extended. RPA reactions utilizing a lateral-flow based 

detection format	  also	  contain	  a	  reverse	  primer	  with	  a	  5’	  biotin,	  which,	  in	  the	  

presence	  of	  a	  5’	  labeled	  RPA	  probe	  results	  in	  dual	  labeled	  amplicons.	   

RPA assays with simple lateral flow readouts have been developed to 

diagnose a number of infectious diseases including Chlamydia and Human 

Immunodeficiency Virus among others [31], [32]. Rohrman and Richards-Kortum 

showed that RPA assays can amplify DNA in a simple, disposable, paper and plastic 

device [32]. The combination of an affordable paper and plastic platform and lateral 

flow strip visualization of results means that RPA tests have the potential to be 

implemented almost anywhere. 

RPA assay results may also be read using fluorescence detection instead of 

lateral-flow strips. While fluorescence equipment is less amenable to low-resource 
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settings, continually monitoring fluorescence output during reactions can provide 

quantitative or semi-quantitative information about target concentration. For 

certain diseases, this additional information can be of clinical significance. Previous 

work by Amer et al. and Euler et al. shows a clear relationship between the 

concentration of target in an RPA reaction and the onset of detectable fluorescence 

[33], [34]. This data suggests the potential to build a quantitative RPA assay using a 

standard curve to predict the concentration of unknown samples, although this has 

not yet been definitively demonstrated. Because RPA functions at a single 

temperature, it lacks predictable cycles like PCR that make it easy to reference a 

standard curve and back-calculate the starting concentration of samples; this 

challenge may partially explain why others have yet to develop quantitative RPA 

assays. 

The use of a fluorescence reader also has the notable benefit of 

distinguishing between probes with different emission wavelengths, allowing for 

the simultaneous detection and differentiation of multiple DNA targets.  For 

example, Hill-Cawthorne el al. developed a fluorescence based RPA assay to detect 

methicillin-resistant Staphylococcus aureus (MRSA) [35]. The assay used two 

different fluorescence probes to simultaneously detect an internal positive control 

and several different MRSA genotypes. The ability to simultaneously detect two 

different targets greatly expands the utility of any assay. 

Others have tackled the challenge of detecting multiple targets by running a 

patient sample through a panel of different reactions. In a different study, Euler et al. 
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developed a panel of ten RPA assays that could detect ten different biothreat agents 

including Francisella tularensis, Yersinia pestis, Bacillus anthracis, variola virus, Rift 

Valley fever virus, Ebola virus, Sudan virus, and Marburg virus [36].  These types of 

syndromic panels, while undoubtedly useful for differentiating between diseases 

that present similarly, increase the cost per patient dramatically because ten 

different reactions must be run with a commensurate ten-fold increase in cost.  

In contrast to running completely separate reactions for different targets, 

Lutz	  et	  al.	  developed	  a	  “foil”	  that	  automatically	  splits a single RPA reaction into five 

separate chambers when centrifugal force is applied [37]. Lutz originally designed 

the foil to run replicates of the same reaction, but this type of foil could easily be 

adapted to divide a patient sample and all the RPA enzymes and buffers into several 

chambers, each containing a primer set for a different target. Parallelizing and 

miniaturizing reactions for different targets would significantly reduce the enzyme 

costs and the number of user steps; however it is unclear how the additional cost of 

manufacturing	  the	  “foil”	  would affect the overall cost per patient sample. Regardless 

of the approach, simultaneous detection of multiple pathogens would allow the 

development of syndromic panels that would be of great clinical value.  

This thesis describes the development of several RPA assays designed to 

address the shortcomings of currently available diarrheal diagnostics. Included are 

details on the development of RPA assays to diagnose Cryptosporidium spp., Giardia 

lamblia, and Entamoeba histolytica; a multiplex assay that can diagnose all three 
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simultaneously; a quantitative HIV-1 RPA assay; and strategies to allow easier 

implementation of RPA assays in low resource settings.
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Chapter 3 

A Nucleic Acid Test to Diagnose Cryptosporidiosis: Lab 

Assessment in Animal and Patient Specimens* 

*The contents of this chapter have been published previously in the journal article: Z. A. 

Crannell, A. Castellanos-Gonzalez, A. Irani, B. Rohrman, A. C. White, and R. Richards-Kortum, 

“Nucleic	  Acid	  test	  to	  diagnose cryptosporidiosis: lab assessment in animal and patient 

specimens.,”	  Anal.	  Chem.,	  vol.	  86,	  no.	  5,	  pp.	  2565–71, Mar. 2014. 

3.1. Abstract 

Diarrheal diseases cause more morbidity and mortality around the world 

than HIV, malaria or tuberculosis.  Given that effective treatment of persistent 

diarrheal illness requires knowledge of the causative organism, diagnostic tests are 

of paramount importance. The protozoan parasites of the genus Cryptosporidium are 

increasingly recognized to be responsible for a significant portion of diarrhea 

morbidity. We present a novel nucleic acid test to detect the presence of 
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Cryptosporidium species in DNA extracted from stool samples. The assay uses the 

isothermal amplification technique Recombinase Polymerase Amplification (RPA) to 

amplify trace amounts of pathogen DNA extracted from stool to detectable levels in 

30 minutes; products are then detected visually on simple lateral flow strips. The 

RPA-based Cryptosporidium assay (RPAC assay) was developed and optimized using 

DNA from human stool samples spiked with pathogen. It was then tested using DNA 

extracted from the stool of infected mice where it correctly identified the presence 

or absence of 27 out of 28 stool samples. It was finally tested using DNA extracted 

from the stool of infected patients where it correctly identified the presence or 

absence of 21 out of 21 stool samples. The assay was integrated into a foldable, 

paper and plastic device that enables DNA amplification with only the use of 

pipettes, pipette tips, and a heater. The performance of the integrated assay is 

comparable to or better than PCR, without requiring the use of thermal cycling 

equipment. This platform can easily be adapted to detect DNA from multiple 

pathogens. 

3.2. Introduction 

Despite advances in diagnosis and treatment, diarrheal illness remains one of 

the leading causes of morbidity and mortality in the developing world[8], [38]. 

Parasitic infections are typically responsible for episodes of persistent diarrhea, 

which in turn can lead to dehydration, wasting, and frequently death [39]–[41]. 

Cryptosporidium spp. are increasingly being found to be responsible for these 
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persistent diarrheal episodes, accounting for 20% of diarrheal morbidity in children 

in both developed and developing countries [9]. Cryptosporidium is a particular 

threat for individuals with HIV, affecting them more than any other diarrheal 

parasite [38]. 

Current diagnostic methods for cryptosporidiosis are suboptimal leading to 

misdiagnosis or inappropriate treatment. In many cases, because it requires 

specialized tests, clinicians do not even test for Cryptosporidium in high risk 

populations [42]. The traditional approach to identify stool parasites relies heavily 

on microscopic analysis of stool smears. Even with a highly trained laboratory 

technician using appropriate methods, microscopic identification of stool parasites 

using acid fast staining has a high limit of detection (~50,000-500,000 oocysts per 

gram of stool) [43]. The limit of detection of microscopy is higher than that 

associated with many clinically significant infections, where the number of 

organisms can range from as few as 103 oocysts per gram of stool to more than 107 

oocysts per gram of stool [44]. Fluorescent stains, such as Auramine O, are more 

sensitive than acid fast staining; however, the frequency of false positive tests led 

the CDC to recommend that diagnosis by fluorescence microscopy be confirmed 

with a secondary test such as an immunofluorescence antibody (IFA) test or an 

enzyme linked immunosorbent assay [45]. Both IFA tests and fluorescence staining 

require the use of a fluorescence microscope, limiting their usefulness in low 

resource settings. Enzyme-linked-immunosorbent-assays (ELISA) and lateral flow 

tests that rely on antibodies have been developed to detect parasite antigens; 
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however, their reported sensitivity in the field varies widely. In a multicenter, 

blinded study the four leading commercial assays demonstrated clinical sensitivities 

between 47.2% and 68.8% [46].  

The gold standard for Cryptosporidium detection is widely considered to be 

PCR, with a limit	  of	  detection	  (LOD)	  of	  ≤103 oocysts per gram of stool [47]. Because 

of the increased sensitivity associated with PCR as compared to microscopic 

methods, the rate of detection of Cryptosporidium and other intestinal parasites is 

nearly twice as high with nucleic acid-based tests [48]. Despite these advantages, 

PCR still requires the use of thermal cycling equipment. Because of the high cost 

associated with thermal cyclers ($3,000-$10,000), there is a high investment burden 

on clinics or labs wishing to conduct PCR. For this reason PCR assays are typically 

only available in reference laboratories and are seldom used for initial diagnosis. 

A number of isothermal nucleic acid amplification techniques have been 

developed to enable performance of nucleic acid testing outside of reference labs. 

Nucleic Acid Sequence Based Amplification, Loop-Mediated Amplification, Rolling 

Circle Amplification, Strand Displacement Amplification, and Recombinase 

Polymerase Amplification among others have been explored [24]–[29], [49].  

Recombinase Polymerase Amplification (RPA) offers significant advantages over 

other isothermal amplification techniques because of its speed and low temperature 

requirements.	  RPA	  is	  an	  isothermal	  process	  that	  functions	  efficiently	  between	  25⁰C	  

and	  42⁰C [29]. Because the RPA enzymes function well between room temperature 

and body temperature, it is theoretically possible to completely alleviate the need 
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for heating equipment. The reaction enzymes are stable in dried formulation and 

can be safely stored without refrigeration for point-of-care use for up to a year [50]. 

Perhaps most significantly, with simple primer modifications, it is possible to detect 

RPA amplicons using commercially available lateral flow strips. Using this 

technology, we developed an RPA-based Cryptosporidium assay (RPAC) to detect 

DNA from Cryptosporidium spp. using nucleic acid isolated from stool samples. 

3.3. Materials and Methods 

3.3.1. Ethics Statement 

All human stool samples were collected from normal healthy volunteers 

according to Rice University IRB approved protocol 11-101E. Informed, written 

consent was given by all human volunteers. Animal testing was completed in 

Galveston, TX at the University of Texas Medical Branch in compliance with the 

Animal Welfare Act (Public Law 89-544) and university protocols (IACUC approval 

#1005021A).  

3.3.2. Study Design 

The objective of this study was to develop, optimize, and evaluate the 

performance of a new RPAC assay to detect Cryptosporidium in stool samples.  

Controlled laboratory experiments were first performed to optimize assay 

parameters and evaluate assay performance using samples spiked with oocysts 

spanning a clinically relevant range of concentrations. Assays were performed in 
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triplicate or quadruplicate, as described below.  In all cases, positive and negative 

test results were objectively determined using a pre-determined signal-to-

background ratio (SBR) threshold; no data were excluded from analysis.  

Once optimized, experiments were performed to assess the performance of 

the RPAC assay using stool samples from 18 animals infected with Cryptosporidium 

and 10 healthy controls.  The sample size of the pilot animal study was based on the 

availability of banked samples.  Finally, the RPAC assay was performed using 

banked stool samples from 10 patients with cryptosporidiosis and 10 healthy 

volunteers.  The sample size of the pilot pre-clinical study was based on the number 

of banked stool samples available from state health authorities. Positive or negative 

RPAC assay results were determined using the same pre-determined threshold; 

results of the RPAC assay were compared to the gold standard of PCR which was 

performed in duplicate. The RPAC assay and PCR testing of animal and human 

samples were performed at separate institutions by different operators, with the 

RPAC assay operator blinded to whether specimens were from healthy or infected 

subjects.  No data were excluded from analysis.  

3.3.3. RPAC Assay Development and Optimization 

The RPAC assay was initially developed using the TwistAmp Basic kit 

(TwistDX, UK). TwistAmp Basic reactions were performed according to the 

manufacturer’s	  recommended	  protocols	  with	  the	  amplified	  products	  detected	  via	  

gel electrophoresis.  
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A 208 base pair DNA target sequence specific to Cryptosporidium spp. was 

selected on the 18S RNA gene as an RPA target. A number of forward and reverse 

primers were screened for their ability to efficiently amplify the 18S gene target 

(data	  not	  shown).	  The	  forward	  primer	  (RPAF6:	  5’-

GTGGCAATGACGGGTAACGGGGAATTAGGG-3’)	  and	  reverse	  primer	  (RPAR7:	  5’-

AATTGATACTTGTAAAGGGGTTTATACTTAACTC-3’)	  were	  ultimately	  selected	  based	  

on their ability to consistently amplify the targeted sequence. All primers and 

probes were purchased from Integrated DNA Technologies (Coralville, IA).  

RPA reactions were mixed in sterile 1.5 mL screw-top microcentrifuge tubes 

according	  to	  the	  manufacturer’s	  instructions,	  then  incubated at 37°C for 30 minutes 

(optimal time identified from experiments with times ranging from 10-40 minutes; 

data not shown). The reaction was stopped and products were purified using the 

Qiagen	  MiniElute	  PCR	  Purification	  Kit	  according	  to	  the	  manufacturer’s	  

recommended protocol (Germantown, MD). Amplified products were 

electrophoresed on a 3% agarose gel and read with a Bio Rad Gel Doc XR+ gel 

reader. 

As a proof of concept, we went on to develop a lateral flow RPAC assay to 

detect Cryptosporidium spp. using commercially available lateral flow strips 

(HybriDetect MGHD1, Milenia Biotec, Germany). The lateral flow strips contained a 

sample pad with dried gold nanoparticles that were conjugated to rabbit anti-FITC 

antibodies; streptavidin was immobilized at the detection line on the lateral flow 

strip. Dual-labeled	  RPA	  products	  with	  a	  5’FITC	  label	  on	  one	  strand	  and	  a	  5’biotin	  
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label on the complementary strand attached to the anti-FITC gold. The DNA-gold 

conjugates were then captured at the streptavidin detection line. The strips also 

contained a control line functionalized with anti-rabbit antibody that captured any 

anti-FITC gold nanoparticles not captured at the detection line. This is shown 

schematically in Figure 2A. 

Dual labeled RPA products are generated with the TwistAmp nfo kit 

(TwistDx, UK) using an unlabeled forward primer, a biotin labeled reverse primer, 

and	  a	  TwistAmp	  LF	  probe.	  The	  TwistAmp	  LF	  probe	  has	  a	  3’	  blocker	  and	  an	  internal	  

abasic site that replaces a nucleotide. The LF probe binds to the single-stranded, 

antisense DNA generated by the biotin labeled reverse primer. In turn, an 

endonuclease	  cuts	  the	  probe’s	  internal	  abasic	  site,	  unblocking	  the	  end	  of	  the	  probe	  

and allowing it to act as a primer. A polymerase then extends the probe and 

generates a dual labeled RPA product that can be detected using a lateral flow strip. 

Generation of these dual-labeled products required a biotin labeled reverse primer 

(5’-Biotin-AATTGATACTTGTAAAGGGGTTTATACTTAACTC-3’)	  as	  well	  as	  the	  

addition	  of	  a	  FITC	  labeled	  probe	  (5’-FITC-

ACAGGGAGGTAGTGACAAGAAATAACAATA-idSp-AGGACTTTTTGGTTTTGTA-3SpC3-

3’).	   

As with the basic reactions, the reactions using lateral flow detection were 

incubated	  for	  30	  minutes	  at	  37⁰	  C.	  After	  incubation,	  two	  microliters	  of	  amplified	  

products were added directly to 98 µL running buffer (supplied with the 

HybridDetect lateral flow strips), briefly vortexed, and 10 µL of the diluted products 
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were added to a Milenia HybridDetect lateral flow strip. The sample-end of each 

strip was then placed into a well of a 96-well plate containing 100 µL running buffer. 

After three minutes, the strips were removed and scanned using a flatbed scanner. 

3.3.4. Image Analysis to Assess Test Results  

Positive test results contain two visible lines: a control line next to the 

absorbent pad indicating the test ran successfully and a second line next to the 

sample pad indicating the presence of Cryptosporidium. Generally the distinction 

between a positive and negative test result was visually apparent – a negative test 

result had only a single control band visible. Occasionally it was difficult to 

determine whether a faint test band qualified as a positive or negative test result. To 

resolve this issue, we determined a signal-to-background ratio (SBR) threshold to 

differentiate a positive test result from a negative test result. This was done by 

scanning images of 10 negative control strips. Using a custom-built Matlab script 

(Mathwork, Natick, MA), the signal-to-background ratio (SBR) of each test line was 

calculated by dividing the average signal intensity of the test line by the average 

signal intensity of the area surrounding the test line. For the 10 negative controls, 

we calculated the average SBR and standard deviation. A positive SBR threshold was 

set at the average of the 10 negative controls plus three times their standard 

deviation.  
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3.3.5. DNA Extraction from PBS Spiked with Oocysts 

The RPAC assay was evaluated using DNA extracted from PBS solutions 

containing Cryptosporidium parvum oocysts in PBS purchased from Waterborne, Inc 

(New Orleans, LA). Oocysts was serially diluted to create 450 µL solutions with 106, 

105, 104, 103, 102, 101 oocysts/mL PBS. Total nucleic acids were extracted from each 

solution	  using	  a	  modified	  protocol	  for	  Qiagen’s	  QIAamp	  DNA	  mini	  kit	  (Qiagen,	  

Germantown, MD). After total nucleic acids were extracted, they were used as a 

template for the RPAC assay described above. Negative controls containing PBS 

without oocysts also underwent the modified extraction protocol as well as the 

RPAC assay. 

Briefly, the modified nucleic acid extraction protocol consists of the following 

steps. Each tube containing sample was centrifuged for five minutes at 4,000 g. The 

supernatant was removed and 180 µL buffer ATL and 20 µL proteinase K was added 

to each tube (all buffers supplied with the QIAamp kits). The tubes were vortexed 

continuously for one minute then set to incubate in a heat block at 55°C for two and 

a half hours. During incubation, the samples were briefly vortexed every 30-45 

minutes. After incubation, 200 µL buffer AL was added to each tube. Samples were 

vortexed 15 seconds then set to incubate in a heat block at 70°C for 10 minutes. 

After incubation, 200 µL of ethanol was added to each tube and total nucleic acids 

were purified using a QIAamp DNA Mini Spin Column (Qiagen, Germantown, MD) 

according	  to	  the	  manufacturer’s	  instructions.  
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3.3.6. DNA Extraction from Stool Spiked with Oocysts 

Uninfected stool samples were collected from healthy volunteers in Houston, 

TX according to Rice University IRB approved protocol 11-101E. Volunteer stool 

samples were used fresh within one day. DNA from oocysts spiked into fresh stool 

samples was extracted using the Autogen Quickgene DNA tissue kits (Holliston,MA) 

and the Autogen QuickGene-Mini80 DNA extraction device. Two hundred and fifty 

microliters of stool diluted with PBS (50% stool, 50% PBS) was incubated with the 

supplied	  tissue	  lysis	  buffer	  and	  proteinase	  K	  for	  one	  hour	  at	  80⁰C.	  The	  stool	  samples	  

were then centrifuged at 8,000 g for five minutes. The supernatant was removed, 

added to a tube containing 180 µL of the second supplied lysis buffer, vortexed for 

15	  seconds,	  and	  incubated	  for	  ten	  minutes	  at	  80⁰C.	  Lastly,	  240	  µL	  of	  ethanol	  was	  

added to the lysate and vortexed for 15 seconds. The lysate was added to a DNA 

binding column and washed three times using the supplied washing buffer. Nucleic 

acids were eluted in 200 µL of the supplied elution buffer or water. 

3.3.7. Testing the Specificity of the RPAC Assay 

The RPAC assay was tested for specificity against a number of other 

organisms that present similarly in the clinic. Purified nucleic acids prepared from 

cultures of Clostridium difficile, Salmonella enterica, Giardia intestinalis, and 

Blastocystis hominis were purchased from ATCC (Manassas, VA). DNA was also 

extracted from a stool sample that tested positive for Fasciola by PCR and 

microscopy. Ten microliters of DNA (100 ng DNA per µL) from each extraction was 
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used as a template in an RPA reaction with the lateral flow RPAC assay. A positive 

control containing DNA extracted from 106 Cryptosporidium oocysts/mL PBS (8.4 ng 

DNA per µL) and a negative control containing no template DNA were also tested. 

DNA extractions from non-Cryptosporidium organisms contained an excess 

concentration of DNA to ensure that RPAC assay negativity was not due to lack of 

DNA. 

3.3.8. Testing the RPAC Assay with Stool Samples from Infected Animals 

To test the performance of the RPAC assay using stool from infected animals, 

SCID- beige mice were infected orally with 1 X 106 Cryptosporidium parvum oocysts 

(Iowa strain) by gavage. After four days of infection the mice were treated daily for 

10 days with 1000 mg/kg of Paromomycin, 100 mg/kg of pyrazolopyrimidine, or 

placebo.  Negative controls included uninfected animals.  Stool pellets were 

collected at various time points and stored at -20⁰	  C	  until	  DNA	  was	  extracted	  and	  

tested for Cryptosporidium infection by real time qPCR. For DNA extractions 25 mg 

of stool from each mouse was used. DNA was extracted and purified using the 

QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA). The purity and concentration of 

DNA was determined by spectrophotometry using a Nanodrop (Thermo scientific, 

Wilmington, DE).  

The parasite burden was determined by real time qPCR using the Applied 

Biosystems ® 7500 Real-Time PCR Systems (Life technologies, Grand Island, NY), 

the Platinum SYBR Green qPCR SuperMix-UDG Kit (Life technologies, Grand Island, 
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NY), and primers for the C. parvum CP23 gene (CP-F: CAATCAGCAACCAAGCTCAA 

and CP-R:TTGTTGAGCAGCAGGTTCAG). The conditions for PCR were: 5 minutes 95° 

C X 1 cycle, 15 seconds at 95° C, 1 min at 66° C X 60 cycles. To test the specificity of 

the primers, an additional dissociation stage was added at the end of the reaction for 

dissociation curve analysis. A standard curve was generated from serial dilutions of 

DNA from a known number of parasites and was included in each reaction plate.  

Extracted DNA samples from 18 infected and 10 uninfected mice were 

blinded for RPA testing and results were compared to that of PCR.   

3.3.9. Testing the RPAC Assay with Stool Samples from Infected Patients 

and Healthy Controls 

Human stool samples from ten infected patients were generously provided 

by the Texas Department of State Health Services Lab under a material transfer 

agreement. All stool samples were stored in liquid Zinc-polyvinyl alcohol (Zn-PVA) 

and were previously confirmed to be infected with Cryptosporidium by a regional 

reference lab using the acid-fast staining method. DNA was extracted from each 

sample. The extracted DNA was tested for the presence of the Cryptosporidium CP23 

gene using PCR with amplified products detected via gel electrophoresis and 

quantified via qPCR. Extracted DNA from these 10 samples along with 11 samples 

from healthy volunteers was tested using the RPAC assay; samples were coded so 

that the individual performing RPA did not know whether the specimen came from 

a patient or a healthy volunteer.  
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3.3.10. Evaluating the RPAC Assay in a Paper and Plastic Device 

We previously described a paper and plastic foldable device designed to 

facilitate RPA use in low-resource settings [32].  This RPA device was used to 

perform the RPAC assay using DNA from the 10 infected human samples and the 11 

uninfected control samples. 

Briefly, the devices were constructed of five components cut with a laser 

cutter. Components consisted of an acetate base layer, a double-sided adhesive layer 

for alignment, a cellulose wicking strip patterned with melted wax, a cellulose 

master mix pad, and a glass fiber pad for holding magnesium acetate. All 

components were purchased from Grafix (Maple Heights, OH), GE Healthcare 

(Waukesha, WI), or Millipore (Billerica, MA). Devices were assembled by stacking 

components.  

Once assembled, the devices were used as a platform for the lateral flow 

RPAC assay. First, the reagents were added to their respective pads: the master mix 

pad received 37.5 µL of master mix containing rehydration buffer, water, primers, 

and probes while the Magnesium acetate pad received 2.5 µL of Magnesium acetate. 

The wicking strip was placed into a tube containing extracted DNA to capture 10 µL 

of solution containing template DNA. The wick was then folded down to bring the 

template DNA into contact with the master mix pad. Lastly, the reaction was 

initiated by folding the device in half to bring the Magnesium acetate pad into 

contact with the sample wick and master mix pads. The sealed device was then 

incubated	  on	  a	  heat	  block	  at	  37⁰C	  for	  30	  minutes. 
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After incubation, the devices were removed from the heat block and peeled 

open. Two microliters were taken from the master mix pad with a pipette and 

diluted with 98 µL of running buffer. Ten microliters of each dilution were added to 

the sample-end of a Milenia lateral flow detection strip which was then placed into 

an individual well of a 96 well plate containing 100 µL running buffer. After three 

minutes, the strips were removed and scanned using a flatbed scanner. 

3.4. Results 

3.4.1. Performance of the RPAC Assay in Solution with Spiked Stool 

Samples 

Using total nucleic acids extracted from PBS containing oocysts, amplified 

products from as few as 103 oocysts/mL PBS were detectable via gel electrophoresis 

(Figure 1A). When using nucleic acids extracted from stool, amplified products from 

as few as 104 oocysts/mL stool are detectable via gel electrophoresis (Figure 1B). 
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Figure 1: Gel detection of RPA products. Amplified products were detected using 
gel electrophoresis stained with ethidium bromide. Using DNA extracted from 
oocysts spiked into PBS, RPA products from as few as 103 oocysts/mL PBS (A) are 
visible on the gel. Using DNA extracted from oocysts spiked into uninfected stool 
samples from healthy volunteers, RPA products from as few as 104 oocysts/mL 
stool (B) are visible on the gel. 

As seen in Figure 1B, RPA products amplified from as few as 102 oocysts/mL 

PBS could be detected visually using lateral flow strips (objective determination of a 

positive versus a negative test result outlined previously in the methods section). It 

should be noted that the performance using lateral flow strips is one to two orders 

of magnitude more sensitive than detection of products by gel electrophoresis. 

Similarly, RPA lateral flow reactions were performed using template DNA extracted 

from stool spiked with oocysts. As shown in Figure 1C, products amplified from as 

little as 102-103 oocysts/mL stool could be detected visually. 
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Figure 2: Lateral flow detection of RPA products. Dual labeled amplicons can be 
detected visually using lateral flow strips (A). Anti-FITC conjugated gold 
nanoparticles dried in the sample pad bind to the FITC label on RPA amplicons. Gold 
nanoparticles wick down the strip where amplicon bound nanoparticles are 
captured at the streptavidin detection line and those nanoparticles not bound to 
amplicons are captured at the positive control line. RPA products from DNA 
extracted from as few as 102 oocysts/mL PBS (B) can be detected visually. RPA 
products from DNA extracted from as few as 102 oocysts/mL stool (C) can be 
detected visually.  

3.4.2. RPAC Assay Consistency 

The assay was repeated multiple times using aliquots from the same sample 

in order to assess the intra-sample variability of the RPAC assay. Nucleic acids were 

extracted from stool samples spiked with varying concentrations of oocysts (102-
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106 oocysts/mL stool). Three separate RPAC assays were performed on aliquots 

from each of the DNA extractions in order to assess the variability in assay results 

between samples. For every concentration tested, all three RPAC assay repeats 

yielded the same result, consistently detecting as few as 102 oocysts/mL stool 

(Figure A 1, Appendix). 

Sample-to-sample consistency was also determined by repeatedly (n=4) 

creating serial dilutions of stool with varying concentrations of spiked oocysts. 

Nucleic acids from each spiked stool sample were extracted and tested using the 

RPAC assay and PCR. The RPAC assay performed well when benchmarked against 

PCR, consistently demonstrating equal or better performance (Table 1). Calculated 

oocysts per reactions were based on starting concentration of oocysts per mL stool, 

amount of stool used in each extraction, elution volume, and volume of DNA elution 

used per reaction according to details described in the Methods sections.  

Concentration 
(oocysts/mL) 

Calculated oocysts 
per reaction 

Dilution 
Series 1 

Dilution 
Series 2 

Dilution 
Series 3 

Dilution 
Series 4 

  RPAC PCR RPAC PCR RPAC PCR RPAC PCR 
105 625 + + + + + + + + 
104 63 + + + + + + + + 
103 6 + - + + + + + + 
102 ≤1 + - - - + - - - 

0 0 - - - - - - - - 

Table 1: Testing the RPAC assay on different dilution series. To assess sample-
to sample reliability, PCR and the RPAC assay were performed using DNA extracted 
from four separate dilution series of stool samples each containing the various 
concentrations of parasites typically found in stool. The RPAC assay demonstrated 
comparable or better performance compared with PCR.  
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3.4.3. Specificity of the RPAC Assay 

The RPAC assay was tested for specificity using DNA extracted from a 

number of other intestinal pathogens that cause illness with similar clinical 

presentation to Cryptosporidium. The RPAC assay yielded a positive result on the 

lateral flow strip only for the sample containing Cryptosporidium; the test line was 

visually negative for all other organisms tested (Figure 3).  

 

Figure 3: Testing the RPAC assay for specificity. RPA products detected using 
lateral flow RPAC assay yield visually positive results only when tested using DNA 
extracted from PBS spiked with Cryptosporidium; results are visually negative for all 
other organisms tested. 

3.4.4. Performance of the RPAC Assay with Stool Samples from Infected 

Animals and Healthy Controls 

Once the RPAC assay was optimized using spiked samples, it was tested using 

DNA extracted from fecal pellets of 18 Cryptosporidium-infected and 10 uninfected 

mice; quantitative PCR to detect Cryptosporidium DNA was used as a reference 

standard. Visual readout of the lateral flow strips correctly identified the presence of 

Cryptosporidium DNA in each of the infected samples. The RPAC assay correctly 
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identified the absence of Cryptosporidium in 9 out of the 10 uninfected samples 

Table 2. The RPAC assay was falsely positive for one uninfected mouse sample. This 

sample was re-tested using the RPAC assay; results of the second test were negative. 

 RPAC Assay Positive RPAC Assay Negative 
qPCR Negative  1 9 
qPCR Positive  18 0 

Table 2: Performance of RPAC assay relative to qPCR for DNA extracted from 
stools of infected and uninefected mice. 

3.4.5. Performance of the RPAC Assay with Stool Samples from Infected 

Patients and Healthy Controls 

Ten human stool samples clinically verified to contain Cryptosporidium by a 

reference laboratory and eleven stool samples from healthy volunteers presumed to 

be uninfected were de-identified and tested using the RPAC assay.  The samples 

were also tested by real time quantitative PCR and by PCR with gel electrophoresis 

detection (Table 3). All stool samples from infected patients that were verified by a 

reference laboratory to contain Cryptosporidium using acid fast staining also tested 

positive by RPA with lateral flow detection.  PCR with gel electrophoresis was 

positive for six of ten samples, while qPCR was positive for five of nine samples for 

which DNA was available. All stool samples from healthy volunteers tested negative 

by the RPAC assay and PCR (data not shown). While PCR is generally reported to be 

more sensitive than acid fast staining, we hypothesize that PCR may have given 

negative results in some acid-fast positive cases due to degradation of DNA during 
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the eight month interval between when acid fast staining was performed and when 

DNA was extracted.  

Sample 
Number 

Acid 
Fast 

Staining 

RPAC 
Assay 

RPAC 
Device 

PCR/ 
gel 

Real-Time qPCR 
(units = parasites/g 

stool) 
1 + + - - 0 
2 + + - - 0 
3 + + + - 0 
4 + + + + 0 
5 + + + - 5.4x103 
6 + + + + 1.2x107 
7 + + + + 1.5x107 
8 + + + + 1.6x107 
9 + + + + 3.9x108 

10 + + + + DNA not available 

Table 3: Performance of the RPAC Assay compared to various gold standards 

3.4.6. Performance of the RPAC Assay in a Paper and Plastic Device  

We tested all 21 of the human stool samples with the RPAC assay using a 

previously described paper and plastic platform (Figure 4). Results were positive 

for eight of ten infected samples and negative for all of healthy volunteers (Table 3).  
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Figure 4: RPA testing using a paper and plastic foldable device. (A) The 
reagents are first added to their respective pads, (B) the wick is then dipped into the 
tube containing DNA extracted from the stool specimen, (C) and the device is folded 
to initiate and perform the RPA reaction. 

3.5. Discussion 

This paper describes a novel RPA-based assay for Cryptosporidium (RPAC 

assay); in laboratory evaluation, the RPAC assay was positive when tested with DNA 

extracted from stool samples spiked with as few as 100-1,000 oocysts per mL of 

stool (1-10 oocysts/reaction). The RPAC assay further demonstrated specificity 

when tested using a nucleic acid panel of five organisms that cause diarrheal illness 

with clinical signs and symptoms similar to cryptosporidiosis.  

In pre-clinical testing, the RPAC assay properly detected Cryptosporidium in 

DNA extracted from 18/18 infected mouse stool samples and 10/10 infected human 

stool samples; all but one of the 21 negative controls tested negative. When the 

single false positive specimen was retested the RPAC assay accurately identified it 

as negative, indicating that the initial positive reading was likely due to amplicon 

carryover contamination during the RPAC assay set-up. The likelihood of carryover 

contamination can be reduced in the future by implementing the RPAC assay on a 

compact, fully-enclosed device that completely contains the reaction. 

As a step toward demonstrating that the RPAC assay could be performed in a 

low-resource setting, we implemented the assay in a paper and plastic foldable 

device requiring only a micropipette, pipette tips, and a single temperature heater 
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(Figure 4). When implemented in this device, the RPAC assay properly identified 

Cryptosporidium DNA in 8/10 infected human stool samples. The two samples which 

were falsely negative by RPAC assay in the paper and plastic device were also 

negative by PCR, suggesting a low concentration of target DNA available to amplify.  

It is important to note that this paper and plastic device only represents a step 

towards a fully integrated device. Future iterations of the device should provide 

sample to answer results without requiring that the device be unsealed to introduce 

amplified products onto lateral flow strips. While such products currently exist on 

the	  commercial	  market	  (i.e.	  Biohelix’s	  BESt	  Cassette),	  implementation	  on	  a	  paper	  

and plastic substrate would significantly reduce their price and broaden their 

widespread usage.   

A complicating factor in assessing the performance of the RPAC assay with 

clinical samples is the choice of an appropriate gold standard. While PCR is 

generally considered to be the most sensitive test for Cryptosporidium, it was 

negative in several of the clinical samples identified as positive by acid-fast staining. 

RPA is widely considered to be more robust than PCR and we attribute the lower 

apparent sensitivity of PCR to inhibitors found in fixatives compared to that of the 

RPAC assay. The difference could also be due to the different genetic sequences 

targeted by RPA and PCR.  

As described in the methods section, positive and negative results were 

objectively determined by scanning strips and using image analysis software to 

determine whether the signal at the test line exceeded a threshold.  We recognize 
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that a smaller signal-to-background ratio tended to correspond to a lower level of 

infection and that in settings without access to a scanner or image processing 

software, a faint test line might have been considered an indeterminate test result. 

That being said, of the 70 human and mouse results presented in this paper, only a 

single visual determination differed from the objective electronic determination.  

One limitation of the RPAC assay, like all DNA-based assays, is their inability 

to distinguish between viable oocysts and non-viable oocysts. While the ability to 

discern viable, infectious oocysts from non-viable oocysts would be useful to assess 

the efficacy of water treatment methodologies, the RPAC assay was developed with 

clinical use in mind where the presence of any oocysts is of concern. The mRNA-

based platform NASBA identifies only viable oocysts and has demonstrated 

comparable sensitivity as the RPAC assay [51], [52], however RPA offers several 

advantages over NASBA including lower temperature requirements, speed of 

reaction, ease of detection of products, ease of transport, etc. Using industry 

standard water pre-concentration techniques, the RPAC assay could still prove 

useful for water quality assessment approaches that seek to determine whether 

oocysts are present within a sample.  

The primary limitations of our study involve the pilot sample size and 

complexity of sample preparation.  Future field studies with a larger number of 

samples will be necessary to fully characterize the assay performance. Given the 

robustness of oocysts and the inhomogeneity of stool samples, DNA extraction from 

stool samples at the point-of-care is a difficult challenge. Govindarajan et al. have 
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described a field-deployable DNA extraction device that does not require electricity 

and can be used at the point-of-care for viscous samples [53]. This device or a 

similar type of device could be designed to process fresh stool samples at the point-

of-care. 

3.6. Conclusion 

The RPAC assay provides a sensitive nucleic acid test to diagnose one of the 

most common causes of persistent diarrhea. Using RPA reagents that are stable 

enough for use in field studies, Cryptosporidium testing could finally be 

accomplished without the need for expert microscopy or costly thermal cyclers. This 

device could greatly impact the approach to studies of the epidemiology of 

cryptosporidiosis and greatly advance clinical care.  
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Chapter 4 

Recombinase Polymerase Amplification-Based Assay to 

Diagnose Giardia in Stool Samples* 

*The contents of this chapter have been published previously in the journal article: Z. A. 

Crannell, M. M. Cabada, A. Castellanos-Gonzalez, A. Irani, A. C. White, and R. Richards-

Kortum,	  “Recombinase	  Polymerase	  Amplification-Based Assay to Diagnose Giardia in Stool 

Samples.,”	  Am.	  J.	  Trop.	  Med.	  Hyg.,	  Dec.	  2014. 

4.1. Abstract 

Giardia duedoenalis is one of the most commonly identified parasites in stool 

samples. While relatively easy to treat, giardiasis can be difficult to detect as it 

presents similarly to other diarrheal diseases. Here we present a recombinase 

polymerase amplification based Giardia (RPAG) assay to detect the presence of 

Giardia in stool samples. The RPAG assay was characterized on the bench top using 

stool samples spiked with Giardia cysts where it demonstrated a limit-of-detection 
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nearly as low as the gold standard PCR assay. The RPAG assay was then tested in the 

highlands of Peru on 104 stool samples collected from the surrounding communities 

where it demonstrated 73% sensitivity and 95% specificity against a PCR and 

microscopy composite gold standard. Further improvements in clinical sensitivity 

will be needed for the RPAG assay to have clinical relevance.   

4.2. Introduction 

 Diarrheal disease has long been recognized as a leading cause of morbidity 

and mortality around the world. For many years Giardia duodenalis (syn. Giardia 

intestinalis, Giardia lamblia) was thought to be a significant contributor to the global 

burden of diarrheal illness [54]. While recently there has been conflicting evidence 

as to exactly how significant Giardia’s	  contribution	  is	  to	  the	  diarrheal	  burden,	  

Giardia is nonetheless a highly infectious parasite with an infectious dose as small as 

10-25 cysts [55], [56]. Symptoms of Giardia infection (known as giardiasis) include 

watery diarrhea, epigastric pain, nausea, vomiting, and weight loss and these 

symptoms tend to disproportionately affect children and immune-compromised 

individuals [13], [57].  

Diagnosis of Giardia infection is usually based on identification of the cyst or 

trophozoite form of the parasite via stool smear microscopy [9]. While highly 

specific, microscopic identification of Giardia tends to have poor sensitivity with low 

levels of parasitic infection and can require up to three separate stool samples [58]. 

Microscopy requires sample processing with specialized stains and trained 
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microscopists; thus it is usually performed in a centralized laboratory facility. A 

number of nucleic acid-based and antigen-based diagnostic assays for stool sample 

detection of Giardia at the point-of-care are available and have shown impressive 

reliability[22], [59], [60]. Traditional nucleic acid diagnostics such as PCR however 

require the use of expensive thermal cycling equipment, limiting their use to central 

laboratories.  

Recently, a number of nucleic acid amplification techniques have been 

developed that do not require the use of thermal cycling equipment [24]–[27], [29]. 

Among these isothermal amplification platforms, Recombinase Polymerase 

Amplification (RPA) has a number of advantages. RPA can be performed at body 

temperature, theoretically alleviating the need for external heating equipment if 

body heat were to be harnessed to incubate reactions. RPA amplifies target to 

detectable limits in as few as 15 minutes [29], [32]. RPA enzymes are supplied in a 

lyophilized pellet allowing for short term storage and transport at ambient 

temperatures, reducing the need for refrigeration and cold chain storage[61]. 

Additionally, RPA results can be read visually using simple lateral flow strips. 

Here we report the use of RPA technology to develop a Giardia assay (RPAG 

assay) that is capable of detecting the presence of Giardia in nucleic acids extracted 

from stool samples. We initially developed the assay on the bench-top, where it 

demonstrated performance similar to that of the gold standard, PCR. We went on to 

test the RPAG assay on 104 clinical stool samples suspected of containing Giardia. 

Clinical results show 73% sensitivity and 95% specificity compared to a PCR and 
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microscopy composite gold standard. The RPAG assay has the potential to be of use 

for giardiasis diagnosis in locations where thermal cyclers are unavailable.  

4.3. Materials and Methods 

4.3.1. Ethics statement 

For bench top characterization of the RPAG assay stool samples were 

collected from normal, healthy volunteers according to Rice University IRB 

approved protocol 11-101E. Informed, written consent was given by all volunteers. 

Clinical samples were collected from children aged 3-6 years old whose parents 

provided verbal consent in accordance with the UTMB IRB approved protocol 07-

285. 

4.3.2. DNA extraction of stool samples 

For bench top development of the RPAG assay fresh stool samples were 

collected from healthy volunteers and stored with equal parts stool and phosphate 

buffered saline (PBS) according to IRB approved protocol number 11-101E. Stool 

samples	  were	  stored	  at	  4⁰C	  until	  use (up to 48 hours). Aliquots of 250 µL of the 

stool-PBS mixture were spiked with 10 µL PBS containing purified Giardia cysts at 

various concentrations. Giardia duodenalis cysts (genotype assemblage B) were 

purchased from Waterborne Inc. (P101, Waterborne, USA).  
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104 stool samples were collected from children 3 to 12 years old in 6 rural 

communities from Cuzco, Peru (altitude 3,800 m) for epidemiologic studies on 

intestinal parasites. Freshly collected stool was aliquoted into a container with 10% 

formalin and into a separate container with 70% ethanol in the field. Formalin 

preserved stools were evaluated with microscopy by direct, Kato Katz, rapid 

sedimentation in slide, and rapid sedimentation in plate tests to identify protozoan 

and helminths[62]. A specimen was considered positive by microscopy if at least 1 

protozoa was identified in any of the 4 tests. Stools preserved in alcohol were de-

identified and stored at 4° C for 8-12 months until use. Stool collection studies and 

storage of de-identified specimens for future use were approved by the University of 

Texas Medical Branch Institutional Review Board. Parents and children over 6 years 

old provided verbal informed consent and assent, respectively. 

DNA was extracted from stool samples preserved in ethanol using Qiagen 

DNA Mini Kits (#51304, Qiagen, USA) with a modified lysis protocol. Roughly 200 

mg of stool was added to a tube containing 1 mL Biomeriuex NucliSENS Lysis Buffer 

(#200 292, Biomeriuex, France) and Percellys Soil Mix Beads Kit SK38 (#10011195, 

Cayman Chemicals, USA). Each stool sample was then vortexed continuously for five 

minutes. Next, the sample was incubated at room temperature for an additional 15 

minutes before being centrifuged at 16,000 RCF for two minutes to pellet the beads 

and debris.  Two hundred microliters of the supernatant were then removed and 

added to a separate tube containing 25 µL of Proteinase K and 200 µL of supplied 

buffer	  AL.	  The	  sample	  was	  then	  briefly	  vortexed	  and	  incubated	  at	  56⁰C	  for	  15	  



 60 
  

minutes. After incubation, 200 µL of pure ethanol was added to the sample, mixed 

by briefly vortexing, and added to a Qiagen DNA binding column, which was 

centrifuged at 16,000 RCF for one minute. The DNA binding column was finally 

washed with the supplied AW1 and AW2 buffers as recommended by the 

manufacturer before being eluted in 200 µL of the supplied AE Buffer. DNA 

concentration for all clinical samples was measured using spectrophotometery 

(NanoDrop 2000, Thermo Scientific, USA). 

4.3.3. Benchtop PCR 

PCR was performed on all DNA extractions using a commercially available 

primer mix for detecting Giardia (#43810, Norgen BioTek Corp, USA). Personal 

communication with the manufacturer indicated that the primers were designed 

using GenBank sequence KF843939.1[63]. Each PCR reaction contained 10 µl SSO 

Advanced SYBR Green Supermix (#172-5261, BioRad, USA), 2 µl Giardia duodenalis 

primer mix, 5.5 µl DNAse free water, and 2.5 µl purified DNA. All extracted DNA was 

run in duplicate on a real time-PCR system (CFX96 Touch, BioRad, USA), with the 

following cycling conditions: 50°C x 30s, 95°C x 3min, [94° C x 15s, 60° C x 30s, 72° C 

x 45s-plate read] x 42 cycles followed by melting point analysis. All specimens were 

tested by PCR in duplicate. They were classified as positive if there was 

amplification in both replicates before the 40th cycle and the melting point of the 

product	  was	  between	  89.5⁰C	  and	  90.5⁰C.	   
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4.3.4. Bench-top development of the RPAG assay 

A number of Giardia RPA primers were designed for the Giardia beta giardin 

gene (GenBank accession number X85958.1). The primers were screened using 

TwistDx TwistAmp Basic kit (TwistAmp Basic, TwistDx, United Kingdom) and 

nucleic acids extracted from Giardia cysts (Giardia cysts, Waterborne Inc., USA). 

Reactions	  were	  assembled	  according	  to	  the	  manufacturer’s	  instructions.	  Amplified 

products were visualized using gel electrophoresis to determine the optimal 

primers that would reliably and specifically amplify the target sequence (data not 

shown). The RPA forward and reverse primers in Table 4 were found to be optimal. 

They targeted a unique 183 base-pair sequence of Giardia duodenalis. All 

oligonucleotides were purchased from IDT (Integrated DNA Technologies, USA) and 

used at 10 µM concentration.  

Primer Name Sequence 
forward primer 5’-TAC GCT CAC CCA GAC GAT GGA CAA GCC CG-3’ 
reverse primer 5’-TGT GCG ATG GCG TCC TTG ATC ATC TTC ACG C-3’ 
lateral flow reverse primer 5’-biotin-TGT GCG ATG GCG TCC TTG ATC ATC TTC 

ACG C-3’ 
lateral flow probe 5'-FITC-AGA CGG CGG TCA AGC TCA GCA ACA TGA 

ACC/abasic site/GCG CGT CAG CAG GTT - 3SpC3 -3' 

Table 4: RPA primers for amplification of Giardia DNA. 

Lateral flow detection of RPAG assay products was accomplished using the 

TwistDx TwistAmp nfo kit (TwistAmp nfo, TwistDx, United Kingdom) as described 

previously[1]. Briefly, the TwistAmp nfo reactions amplified the target sequence 

using	  a	  forward	  primer,	  a	  5’	  biotin-labeled reverse	  primer,	  and	  a	  5’	  FITC-labeled 
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probe. Amplification using a biotin-labeled reverse primer and a FITC-labeled probe 

resulted in dual labeled amplicons that were detected using commercially available 

lateral flow strips (MGHD 1, TwistDx, United Kingdom).  

The reaction mixture for each RPAG assay contained 2.52 µL forward primer 

(10	  µM),	  2.52	  µL	  5’-biotin	  labeled	  reverse	  primer	  (10	  µM),	  0.72	  µL	  5’-FITC labeled 

probe (10 µM), 3.2 µL nuclease- free water, 29.5 µL supplied rehydration buffer, and 

one supplied lyophilized enzyme pellet. The reaction mixture for each sample was 

combined in a tube with 10 µL of purified DNA, mixed well, and briefly centrifuged 

to pellet the mix. Two point five microliters of magnesium acetate was then added to 

the lid of the tube, and the tube was sealed. The tube was briefly centrifuged to spin 

the magnesium acetate into the reaction mixture and initiate reactions 

simultaneously.	  The	  reaction	  was	  then	  incubated	  at	  37⁰C	  for	  30	  minutes.	  	   

After the incubation, two microliters of amplified product were diluted with 

98 µL of the supplied running buffer. Ten microliters of the diluted products were 

added to the lateral flow strip and the strip was placed in a well of a 96-well plate 

containing 100 µL of running buffer. The sample pad of the lateral flow strips 

contained gold nanoparticles coated with anti-FITC antibodies. The anti-FITC 

antibodies coupled to the FITC on the dual labeled DNA products and wicked down 

the lateral flow strip. At the detection line the biotin on the dual labeled DNA 

products bound to streptavidin on the detection strip. The accumulation of gold 

anchored by the dual labeled RPA products caused a color change at the test line 

that could be seen by the naked eye. After allowing the products to wick up the strip 
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for 5 minutes, each strip was removed and a visual positive/negative determination 

was made. Digital images of the strips were recorded using a flatbed scanner. While 

positive and negative samples could easily be identified using the naked eye, we also 

used a previously described method to objectively differentiate positive from 

negative samples [1]. Briefly, for objective bench-top characterization of positive 

and negative RPAG assay results, lateral flow strips were immediately scanned with 

a flatbed scanner after 5 minutes of lateral flow time. Using the scanned image, the 

signal to background ratio of the test region was calculated using a custom MATLAB 

script. Samples were classified as positive if their signal to background ratio was 

greater than three times the standard deviation of 10 negative samples[64]. Using 

this method, all samples with an SBR value greater than 1.07 were considered 

positive by the RPAG assay. 

The RPAG assay was also tested for its ability to detect both the A and B 

assemblages of Giardia using 2 synthetic reference DNA targets. The assemblage A 

reference sequence was identified by aligning 46 GenBank entries for the Giardia 

beta giardin gene specific to assemblage A (more information in Table A 1, Table A 

2, Table A 3 Appendix). When identifying the reference sequence, any base pair 

discrepancies between GenBank entries were resolved by selecting the base pair 

found in the majority of the entries examined. Assemblage B reference sequence 

was similarly identified using 69 GenBank entries for the Giardia beta giardin gene 

specific to assemblage B. Double stranded synthetic DNA sequences corresponding 
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to the two reference sequences were purchased from IDT (Integrated DNA 

Technologies, USA).  

Synthetic DNA targets corresponding to assemblage A and assemblage B 

were diluted and used in the RPAG assay as described previously. The RPAG assay 

was able to consistently detect as few as 10 copies per reaction (n=7/7) of target 

corresponding to either assemblage (data not shown). 

4.3.5. Specificity testing of the RPAG assay 

The RPAG assay was tested for specificity using DNA extracted from other 

parasites that cause diarrheal illness with similar clinical presentations. These 

parasites included Cryptosporidium parvum, Entamoeba histolytica, Salmonella spp., 

Blastocystis hominis, Dientamoeba fragilis, and Clostridium difficile. DNA 

concentrations varied from 5-100 ng DNA per microliter, but each extraction was 

previously validated by microscopy, PCR, or RPA to contain only the specified 

parasite.  

4.3.6. Testing DNA extracted from clinical samples with the RPAG assay 

and PCR 

DNA was extracted from 104 clinical samples (48 microscopy-positive for 

Giardia and 56 microscopy-negative for Giardia) as previously described. Extracted 

DNA was used in the TwistDx TwistAmp nfo kits as described previously, except 
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instead of using 10 µL of purified DNA with 3.2 µL of water, 13.2 µL of extracted 

DNA was used.  

PCR was also performed on the DNA extractions as previously described 

using a commercially available primer mix for detecting Giardia (#43810, Norgen 

BioTek Corp, USA). Each PCR reaction contained 10 µl SSO Advanced SYBR Green 

Supermix (#172-5261, BioRad, USA), 2 µl Giardia duodenalis primer mix, 5.5 µl 

DNAse free water, and 2.5 µl purified DNA. All extracted DNA was run in duplicate 

on a real time-PCR system (CFX96 Touch, BioRad, USA), with the following cycling 

conditions: 50°C x 30s, 95°C x 3min, [94° C x 15s, 60° C x 30s, 72° C x 45s-plate read] 

x 42 cycles followed by melting point analysis. All specimens were tested by PCR in 

duplicate. They were classified as positive if there was amplification before the 40th 

cycle	  and	  the	  melting	  point	  of	  the	  product	  was	  between	  89.5⁰C	  and	  90.5⁰C.	  Any	  

samples with discordant PCR replicates were retested in duplicate. Due to resource 

constraints, we were unable to retest samples that were still discordant after four 

replicates and these samples were excluded from analysis (three total samples). 

A composite gold standard was used to classify samples as positive or 

negative for Giardia. If either microscopy or PCR returned a positive result, the 

sample was considered positive. Samples that were negative for both microscopy 

and PCR were considered negative.  



 66 
  

4.4. Results 

4.4.1. Benchtop characterization of Giardia PCR and RPAG assay 

The Giardia PCR assay reliably detected as few as 102.5 cysts per milliliter of 

stool, which was slightly more sensitive than the manufacturer product information 

reported limit-of-detection of 103.5 cysts per milliliter. 

Using this method, the RPAG assay reliably detected as few as 103-103.5 cysts 

per milliliter stool, or about 50 cysts per reaction (Figure 5). This is roughly 

equivalent to other PCR-based nucleic acid assays which demonstrate sensitivities 

of 103-104 Giardia cysts per milliliter of stool [22], [65], [66]. 

 

Figure 5: RPAG assay limit of detection. The RPAG assay consistently detects as 
few as 103-103.5 cysts per milliliter of stool during bench top testing. As described in 
the method section, the signal to background ratio (SBR) was calculated for each 
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test line. The calculated SBR is shown below each strip. All samples with an SBR 
greater than 1.07 were considered positive. 

When the RPAG assay was tested for specificity against DNA extracted from 

parasites with a clinically similar presentation, it only returned a positive test result 

for the sample containing Giardia. All other samples showed a negative result as 

seen in Figure 6. 

 
Figure 6: Specificity testing the RPAG Assay. The RPAG assay only tests positive 
for samples containing DNA extracted from Giardia. As described in the method 
section, the signal to background ratio (SBR) was calculated for each test line. The 
calculated SBR is shown to the right of each strip. All samples with an SBR greater 
than 1.07 were considered positive. 



 68 
  

4.4.2. RPAG assay clinical performance 

When the RPAG assay was tested using DNA extracted from clinical stool 

samples and benchmarked against a composite gold standard (where either a 

positive PCR or a positive microscopy result yields a gold standard positive result), 

the RPAG assay yielded 73% sensitivity and 95% specificity (Table 5).  

 Composite 
Gold	  Standard	  (+) 

Composite	   
Gold	  Standard	  (-) 

RPAG	  Assay	  (+) 45 2 
RPAG	  Assay	  (-) 17 40 

 Se	  =73% Sp	  =95% 

Table 5: Sensitivity and Specificity of the RPAG assay compared against a 
microscopy and PCR composite gold standard. 

4.5. Discussion 

We developed an RPA-based nucleic acid test for Giardia (RPAG assay). The 

RPAG assay targets a DNA sequence unique to Giardia duodenalis. Benchtop 

characterization of the assay against a panel of clinically similar parasites yielded no 

false positives indicating strong specificity. Further bench top experiments 

demonstrated a limit-of-detection only slightly higher than that of the gold standard 

PCR assay.  

The RPAG assay was then field tested in a pilot study with 104 clinical 

samples where it demonstrated good specificity (96%) with only two false positive 

results. Field testing yielded a sensitivity of 73% due to 17 false negative RPAG test 
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results. Closer examination of the false negative samples (Table 6) showed that both 

the RPAG assay and microscopy were negative in 10 of 17 cases, but the sample was 

ruled positive by the composite gold standard due to a positive PCR result. These 

false negative RPAG assay results could have been caused by the slightly lower limit-

of-detection of PCR assays compared to microscopy or the RPAG assay [22].  It is 

also possible that some of these samples were falsely positive by PCR. Seven of the 

17 false negative RPAG results were positive by microscopy and PCR, suggesting 

that the limit of detection must by further improved.  

False 
Negative 

RPAG Assay Microscopy PCR Composite Gold Standard  

FN-01 - + + + 
FN-02 - + + + 
FN-03 - + + + 
FN-04 - + + + 
FN-05 - + + + 
FN-06 - + + + 
FN-07 - + - + 
FN-08 - - + + 
FN-09 - - + + 
FN-10 - - + + 
FN-11 - - + + 
FN-12 - - + + 
FN-13 - - + + 
FN-14 - - + + 
FN-15 - - + + 
FN-16 - - + + 
FN-17 - - + + 

Table 6: False negative RPAG specimens. In 10 of 17 false negative samples, 
microscopy and the RPAG assay both tested negative, indicating a higher limit-of-
detection than the PCR assay. 
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In its current version the RPAG assay lacks sufficient sensitivity for clinical 

use, however with improved sensitivity, it has the potential to be of use for 

diagnosing clinical cases of giardiasis at the health center level where PCR thermal 

cyclers are unavailable. Future work should focus on improving the sensitivity of the 

RPAG assay, perhaps by lengthening the incubation time. Also of note, false negative 

clinical samples contained DNA concentrations that were quite high (between 58 

and 246 nanograms per microliter) which may have affected the performance of the 

RPAG assay; strategies to account for extremely high DNA concentrations may 

improve the sensitivity of the RPAG assay and other stool-based DNA assays [67]. 

While the current RPAG assay can be completed in a lab with minimal equipment 

(centrifuge, heat block, and pipettes), sample preparation should be optimized so 

the assay could be implemented in the field, at the point-of-care.  
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Chapter 5 

Detection of Entamoeba histolytica by Recombinase 

Polymerase Amplification* 

*The contents of this chapter summarize work that has been submitted for publication in the 

journal article: G. Nair, M. Rebolledo, A.C. White, Z. A. Crannell, R. Richards-Kortum, A. E. 

Pinilla, J. D. Ramirez, M. C. Lopez, and A. Castellanos-Gonzalez,	  “Detection	  of	  Entamoeba	  

histolytica by Recombinase Polymerase Amplification.”	  American	  Journal	  of	  Tropical	  

Medicine and Hygiene.  

5.1. Summary of contribution 

Gayatri Nair and Dr. Alejandro Castellanos-Gonzalez at the University of 

Texas Medical Branch, Galveston, were primarily responsible for the development of 

the RPA Entamoeba histolytica assay. A brief summary of their manuscript 

submitted for publication in the American Journal of Tropical Medicine and Hygiene 
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is outlined below to provide readers background on the last of the three singleplex 

assays that were integrated into the multiplex assay described in Chapter 6. 

5.2. Background and clinical significance 

Entamoeba histolytica is a protozoan parasite that infects the gastrointestinal 

system and causes invasive amoebiasis, resulting in over 50,000 deaths annually [8]. 

As with the protozoan parasites discussed in Chapters 3 and 4, E. histolytica can be 

difficult to diagnose using traditional methods such as microscopy, antigen ELISA, or 

immunochromatic tests [68], [69]. Whereas molecular methods such as polymerase 

chain reaction (PCR) offer much greater sensitivity and are widely considered to be 

the gold standard, they require access to expensive thermal cycling equipment, 

typically limiting their availability to reference laboratories [70]. Alternative 

molecular methods such as the isothermal amplification platform recombinase 

polymerase amplification (RPA) function much like PCR, but do not require access 

to expensive thermal cycling equipment. We developed an RPA assay to detect E. 

histolytica in stool samples, characterized the assay on the benchtop, and went on to 

perform preliminary field studies using patient stool samples that were clinically 

confirmed to be infected with E. histolytica. 

5.3. Results  

Benchtop characterization of the E. histolytica RPA assay demonstrated a 

limit of detection of just 40 parasites/mL stool. It was also found to be highly 
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specific when tested against clinically and genetically similar parasites. Importantly, 

the E. histolytica RPA assay yielded no false positives when tested with DNA from 

the morphologically indistinguishable, but non-pathogenic Entamoeba dispar.  

After the assay was well characterized on the bench top, it was field tested in 

Colombia on 32 stool samples previously screened for E. histolytica by ELISA and 

PCR. Results from the preliminary field study found that the RPA and the PCR/ELISA 

results were in 100% concordance when the RPA was tested using 5 μL of extracted 

DNA.  

5.4. Discussion 

Preliminary findings from the RPA E. histolytica assay indicate that it has a 

limit of detection as good as or better than the gold standard of PCR, is specific 

enough to differentiate between the various species of Entamoeba, and is capable of 

detecting the presence of E. histolytica in real clinical specimens in a low resource 

setting. Future work should focus on developing a sample preparation protocol that 

can be administered with minimal equipment and on integrating the E. histolytica 

RPA assay with the Cryptosporidium, and Giardia RPA assays into a multiplex format. 
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Chapter 6 

A multiplexed recombinase polymerase amplification assay 

to detect intestinal protozoa * 

*The contents of this chapter form the basis for a manuscript that will be submitted for 

publication in the journal Analytical Chemistry. 

6.1. Abstract 

This paper describes a proof-of-concept multiplex recombinase polymerase 

amplification (RPA) assay with lateral flow readout that is capable of simultaneously 

detecting and differentiating DNA from any of the diarrhea-causing protozoa 

Giardia, Cryptosporidium, and Entamoeba. These three parasites are significant 

contributors to diarrheal burden worldwide, all present similarly in the clinic, but 

all require a different course of treatment. Differential diagnosis of these parasites is 

traditionally accomplished via stool smear microscopy, however microscopy is 
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highly insensitive and can miss up to half of all cases. DNA-based diagnostics like 

polymerase chain reaction (PCR) are far more sensitive, however they rely on 

expensive thermal cycling equipment, limiting their availability to centralized 

reference laboratories. Isothermal DNA amplification platforms (such as the RPA 

platform used in this study) offer the same sensitivity as PCR, but alleviate the need 

for thermal cycling equipment and thus have the potential to broaden access to 

more sensitive diagnostics. Until now however, multiplex RPA assays have not be 

developed that are capable of simultaneously detecting and differentiating different 

infections. We developed a multiplex RPA assay to detect the presence of DNA from 

Giardia, Cryptosporidium, and Entamoeba. The multiplex assay was characterized 

using synthetic DNA where the limits-of-detection were calculated to be 403, 425, 

and 368 gene copies per reaction of the synthetic Giardia, Cryptosporidium, and 

Entamoeba targets respectively (roughly 1.5 orders of magnitude higher than for the 

same targets in a singleplex RPA assay). The multiplex assay was also characterized 

using DNA extracted from live parasites spiked into stool samples where the limits-

of-detection were calculated to be 444, 6, and 9 parasites per reaction for Giardia, 

Cryptosporidium, and Entamoeba parasites respectively. This proof-of-concept assay 

may be reconfigured to detect a wide variety of infections by simply re-designing 

the primer and probe sequences for other targets of interest.   
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6.2. Introduction 

This paper describes a multiplex recombinase polymerase amplification 

(RPA) assay with lateral flow readout that can simultaneously detect and 

differentiate between DNA from up to 3 different diarrhea-causing protozoa. The 

multiplex assay builds on work we previously published describing 3 separate RPA 

assays to diagnose Cryptosporidium species, Giardia lamblia, and Entamoeba 

histolytica [1]–[3]. 

RPA and other DNA diagnostics like polymerase chain reaction (PCR) can 

detect trace levels of pathogen DNA and amplify it to levels that are easily detected. 

Because very low concentrations of pathogen can be detected, DNA tests are 

typically far more sensitive than traditional diagnostic methods such as microscopy 

or antibody-based tests [71]–[73]. 

While PCR is considered to be the gold standard for diagnosing many 

infectious diseases, it requires the use of expensive thermal cycling equipment, 

which often limits its availability to centralized reference laboratories.  A number of 

nucleic acid amplification methods have been developed recently to bypass the 

requirement for a thermal cycler [25], [28], [29], [74]. These platforms use a fixed 

temperature heater instead of a thermal cycler, which costs an order of magnitude 

less potentially allowing broader access to these diagnostics [75].  

One of these isothermal amplification platforms, RPA, offers significant 

advantages over the others. RPA enzymes are provided in an easy-to-transport 
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format that do not require refrigeration, are tolerant to sample impurities that 

inhibit other nucleic acid (NA) amplification platforms, and provide test results that 

can be easily visualized in the field using lateral flow strips [30], [76]. Lateral flow-

based detection allows RPA tests to be implemented without requiring any 

equipment other than pipettes and a fixed temperature heater. In previous work, we 

showed that RPA reactions can be incubated using body heat and that RPA reactions 

can be conducted in disposable paper and plastic devices, potentially alleviating the 

need for all laboratory infrastructure at the point-of-use [7], [32].   

Detection and differentiation of multiple DNA targets allows clinicians to run 

syndromic panels to simultaneously test for several diseases that present similarly 

in the clinic, but require different treatments [77]. Steps toward a multiplexed RPA 

assay have been reported, though these approaches require the use of a 

fluorescence reader [4], [35], [78].  Even basic fluorescence detectors may cost 

thousands of dollars and are thus not appropriate for low resource settings [79]. 

The ability to detect multiple targets on a low-cost platform such as a lateral flow 

strip would expand the areas where syndromic panels are available 

In this manuscript we detail the development and optimization of a multiplex 

RPA reaction capable of amplifying three different diarrheal protozoa in a single 

tube. The results can be read with easy-to-make multiplex lateral flow strips 

containing three different detection zones and a positive control zone. The multiplex 

RPA assay amplifies different DNA targets from the Giardia lamblia, Entamoeba 

histolytica, and Cryptosporidium species genomes. These three parasites were 
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selected for this proof-of-concept assay because they are significant contributors to 

diarrheal disease and malnutrition around the world, all present similarly in the 

clinic, and all require different treatment to be managed effectively [10], [15], [80]. 

The multiplex assay was characterized with 3 synthetic DNA targets and 

benchmarked against singleplex assays using the same targets. The singleplex 

assays had limits of detection of 10-40 gene copies, roughly an order of magnitude 

better than the limits of detection for the multiplex assay against the respective 

targets. The limits of detection for the multiplex assay using stool spiked with live 

parasites was 6 and 9 parasites per reaction for Entamoeba and Cryptosporidium 

and 444 parasites per reaction for Giardia.  

To the best of our knowledge this is the first time anyone has developed a 

lateral-flow based multiplex RPA assay that is capable of simultaneously amplifying 

3 different genetic targets. We expect this work will lead to a better understanding 

of how to integrate RPA assays into syndromic panels and the expanded use of 

syndromic RPA panels. 

6.3. Methods 

6.3.1. Singleplex RPA assays 

Singleplex RPA reactions were assembled according to the manufacturer 

recommended protocol, but with slight modifications to probe design described 

below [30]. Each reaction contained an RPA nfo enzyme pellet that was rehydrated 
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with 45.5 μL of a master-mix consisting of 29.5 μL supplied rehydration buffer, 11.2 

μL nuclease free water, 2.1 μL 10 μM forward primer, 2.1 μL 10 μM	  5’-biotinylated 

reverse primer, and 0.6 μL 10 μM	  5’-labeled probe. The probe was designed 

according	  to	  the	  manufacturer	  recommendations	  with	  a	  5’	  label,	  an	  internal	  spacer	  

replacing	  a	  base,	  and	  a	  3’	  carbon	  blocker.	  The	  5’	  labels	  for	  the	  Giardia, Entamoeba, 

and Cryptosporidium probes were an Alexa Fluor®488, a 5’ fluorescein,	  and	  a	  5’	  

digoxigenin, respectively. See Table 7 for a complete description of primers and 

probes for each assay.  

Target  Sequence 

Gairdia lamblia Forward Primer 5’-TAC GCT CAC CCA GAC GAT GGA 
CAA GCC CG-3’ 

 Reverse Primer 5’-biotin-TGT GCG ATG GCG TCC TTG 
ATC ATC TTC ACG C-3’ 

 Probe 5’-alexa fluor®488-TAC GCT CAC CCA 
GAC GAT GGA CAA GCC CG/ internal 
spacer/CGA CCT CAC CCG CAG-carbon 
spacer-3’ 

Entamoeba histolytica Forward Primer 5’-GTA CAA AAT GGC CAA TTC ATT 
CAA TG-3’ 

 Reverse Primer 5’-biotin-ACT ACC AAC TGA TTG ATA 
GAT CAG	  3’ 

 Probe 5’-fluorescein-GTA CAA AAT GGC CAA 
TTC ATT CAA TG/ internal spacer/ 
ATT GAG AAA TGA CAT-carbon 
spacer-3’ 

Cryptosporidium spp. Forward Primer 5′-GTG GCA ATG ACG GGT AAC GGG 
GAA TTA GGG-3′	   

 Reverse Primer 5′-biotin-AAT TGA TAC TTG TAA AGG 
GGT TTA TAC TTA ACT C-3′	   

 Probe 5’-digoxigenin-GTG GCA ATG ACG GGT AAC 



 80 
  

GGG GAA TTA GGG/ internal spacer/ TCG 
ATT CCG GAG AGG-carbon spacer-3’ 

Table 7: DNA sequences of all primers and probes 

After rehydrating the enzyme pellet with 45.5 μL of the master-mix, 2 μL of 

target (synthetic DNA standard or DNA extracted from stool) were added to each 

reaction. Next, 2.5 μL of the supplied magnesium acetate were added to the lid of 

each tube containing a reaction. All reactions were simultaneously initiated by 

centrifuging the magnesium acetate into the reaction mixture and transferring the 

tubes to a 37°C heat block for 35 minutes. 

After incubation in the heat block, 5 μL of RPA amplicons were removed and 

diluted in a tube containing 95 μL of tris-buffered saline solution (25 mM tris, 150 

mM NaCl, 0.05% tween 20). The conjugate pad end of one of the multiplex lateral 

flow strips was then placed vertically inside the tube. After 10 minutes of flow, the 

strip was removed and immediately scanned using a flatbed scanner (V500, Epson, 

Long Beach, CA). 

In the presence of target DNA, RPA reactions generated dual-labeled DNA 

sequences (labeled with biotin and either Alexa Fluor®488, fluorescein, or 

digoxigenin depending on which target and probe(s) were in the assay). The dual-

labeled amplicons were detected as shown schematically in Figure 7.  When 

amplicons were added to the lateral flow strips, the streptavidin gold bound to the 

biotin labeled DNA and wicked along the lateral flow strip. The other label (Alexa 
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Fluor®488, fluorescein, or digoxigenin) on the dual-labeled DNA was captured at 

one of three detection zones, anchoring the gold, and causing a color change that 

was easily visualized with the naked eye (as seen in Figure 9).  

 

Figure 7: Schematic of simultaneous lateral flow detection of multiple targets. 
The biotin end of dual labeled amplicons bound to streptavidin coated gold and 
wicked down the lateral flow strips. The other end of the dual labeled amplicons 
anchored the complexes at 1 of 3 different detection zones. 

6.3.2. Multiplex RPA assay 

The three, separate singpleplex assays were then integrated into one 

multiplex assay. Multiplex RPA reactions capable of amplifying up to 3 different 

targets were assembled by rehydrating an RPA nfo enzyme pellet with 45.5 μL of a 

master-mix consisting of 29.5 μL rehydration buffer, 11 μL nuclease free water, 0.74 

μL each of Giardia forward and reverse primers, 0.28 μL Giardia probe, 0.81 μL 

Entamoeba forward and reverse primers, 0.38 μL Entamoeba probe, 0.53 μL 

Cryptosporidium forward and reverse primers, and 0.2 μL Cryptosporidium probe 

(all primers and probes stored at 10 μM concentration). After rehydrating the 
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enzyme pellet, 2-6 μL of target were added to each reaction. LOD experiments were 

conducted using 2 μL of 1 target. Experiments when the multiplex RPA assay was 

used to amplify two or three targets simultaneously utilized a total of 4 or 6 μL (2 μL 

for each of up to 3 different targets). Otherwise, multiplex RPA assays were 

conducted exactly as singleplex RPA assays were. 

6.3.3. Multi-target amplification 

The multiplex RPA assay was used to simultaneously amplify various 

combinations and concentrations of Giardia, Entamoeba, and Cryptosporidium 

synthetic targets. All combinations contained DNA from 2 or 3 targets using either a 

low target DNA concentration (103 gene copies per reaction) or a high target DNA 

concentration (105 gene copies per reaction) for each target.  Each of the 20 

combinations was tested three different times. 

6.3.4. Objective determination of test results 

Objective determination of positive and negative test results was 

accomplished using a custom MATLAB script that has been previously described [1], 

[7]. Briefly, a signal to background ratio (SBR) at each detection zone was calculated 

and compared to a threshold SBR for that zone. The threshold SBR was set at the 

average plus 3 standard deviations of the SBR from 9 negative control reactions. If 

the signal intensity of a given detection zone was greater than the threshold for that 

zone, the test was considered positive for that target. In this study, as with previous 
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studies, visual determination almost always corresponded with the objective 

determination. 

6.3.5. Assembly of lateral flow strips 

Dual labeled RPA products were detected with lateral flow strips as 

described	  in	  the	  Methods	  section	  on	  the	  “singleplex	  RPA	  assay”.	  Lateral	  flow	  strips	  

were assembled as follows and stored for up to 1 month prior to use. Streptavidin-

coated gold colloid for lateral flow strips was made according to a protocol adapted 

from Toubanaki et al.[81] Briefly, the pH of 1 mL of 50 nm gold colloid (15707-1, 

Ted Pella, Redding, CA) was adjusted to 9.5 using 1 μL of 200 mM sodium borate 

(S248, Fisher, Pittsburgh, PA). In a separate microcentrifuge tube, 2 μL of 2 mg/mL 

streptavidin (S000-01, Rockland, Limerick, PA) was mixed with 398 μL of 2 mM 

sodium borate. The diluted streptavidin was added to the pH-adjusted gold in 50 μL 

increments, vortexing after each addition. The gold and streptavidin were incubated 

for 45 minutes at room temperature. They were then mixed with 155.6 μL of 10% 

bovine serum albumin (A3059-50g, Sigma Aldrich, St. Louis, MO) in 2 mM sodium 

borate and incubated at room temperature for 15 minutes. The gold was then 

washed 3 times by centrifuging at 5,000 rcf for 8 minutes, removing the 

supernatant, and re-suspending the gold in 1 mL of 1% BSA in 2 mM sodium borate. 

Finally, the gold was centrifuged at 5,000 rcf for 8 minutes again, the supernatant 

removed, and re-suspended in 250 μL of a buffer containing 5% bovine serum 

albumin, 137 mM sodium chloride (S671, Fisher), and 0.025% Tween 20 (P9416, 

Sigma Aldrich).  
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16 separate tubes of streptavidin-coated gold were prepared in parallel 

according to the protocol described above, then mixed to obtain a final volume of 4 

mL streptavidin coated gold. One mL of gold was then pipetted onto 4 separate 7 

mm x 300 mm laser cut glass fiber pads (GFCP203000, Millipore, Billerica, MA), 

spread evenly, and dried on the benchtop overnight.  

The next day lateral flow strips were prepared by striping capture antibodies 

onto a plastic-backed nitrocellulose card (HF135MC100, Millipore). Anti-Alexa 

antibodies (A619224, Life Technologies, Carlsbad, CA) were diluted to a final 

concentration of 0.5 mg/mL using the antibody buffer containing 5% methanol 

(494437 Sigma Aldrich) and 2% sucrose (IB37160, IBI Scientific, Peosta, IA) in 100 

mM sodium bicarbonate (S233 Fisher). Similarly, anti-FITC (ab19224, abcam), anti-

digoxigenin (ab64509, abcam, Cambridge, MA), and biotinylated anti-mouse IgG 

(B7401, Sigma Aldrich) antibodies were diluted to final concentrations of 0.5 

mg/mL, 2.5 mg/mL, and 1 mg/mL respectively. All antibodies were striped onto the 

nitrocellulose cards using a lateral flow reagent dispenser (LFRD, Claremont 

BioSolutions, Upland, CA) set to a head speed of 2 cm/second and a syringe pump 

(F200, Chemyx, Stafford, TX) set to a flow rate of 0.1 mL/minute. After the four 

antibodies were striped on the card, the card was dried at 37°C for 1 hour. 

The cards were then assembled as shown schematically in Figure 8 by first 

placing a 17mm x 300 mm absorbent pad (CFSP223000, Millipore) on the 

downstream side of the plastic-backed nitrocellulose card, overlapping with the 

nitrocellulose by 2 mm. Next, the 7mm x 300 mm glass fiber pad containing the 
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dried gold nanoparticles was placed on the upstream side of the plastic-backed card, 

overlapping the nitrocellulose by 2 mm. Finally, a 12 mm x 300 mm GF sample pad 

was placed overlapping the upstream edge of the gold nanoparticle pad by 2 mm. 

After assembly, the cards were immediately cut into 3 mm wide strips using an A-

Point Digital Guillotine Cutter (Arista Biologicals, Allentown, PA) and stored with 

desiccant for up to 1 month. The total cost per strip was under $1, significantly less 

than the cost of commercially available strips that can only detect 1 or 2 targets 

(MGHD 1 and MGHD2 1, Milenia, Germany). 

  

Figure 8: Schematic of lateral flow card assembly. Cards were made by striping 
antibodies onto plastic-backed nitrocellulose, then layering a glass fiber pad 
containing dried gold nanoparticles, and a sample pad on the upstream ends, and an 
absorbent pad on the downstream end. 
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6.3.6. Synthetic DNA Standards  

Bench-top characterization of each assay was performed using double 

stranded synthetic DNA. Sequences corresponding to each of the three genetic 

targets used in previously published work on singleplex assays (Table 8) were 

purchased from IDT (gblock, Integrated DNA Technologies, Coralville, IA) [1]–[3]. 

The synthetic sequences were serially diluted in a buffer containing 10 mM Tris 

(AM9855G, Life Technologies), 0.1 mM EDTA (AM9261, Life Technologies), and 1 

ng/μL carrier gDNA (AB360486, Life Technologies) to obtain standards. These 

standards were used in RPA reactions to determine the LOD for each of the three 

singleplex assays and for each target in the multiplex assay.  

Target Accession No. DNA sequence 

Giardia lamblia X85958.1 5’-TAC GCT CAC CCA GAC GAT GGA CAA GCC 
CGA CGA CCT CAC CCG CAG TGC GAC CGA 
GAC GGC GGT CAA GCT CAG CAA CAT GAA 
CCA GCG CGT CAG CAG GTT CCA CGA CAA 
GAT GGA GAA CGA GAT CGA GGT CCG CCG 
CGT CGA CGA CGA CAC GCG CGT GAA GAT 
GAT CAA GGA CGC CAT CGC ACA-3’ 

Entamoeba 
histolytica 

AB608092.1  5’-GTA CAA AAT GGC CAA TTC ATT CAA TGA 
ATT GAG AAA TGA CAT TCT AAG TGA GTT 
AGG ATG CCA CGA CAA TTG TAG AAC ACA 
CAG TGT TTA ACA AGT AAC CAA TGA GAA 
TTT CTG ATC TAT CAA TCA GTT GGT AGT-3’ 

Cryptosporidium 
spp. 

AF115377.1  5’-GTG GCA ATG ACG GGT AAC GGG GA ATT 
AGG GTT CGA TTC CGG AGA GGG AGC CTG 
AGA AAC GGC TAC CAC ATC TAA GGA AGG 
CAG CAG GCG CGC AAA TTA CCC AAT CCT 
AAT ACA GGG AGG TAG TGA CAA GAA ATA 
ACA ATA CAG GAC TTT TTG GTT TTG TAA 
TTG GAA TGA GTT AAG TAT AAA CCC CTT 
TAC AAG TAT CAA TT-3’ 
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Table 8: Double-stranded DNA standards used for bench-top characterization. 

6.3.7. DNA Extraction 

Giardia and Cryptosporidium parasites were purchased from Waterborne 

(P101 and P102C, Waterborne, New Orleans, LA). E. histolytica were purchased 

from ATCC (50525, ATCC, Manassas, VA). 200 µL of stool samples from normal 

healthy volunteers were spiked with 105 parasites in accordance with UTMB 

approved IRB protocol 07-285. DNA was then extracted using the QuickGene Mini80 

DNA extractor (Autogen, Holliston, MA) and the QuickGene tissue kits (FK-DTS, 

Autogen). The spiked stool was	  incubated	  in	  200	  µL	  lysis	  buffer	  at	  56⁰C	  for	  1	  hour	  

and passed through the DNA binding columns. The DNA binding columns were 

washed 2 times with 350 µL washing buffer, and then the DNA was eluted in 200 µL 

of nuclease free water.  

6.3.8. Statistical analysis  

The LOD at 95% probability for all targets and assays was determined by 

probit analysis using the dose-effect function of XLSTAT for Microsoft Excel 

(Addinsoft, New York, NY) with at least 6 replicates per concentration. 
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6.4. Results 

6.4.1. Singleplex and multiplex limits-of-detection 

Typical scanned images from lateral flow strips are shown in Figure 9. These 

scanned images were used to objectively determine positive and negative test 

results	  as	  described	  in	  the	  methods	  section	  on	  “Objective determination of test 

results.” 

 

Figure 9: Multiplex lateral flow detection strips with three detection zones and 
a positive control zone. Strips tested positive for Giardia (1), Entamoeba 
histolytica (2), Cryptosporidium (3), all three pathogens (4), and no pathogens (5). 

When tested using synthetic DNA targets, the LOD of the singleplex Giardia 

assay was 39 gene copies (95% probability by probit analysis with 6 replicates per 

concentration). Similarly, the LOD of the singleplex E. histolytica assay and 
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singleplex Cryptosporidium assay were 11 and 36 synthetic gene copies per reaction 

(respectively). 

The LOD for each target in the multiplex assay was 403 synthetic gene copies 

per reaction of the Giardia target, 425 of the Cryptosporidium target, and 368 of the 

Entamoeba target (95% probability by probit analysis with 6 replicates per 

concentration). Figure 10 compares the average SBR of the singleplex assays and the 

same target in the multiplex assay. The markers represent the average SBR of 6 

separate reactions using a synthetic DNA target, and the error bars represent one 

standard deviation of the SBR.  

 

Figure 10: Signal to Background Ratios for singleplex (SX) assays and the same 
target in the multiplex (MX) assay. Left to right, SBR for various target 
concentration for Giardia, Entamoeba, and Cryptosporidium. For a given target 
concentration, the SBR of the singleplex assay was significantly higher than for the 
same target concentration in the multiplex assay. 

When the multiplex assay was tested using DNA extracted from live parasites 

spiked into stool at various concentrations, the respective LOD at 95% probability 
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for Giardia, Entamoeba, and Cryptosporidium were 444, 6, and 9 parasites per 

reaction. 

6.4.2. Simultaneous multi-target amplification 

For all of three replicates of each of the 20 different combinations of targets 

and target concentrations tested, the multiplex assay correctly detected all positive 

tests. None of the 60 tests yielded false positive test results.   

6.4.3. Probe optimization 

Initial integration of the three assays using the previously published probe 

sequences resulted in false positives in the Cryptosporidium detection zone any time 

the Giardia target was present [1]–[3]. The LOD of the multiplex assay for the 

Entamoeba target was also 5-6 orders of magnitude higher in the multiplex assay as 

compared to the singleplex assay for the same target. After reviewing the sequence 

alignment for the targets, primers, and probes, we found there was significant 

sequence overlap between the 3 probes. The probes were then redesigned such that 

the	  functional	  part	  of	  the	  probes	  (the	  portion	  to	  the	  3’	  side	  of	  the	  cleavable	  spacer)	  

overlapped with the forward primer. These regions had significantly less sequence 

alignment between the different probes and also reduced the functional number of 

different DNA sequences interacting in the master mix. Redesigning the probes 

eliminated the Cryptosporidium and Giardia cross-talk and improved the LOD for the 

Entamoeba target by 4 orders of magnitude.  
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6.5. Discussion 

We previously developed and tested three separate lateral flow assays to 

detect Cryptosporidium sp., Giardia lamblia, and Entamoeba histolytica [1], [2].  To 

integrate these three different assays into a multiplexed assay in this study, we 

developed a lateral flow detection strip with distinct detection zones for each of the 

three different targets (shown schematically in Figure 7). In the previously 

published studies, these singleplex assays were developed according to the TwistDx 

recommended protocol utilizing a biotin-labeled reverse DNA primer and a 

fluorescein-labeled DNA probe. However, to allow for differentiation between 

amplicons from three different targets on the same lateral flow strip, alternative 

probes were designed for the Giardia and the Cryptosporidium assays utilizing Alexa 

Fluor®488 and digoxigenin instead of fluorescein. 

These alternative haptens were selected as probe labels based on their 

relatively low cost and the availability of complementary high affinity antibodies 

capable of capturing the large hapten-DNA-gold nanoparticle complex. There were 

several probe labels that either inhibited amplification (as visualized by gel 

electrophoresis) or proved difficult to match with a high affinity antibody. These 

included	  the	  Integrated	  DNA	  Technologies	  5’	  modifications	  Cy3,	  Cy5,	  Bromo-

deoxyuridine, Tetrachlorofluorescein, and Hexachlorofluorescein. It should be noted 

that it was necessary to screen several antibody vendors since products from 

different vendors demonstrated widely varying performance. 
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After the alternative probes were designed, the LOD using the alternative 

labels and non-commercial strips were compared to the LOD using the traditional 

fluorescein label and commercially available 1-target strips (MGHD1, Milenia, 

Germany). There was no significant difference (data not shown). The singleplex 

assays were also optimized by varying the primer to probe ratio to maximize the 

SBR for each target (data not shown). The 3 singleplex assays were then integrated 

into the multiplex format. Lastly, the reaction mastermix was optimized by adjusting 

the amount of magnesium acetate, the total reaction volume, the total amount of 

primers, and the relative amount of primers between each target. In the end, the 

optimized mastermix did not vary significantly from that recommended by the 

manufacturer (roughly 5 µL total primers, 2.5 µL magnesium acetate, 50 µL total 

reaction volume).  

As seen in Figure 10, even after optimization, the LOD for each target in the 

multiplex assay was roughly an order of magnitude higher than for the same target 

in the respective singleplex assay. Also, even for high target concentrations, the SBR 

of the multiplex assay was significantly lower than for the singleplex assays. 

Interestingly, when multiple targets were amplified in the same multiplex RPA 

reaction, the SBR was greater than when only 1 target was present. The reduced 

SBR for single-target amplification in the multiplex assay was likely the result of 

reduced amplification efficiency. When only one target sequence is present, the 

primers and probes for the other targets have no high-affinity target to bind to and 
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may interfere with the efficient binding between the primers and target that is 

present.  

While the LOD for the three different targets in the multiplex assay were 

comparable using synthetic targets, the LOD using live parasites was significantly 

higher for Giardia. We hypothesize that the lower LOD for Cryptosporidium and 

Entamoeba is due to the fact that there are up to 200 copies of the targeted 18s RNA 

genes in both the Cryptosporidium and Entamoeba genomes, whereas there is just a 

single copy of the targeted beta giardin gene in the Giardia genome [82]–[84]. Even 

with the higher LOD, the multiplex assay was capable of detecting clinically relevant 

levels of parasite infection. 

For the first time, we demonstrated that it is possible to use RPA to 

simultaneously detect and amplify DNA from multiple parasites and detect those 

products using lateral flow strips. It should be noted that the multiplex format 

increases the LOD by roughly 1 order of magnitude compared to a singleplex assay 

targeting the same sequence. Future studies should explore methods to mitigate this 

reduced amplification efficiency in multiplex assays, perhaps by using Self-Avoiding 

Molecular Recognition Systems (SAMRS), which have been used in other RPA assays 

to enhance sensitivity [85]. Regardless, given the highly sensitive nature of RPA 

assays and the ability to target high copy number genes, multiplexed RPA assays can 

still provide significant clinical utility.   
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Chapter 7 

Quantification of HIV-1 DNA Using Real-Time Recombinase 

Polymerase Amplification* 

*The contents of this chapter have been published previously in the journal article: Z. A. 

Crannell, B. A. Rohrman, and R. Richards-Kortum,	  “Quantification	  of	  HIV-1 DNA using Real-

Time	  Recombinase	  Polymerase	  Amplification,”	  Anal.	  Chem.,	  vol.	  86,	  no.	  12,	  2014. 

7.1. Abstract 

Although recombinase polymerase amplification (RPA) has many advantages 

for the detection of pathogenic nucleic acids in point-of-care applications, RPA has 

not yet been implemented to quantify sample concentration using a standard curve. 

Here we describe a real-time RPA assay with an internal positive control and an 

algorithm that analyzes the real-time fluorescence data to quantify HIV-1 DNA. We 

show that DNA concentration and the onset of detectable amplification are 
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correlated by an exponential standard curve. In a set of experiments in which the 

standard curve and algorithm were used to analyze and quantify additional DNA 

samples, the algorithm predicted an average concentration within one order of 

magnitude of the correct concentration for all HIV-1 DNA concentrations tested. 

These results suggest that qRPA may serve as a powerful tool for quantifying nucleic 

acids and may be adapted for use in single-sample point-of-care diagnostic systems. 

7.2. Introduction 

For sensitive and specific diagnosis of many infectious diseases, real-time 

polymerase chain reaction (PCR) is widely considered to be the gold standard 

method. In clinical settings, real-time PCR is used for both detection and 

quantification of pathogenic nucleic acids. For example, HIV-1 proviral DNA is 

detected for pediatric diagnosis, while HIV-1 viral RNA is quantified to monitor 

treatment efficacy and disease progression[86], [87]. In areas where the infectious 

disease burden is highest, however, real-time PCR is often infeasible because of the 

requirement for expensive thermal cycling equipment, technical expertise, and 

other resources that may be unavailable in poor settings. 

To address this problem, isothermal amplification platforms have been 

developed that rapidly amplify nucleic acids to detectable levels at a single 

temperature, alleviating the need for thermal cycling equipment [28]. Recombinase 

polymerase amplification (RPA) offers significant advantages over other isothermal 

amplification techniques for point-of-care applications: it requires a lower 
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amplification temperature, is tolerant to impure samples, amplifies targets to 

detectable levels within minutes, and uses lyophilized enzymes to enable storage 

and transport at room temperature[29], [31]. For these reasons, a number of recent 

reports have proposed RPA-based strategies for the detection of pathogens [1], [32], 

[88]–[90]. Although some papers demonstrate a relationship between nucleic acid 

concentration and onset of amplification [90], [91], to the best of our knowledge, 

RPA has not yet been implemented to quantify sample concentration using a 

standard curve. Moreover, the accuracy with which samples can be quantified with 

real-time RPA has not yet been characterized. 

In this study, we explore the feasibility of developing a quantitative RPA 

assay using real-time fluorescence monitoring. With the ultimate goal of developing 

an assay for use with a point-of-care reader, we designed an assay to enable 

quantification of HIV-1 DNA in a single sample by referencing a standard curve 

determined previously (e.g. during calibration). This proof-of-concept quantitative 

RPA (qRPA) assay detects HIV-1 DNA and an internal positive control (IPC) 

sequence, which are both amplified by the HIV-1 primers and detected using probe 

sequences conjugated to different fluorophores (Figure 11). Using a benchtop real-

time PCR machine, RPA was performed to determine the correlation between the 

HIV-1 DNA target concentration and fluorescence intensity during amplification. 

Next, the IPC was generated and similarly assessed. Finally, both HIV-1 DNA and the 

IPC were amplified within the same reaction to generate data for the development, 

training, and validation of a custom algorithm for DNA quantification. 
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Figure 11 Quantitative RPA Assay Schematic. The qRPA assay detects two DNA 
sequences: a sequence within the HIV-1	  genome	  (‘HIV-1’)	  and	  an	  internal positive 
control	  sequence	  (‘IPC	  (C.	  parvum)’).	  	  Both	  sequences	  are	  amplified	  by	  the	  HIV-1 
primers	  (‘RPA	  forward’	  and	  ‘RPA	  reverse’).	  The	  HIV-1 sequence is detected using a 
HEX-labeled	  probe	  (‘HIV-1	  probe’),	  while	  the	  IPC	  is	  detected	  using	  a	  FAM-labeled 
probe	  (‘IPC	  probe’).	  The	  IPC	  consists	  of	  a	  sequence	  from	  Cryptosporidium	  parvum	  
flanked by the HIV-1	  primer	  sequences	  (‘RPA	  forward’	  and	  ‘RPA	  reverse’)	  and	  is	  
generated	  with	  PCR	  primers	  (‘PCR	  forward’	  and	  ‘PCR	  reverse’)	  containing	  both	  a	  
region complementary to C. parvum (purple) and a region complementary to HIV-1 
(blue). 

7.3. Methods 

7.3.1. Real-time RPA 

In experiments detecting only one target sequence, RPA reactions were 

assembled	  according	  to	  the	  manufacturer’s	  instructions	  using	  reagents	  from	  the	  

TwistAmp exo kit (TwistDx, Ltd., Cambridge, United Kingdom). In experiments 

detecting both HIV-1 DNA and IPC DNA, each 50 μL reaction contained 29.5	  μL	  

rehydration	  buffer,	  2.1	  μL	  RPA forward	  primer	  [10	  μM],	  2.1	  μL	  RPA reverse primer 

[10	  μM],	  0.6	  μL	  HIV-1 HEX-labeled probe	  [10	  μM],	  0.6	  μL	  IPC	  FAM-labeled probe [10 

μM], 2.6	  μL	  IPC DNA [104 copies/μL],	  10	  μL	  HIV-1 DNA at varying concentrations, 

HIV-1:

IPC (C. parvum):

HIV-1 
probe

RPA 
forward

RPA 
reverse

IPC
probe

PCR forward

RPA 
forward

RPA 
reverse

PCR reverse
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2.5	  μL	  magnesium	  acetate,	  and	  one	  enzyme	  pellet. All primer and probe sequences 

can be found in Table A 4 (Appendix).  Previous work has shown that the RPA 

primers and HIV-1 probe target the HIV-1 pol gene with high sensitivity and 

specificity [89]. All DNA oligonucleotides were purchased from Integrated DNA 

Technologies (Coralville, USA) or BioSearch Technologies (Novato, USA). HIV-1 DNA 

samples contained a background of at least 10 ng of human genomic DNA and a total 

of 0, 10, 102, 103, 104, or 105 copies of the plasmid pHIV-IRES-eYFPΔEnvΔVifΔVpr,	  a	  

generous gift from R. Sutton [92]. In all experiments, each concentration of HIV-1 

DNA was tested in duplicate. 

RPA reactions were assembled without magnesium acetate, avoiding direct 

exposure to light, and placed in a cold block cooled to 4 °C. Magnesium acetate, 

which is necessary for enzymatic activity, was added immediately before 

transporting the RPA reactions to the real-time PCR machine. Amplification and 

real-time data collection were performed in a BioRad CFX96 Real Time qPCR 

machine (Hercules, USA). Reactions were pre-incubated for 1 min at 39 °C without 

fluorescence monitoring, followed by incubation for 20 min at 39 °C. The 

fluorescence of FAM, HEX, or both was monitored every 20 sec for 20 min following 

pre-incubation. Raw fluorescence data was collected and exported to a Microsoft 

Excel spreadsheet using the Bio Rad CFX Manager. Analysis was performed using a 

custom MATLAB algorithm. 
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7.3.2. Generation of internal positive control (IPC) DNA.  

Cryptosporidium parvum, an intestinal parasite, was chosen to serve as the 

template for IPC DNA generation because this organism is not found in human blood 

and shares minimal sequence similarity with HIV-1. To generate the IPC sequence, C. 

parvum DNA was first extracted and purified from oocysts. PCR was then performed 

on the extracted DNA using primers with two regions, one complementary to C. 

parvum, and the other complementary to HIV-1 (Table A 4). The PCR products, 

which served as the IPC, consisted of a C. parvum sequence flanked by the HIV-1 

primer sequences (shown schematically in Figure 11). Generation of the 435 bp IPC 

was verified by gel electrophoresis, after which the DNA was extracted, purified, and 

diluted. 

7.3.3. Quantification algorithm for analysis of real-time data.  

Raw fluorescence data were analyzed using a custom MATLAB script. To 

score a sample as positive or negative, the difference Δsample  between the maximum 

and minimum fluorescence was determined for each sample. The average difference 

Δbackground and standard deviation σbackground were calculated for all no-target control 

samples. A sample was considered positive if Δsample was more than z* σbackground 

above Δbackground. Values for z varied from one to five to determine the effect of this 

parameter on the sensitivity and accuracy of the algorithm. Each sample was scored 

as negative or positive for both HIV-1 and the IPC. Samples that scored as negative 
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for both HIV-1 and the IPC were considered invalid and removed from further 

analysis. 

For each sample identified as positive for HIV-1, the raw fluorescence 

intensity from the HEX channel, which corresponded to amplification of the HIV-1 

sequence, was smoothed with a five point running average. The slope was estimated 

at each time point by calculating the difference in fluorescence intensity between 

each time point and the previous time point. A slope threshold S was chosen to 

estimate the time at which detectable amplification began. The value of S was 

chosen such that the greatest slope of the no-target control samples was slightly less 

than S. The same value for S was used for both the training and the validation 

datasets. Preliminary analysis showed that minor changes in S did not significantly 

affect the sensitivity, specificity, or dynamic range of the algorithm (data not 

shown). The time T at which detectable amplification began was defined as the first 

time point at which the slope was greater than S. T was found for all positive 

samples from five experiments. Taverage was plotted for each concentration tested, 

and regression analysis was performed to construct a standard curve relating T to 

target concentration. To evaluate the accuracy of the algorithm, the concentration 

was predicted for samples from five additional experiments by calculating T and 

using the equation for the standard curve. 



 101 
  

7.4. Results 

The generation of IPC DNA was verified by the presence of a 435 bp band on 

an agarose gel after electrophoresis (Figure A 2, Appendix). Preliminary RPA 

experiments detecting HIV-1 DNA and IPC DNA in separate reactions demonstrated 

that T, the time at which detectable amplification begins, increases with decreasing 

DNA concentration, suggesting that quantification of DNA with RPA is feasible. 

Five experiments were then performed to characterize the performance of 

the qRPA assay in which both HIV-1 DNA and the IPC were amplified. Raw 

fluorescence data for a typical experiment are shown in Figure 12, where HIV-1 DNA 

was detected using a HEX-labeled probe (Figure 12A), and the IPC was detected 

using a FAM-labeled probe (Figure 12B). None of samples were scored as negative for 

both the HIV sequence and control; therefore, all samples were classified as valid. For 

most experiments, T was approximately six minutes for the IPC, regardless of the 

concentration of HIV-1 DNA present in the sample. The results of the regression 

analysis, performed to determine the correlation between HIV-1 DNA concentration 

and T, demonstrated that an exponential fit yielded a higher correlation coefficient 

than first- and second-order polynomial fits.  
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Figure 12: Typical raw fluorescence data for HIV-1 DNA and IPC amplification. 
(A) Raw fluorescence intensity of a HEX-labeled probe used for the detection of HIV-
1 DNA at various concentrations. Note that the onset of detectable amplification 
occurred later for reactions containing fewer HIV-1 DNA copies. (B) Raw 
fluorescence of a FAM-labeled probe used for the detection of IPC DNA. The onset of 
detectable amplification for the IPC in all samples occurred at roughly the same 
time, but the rate of amplification was inversely proportional to the concentration of 
HIV-1 DNA. 

An exponential standard curve derived using data from the five experiments 

is plotted in Figure 13, in which samples were considered positive if Δsample was 

more than one σbackground above Δbackground (z = 1). Standard curves using integer 
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values of z from one to five had similar equations and correlation coefficients (data 

not shown).  

 

Figure 13: Generation of a standard curve. All positive samples from five 
experiments were plotted and used to generate exponential standard curves. All 
concentrations are given in units of log10 (copies per reaction). For the curve 
shown,	  samples	  were	  considered	  positive	  if	  Δsample	  was	  more	  than	  one	  
σbackground	  above	  Δbackground	  (z	  =	  1).	  The	  quantification	  algorithm	  and	  standard	  
curves were then used to estimate the number of HIV-1 DNA copies in each sample 
of five additional experiments. 

The accuracy and precision of the algorithm in predicting the HIV-1 DNA 

concentration from the raw fluorescence data was evaluated with five additional 

experiments, using the exponential standard curves calculated for the training data. 

As for the training data, all samples were classified as valid. Table 9 shows the 

performance of the algorithm when z = 1, using the standard curve shown in Figure 

13.  
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Sample 
Concentration 

Average Predicted 
Concentration 

Standard 
Deviation 

Percent of Samples 
Identified as Positive 

No target controls 0.1 0.3 10% 
1 0.9 0.1 100% 
2 2.2 0.5 100% 
3 3.0 0.1 100% 
4 3.7 0.1 100% 
5 4.2 0.2 100% 

Table 9: Performance of quantification algorithm. The algorithm was used to 
generate a standard curve and to predict the concentration of samples for five 
additional experiments (z = 1). All concentrations are given in units of log10 (copies 
per reaction). 

The algorithm correctly identified nine out of ten of the no-target-control 

samples as negative. The no-target-control sample that was identified as positive 

was estimated to contain less than 10 copies of HIV-1 DNA and may have been a 

result of template contamination. The algorithm classified all HIV-1 DNA samples 

containing 10 copies or more as positive. For all HIV-1 DNA concentrations, the 

algorithm predicted an average concentration within one order of magnitude of the 

correct concentration; however, the average predicted concentrations were more 

accurate for lower concentrations of template DNA.  The standard deviation of the 

predicted concentrations was less than 0.5 log10 (copies per reaction) for all 

concentrations, with the highest standard deviation at 100 copies due to two 

outlying samples. Variations in genomic background DNA concentration had little 

effect on the accuracy of predicted concentrations (see Figure A 3, Appendix). 



 105 
  

7.5. Discussion 

These results provide proof-of-concept to support the use of RPA for 

accurate quantification of nucleic acid concentration with a standard curve 

determined previously. For example, when combined with a reverse transcriptase 

step, the qRPA assay described here may be adapted to determine HIV-1 RNA viral 

load. As most commercially available viral load assays have a limit of detection of at 

least 3 log10 (HIV-1 RNA copies/mL), and patient viral loads may exceed 6 log10 

(copies/mL), a clinically useful HIV-1 RNA viral load test must be able to quantify 

plasma viremia over at least four orders of magnitude [93]. A viral load test should 

also have a precision of at least 0.5 log10 (copies/mL), which is considered to be a 

significant change in viral load [94]. Finally, a viral load test must be especially 

accurate at low viral loads because therapeutic failure due to drug resistance is 

characterized by viral loads between 500–1000 (copies/mL) [86], and successful 

suppression of viral replication is indicated by viral loads less than 200 (copies/mL) 

[94]. This qRPA assay can quantify DNA concentrations over four orders of 

magnitude with a precision greater than 0.5 log10 (copies per reaction) and is most 

accurate at low DNA concentrations. These results suggest that a qRPA assay similar 

to the one described here may have the potential to accurately identify these clinical 

benchmarks. 

This qRPA assay may also be adapted for quantification of other targets by 

modifying the assay and algorithm parameters. For example, the criteria for 

identifying positive samples can greatly affect the sensitivity and linear dynamic 
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range of the algorithm. As shown in Figure 13 and Table 9, predicted DNA 

concentrations are more accurate for lower concentrations than for higher 

concentrations when z = 1. Alternatively, using higher values for z decreases the 

sensitivity for lower concentrations but increases the accuracy for higher 

concentrations. Figure 14 demonstrates how changing z alters the sensitivity at low 

concentrations, the accuracy across detectable concentrations, and the precision of 

predicted concentrations. In addition to altering the algorithm parameters, the 

assay could potentially be optimized for greater accuracy by collecting fluorescence 

data more frequently or decreasing the reaction rate by either decreasing the 

concentration of magnesium acetate in the reaction or amplifying at a lower 

temperature. 

 
Figure 14: Effect of algorithm parameters on performance. The algorithm was 
used to generate standard curves and to predict the concentrations of samples from 
five experiments using z = 1 and z = 5. All concentrations are given in units of log10 
(copies per reaction). When z = 1, predicted DNA concentrations are more accurate 
for lower concentrations than for higher concentrations. When z = 5, the sensitivity 
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decreases for lower concentrations but the accuracy increases for higher 
concentrations.  Thus, the algorithm can be tuned depending on clinical needs. 

This assay was designed for use with an inexpensive, point-of-care 

fluorescence reader, such as the commercially available Twista portable real-time 

fluorometer (TwistDx, Ltd., Cambridge, United Kingdom) or the ESEQuant Tube 

Scanner (Qiagen, Valencia, USA).  In order to adapt this assay for use in the field, 

however,	  several	  factors	  must	  be	  considered.	  Because	  RPA	  lacks	  true	  ‘cycles’	  to	  limit	  

the rate of DNA amplification, and amplicons can be generated in a matter of 

minutes, the rate of amplification must be precisely controlled. A consistent 

amplification rate may be achieved by using the same reagent concentrations for 

each experiment and by precisely controlling the temperature during each reaction. 

Reagent consistency was achieved by using whole enzyme pellets as supplied by the 

manufacturer, and by using the same primer aliquots for both the experiments used 

to build the standard curve and the experiments using the standard curve to predict 

concentration	  of	  samples.	  The	  temperature	  was	  controlled	  within	  ±0.2⁰C	  by	  using	  a	  

bench-top	  thermal	  cycler	  according	  to	  the	  manufacturer’s	  specifications	  (BioRad	  

CFX96 Touch™	  Real-Time PCR Detection System). Deviations from these 

specifications and their influence on consistent amplification should be explored in 

future studies. In addition, reaction components must be protected from heat and 

light to prevent enzyme activity loss and photobleaching of probes. To ensure 

accurate results, reactions must be started immediately before fluorescence 

monitoring, which may be accomplished by adding magnesium acetate immediately 
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before data collection begins. If these conditions are achieved, qRPA may serve as a 

powerful tool for quantifying nucleic acids in single samples at the point of care.  
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Chapter 8 

Development of a Quantitative Recombinase Polymerase 

Amplification Assay with an Internal Positive Control* 

*The contents of this chapter have been published previously in the journal article: Z. A. 

Crannell, B. Rohrman, and R. Richards-Kortum,	  “Development	  of	  a	  Quantitative	  Recombinase	  

Polymerase	  Amplification	  Assay	  with	  an	  Internal	  Positive	  Control,”	  J.	  Vis.	  Exp., no. 97, pp. 1–

11, Mar. 2015. 

8.1. Abstract 

We recently demonstrated that recombinase polymerase amplification, an 

isothermal amplification platform for pathogen detection, may be used to quantify 

DNA sample concentration using a standard curve. In this manuscript, we provide a 

detailed protocol for developing and implementing a real-time qRPA assay. Using 

HIV-1 DNA quantification as an example, we describe the assembly of real-time RPA 

reactions, the design of an internal positive control (IPC) sequence, and co-
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amplification of the IPC and target of interest. We then provide instructions and data 

processing scripts for the construction of a standard curve using data from multiple 

experiments, which may be used to predict the concentration of unknown samples 

or assess the performance of the assay. Finally, we describe an alternative method 

for collecting real-time fluorescence data with a microscope and a stage heater as a 

step towards developing a point-of-care qRPA assay. The protocol and scripts 

provided may be used for the development of a qRPA assay for any DNA target of 

interest.  

8.2. Introduction 

Quantitative nucleic acid amplification is an important technique for 

detection of environmental, foodborne, and water-borne pathogens as well as for 

clinical diagnostics. Real-time quantitative polymerase chain reaction (qPCR) is the 

gold standard method for sensitive, specific, and quantitative detection of nucleic 

acids.[95]–[97]  During real-time qPCR, primers amplify pathogen DNA in cycles, 

and a fluorescent signal is generated that is proportional to the amount of amplified 

DNA in the sample at each cycle. A sample containing an unknown concentration of 

pathogen DNA may be quantified using a standard curve that relates the initial DNA 

concentration of standard samples and the time at which the fluorescent signal 

reaches a certain threshold (i.e. the cycle threshold, or CT).  

Because real-time qPCR requires expensive thermal cycling equipment and 

several hours to receive results, alternative isothermal amplification techniques, 
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such as recombinase polymerase amplification (RPA), have been developed.[28] 

These platforms generally provide results faster and amplify nucleic acids at a 

lower, single temperature, which may be accomplished with less expensive, simpler 

equipment. RPA, which is particularly attractive for point-of-care applications, 

amplifies DNA in minutes, requires a low amplification temperature (37 °C), and 

remains active in the presence of impurities.[29], [31] RPA assays have been 

developed for a wide range of applications, including food analysis, pathogen 

detection, cancer drug screening, and detection of biothreat agents.[1], [32], [36], 

[88], [98], [99] However, use of RPA for quantification of nucleic acids has been 

limited.[90], [91] 

In previous work, we showed that real-time qRPA is feasible.[100] Here, a 

more detailed protocol is provided for using real-time quantitative RPA (qRPA) to 

quantify unknown samples using a standard curve, a method that is analogous to 

quantification using qPCR. This protocol describes how to perform an RPA reaction 

on a thermal cycler to detect HIV-1 DNA as a proof-of-concept, as well as how to 

develop an internal positive control (IPC) to ensure the system is functioning 

properly. Data collection using a thermal cycler or microscope and data analysis for 

constructing a standard curve using training data is also detailed. Finally, the 

method for quantifying unknown samples using the standard curve in MATLAB is 

demonstrated. This qRPA technique enables quantification of samples with 

unknown concentrations and has many advantages over traditional real-time qPCR. 
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8.3. Protocol Text 

1. Program the BioRad CFX96 thermal cycler for real-time qRPA reactions 

1.1. Create a new protocol in the BioRad CFX Manager software. Insert a pre-

incubation	  step:	  	  39⁰C	  for	  1	  min.	  Add	  a	  second	  step:	  39⁰C	  for	  20	  seconds	  

followed	  by	  a	  plate	  read.	  Finally,	  insert	  a	  “GO	  TO”	  that	  repeats	  the	  second 

step 59 more times. Save the protocol. 

1.2. Create	  a	  new	  plate	  in	  the	  “plate	  editor”	  tab	  of	  the	  BioRad	  CFX	  Manager	  

software. Select wells on the plate corresponding to the locations of the RPA 

reactions (we use wells A1, A4-A8, B1, and B4-B8). It is not important 

whether	  the	  sample	  type	  of	  the	  wells	  (e.g.	  “Standard,”	  “NTC”)	  is	  specified,	  as	  

data analysis is done using a custom MATLAB script. For experiments 

containing HIV-1	  DNA	  only,	  select	  the	  “HEX”	  fluorophore	  for	  all	  wells.	  For	  

experiments containing HIV-1 DNA and an internal positive control, select 

both	  “HEX”	  and	  “FAM”	  fluorophores	  for	  all	  wells.	  	  Save	  the	  plate. 

2. Preparation for HIV-1 qRPA experiments 

2.1. RPA reactions must be assembled in a designated pre-amplification 

workspace containing designated pipettes, pipette tips, vortexer, and mini-

centrifuge, as recommended for qPCR.[101] As RPA may amplify a single 

copy of DNA by as much as ten orders of magnitude (data not shown), tubes 

containing post-amplified DNA products must be handled and disposed of in 

a designated post-amplification area. All pre-amplification reagents must 

never come into contact with post-amplification products. Pre-amplification 
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workspaces and equipment must be sprayed with 50% bleach before and 

after all experiments. A paper towel may be used to wipe away excess 

bleach. 

2.2. Forward	  primer	  sequence	  5’-

TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG-3’	  and	  reverse	  primer	  

sequence	  5’-CCCGAAAATTTTGAATTTTTGTAATTTGTTTTTG-3’	  were	  

purchased from Integrated DNA technologies (Coralville, USA). The probe 

sequence	  5’- 

TGCTATTATGTCTACTATTCTTTCCCC[SIMA/HEX]GC[THF]C[dT-

BHQ1]GTACCCCCCAATCCCC -3’	  was	  purchased	  from	  BioSearch	  

Technologies (Novato, USA). All primers and probes were stored at 4 °C in 

aliquots at a concentration of 10 µM prior to use. 

2.3. The qRPA assay amplifies a unique HIV-1 sequence. For this proof-of-

concept assay, we used the plasmid pHIV-IRES- eYFPΔEnvΔVifΔVpr,	  a	  

generous gift from R. Sutton, which contains the target sequence.[92] For 

qRPA experiments, the plasmid was stored at 4 °C in aliquots containing 1, 

10, 102, 103, and 104 copies per microliter in a buffer containing 10 mM Tris, 

0.1 mM EDTA at pH 8.0, and 1 ng/microliter human genomic DNA (360486, 

Applied Biosystems, USA). These HIV-1 dilutions were used as templates in 

qRPA reactions to build a standard curve. 

3. Assembling an HIV-1 qRPA standard curve 
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3.1. Before assembling the qRPA reactions, prepare the pre-amplification 

workspace as described above. Place a 96-well	  cold	  block	  in	  storage	  at	  4⁰C. 

3.2. Prepare reagents for twelve reactions. Move the magnesium acetate, the 

rehydration buffer, and twelve TwistAmp exo reaction pellets (TwistDx, 

Cambridge, United Kingdom) to the pre-amplification workspace. Thaw the 

magnesium acetate and the rehydration buffer at room temperature. Aliquot 

32.5 µL of magnesium acetate (2.5 µL per reaction) to a microcentrifuge 

tube. Prepare a 13X master mix. Add 383.5 µL of the rehydration buffer 

(29.5 µL per reaction) to a separate microcentrifuge tube for the master mix. 

Add 41.6 µL of nuclease free water (3.2 µL per reaction) to the master mix. 

Vortex the master mix. Return the magnesium acetate and rehydration 

buffer to storage at -20 °C.  

3.3. Move the primer and probe aliquots from the refrigerator to the pre-

amplification area, avoiding excessive light exposure to minimize 

photobleaching. Add 27.3 µL each of the 10 µM forward and reverse primers 

(2.1 µL per primer per reaction) to the master mix. Add 7.8 µL of the 10 µM 

HEX-labeled HIV-1 DNA probe (0.6 µL per reaction) to the master mix. 

Return primers and probe to storage.   

3.4. Matching the plate layout described in step 1.2, place one enzyme pellet in 

each of the far left tubes and one enzyme pellet in each of the five far right 

tubes of two low-rise 8-well PCR tube strips (TLS0801, BioRad, Hercules, 

USA).  Carefully add 37.5 µL of master mix to each tube containing an 
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enzyme pellet, using a new pipette tip for each tube and gently stirring the 

master mix and pellet with the tip until the pellet is fully dissolved.  

3.5. After all enzyme pellets have been rehydrated with the master mix, retrieve 

the 96-well	  cold	  block	  from	  4⁰C	  storage.	  Place	  the	  PCR	  tube	  strips in the cold 

block to chill the master mix.  

3.6. While the master mix is cooling, load the thermal cycler software with the 

protocol and plate described previously. Cut 2 strips of clear plastic micro-

seal adhesive (558/MJ BioRad, USA) to be slightly wider than the PCR tubes, 

and retrieve 2 flat PCR tube strip lids.  

3.7. Retrieve the 6 template aliquots from storage (containing 0, 1, 101, 102, 103, 

or 104 copies of the HIV-1 plasmid per microliter). Add 10 µL of each 

template to the tubes designated for that template concentration. Use a new 

pipette tip for each tube, gently stirring the solution with the tip to mix the 

master mix and template. Be sure to add the template to the correct location 

to match the plate layout described in step 1.2. 

3.8. Ensure that a PCR tube strip adapter for the VWR MiniFuge centrifuge 

(93000-196, Radnor, USA) or similar small centrifuge is in place. 

3.9. Dispense 2.5 µL of magnesium acetate into each tube lid that will be placed 

on a tube containing a qRPA reaction. Gently place the lids on top of the PCR 

tubes such that they are not fully sealed and may be removed. The 

magnesium acetate should adhere to the lids and be clearly visible from 

above. 
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3.10. Insert each PCR tube strip with lids into each side of the MiniFuge PCR 

tube holder. Close the lid of the MiniFuge to spin the magnesium acetate out 

of the lids and into the RPA reaction, initiating the RPA reaction. Centrifuge 

until all bubbles are eliminated and all liquid is collected in the bottom of 

each tube (about 10 sec). 

3.11. Quickly remove the PCR tube strips and return them to the cold block 

to halt the qRPA reactions. Carefully remove the lids to prevent aerosol 

formation and seal each PCR tube strip with the previously cut pieces of 

clear micro-seal film.  

3.12. Quickly walk to the thermal cycler and load the two PCR tube strips 

into the thermal cycler in the locations matching the plate layout (wells A1-

B8).	  Close	  the	  lid	  of	  the	  thermal	  cycler,	  click	  “Start	  Run,”	  and	  designate	  a	  

filename for the experiment. 

3.13. After the run is	  completed,	  select	  “Settings,”	  “Baseline	  Setting,”	  “No	  

Baseline	  Subtraction”	  to	  display	  the	  raw	  fluorescence	  data.	  	  Export	  the	  data	  

to	  Microsoft	  Excel	  by	  selecting	  “Export,”	  “Export	  all	  Data	  Sheets	  to	  Excel.”	  A	  

file	  with	  the	  addendum	  “Quantification	  Amplification	  Results”	  will	  be	  

created containing the raw real-time fluorescence data.  

4. Internal positive control development 

4.1. Select a DNA sequence from a species that is unlikely to be found in the 

target sample. The sequence should be longer than the target amplicon so 

that generation of the target sequence is favored. For this assay, 
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Cryptosporidium parvum, an intestinal parasite, was chosen to serve as the 

template for generation of the IPC sequence because this organism is 

unlikely to be found in blood and was available in our lab from another 

project. To generate the IPC sequence, extract and purify DNA from C. 

parvum oocysts as previously described.[4] 

4.2. Design PCR primers as shown in Figure 15 containing one region that is 

complimentary to the IPC template DNA (e.g. C. parvum, purple in Figure 15) 

and one region that is complimentary to the target organism (e.g. HIV-1, 

blue in Figure 15). For this assay, two sequences were chosen as candidates 

for the IPC. The sequence used as the IPC in the qRPA assay had a forward 

primer	  sequence	  of	  5’-TGG CAG TAT TCA TTC ACA ATT TTA AAA GAA AAG 

G/ ATC TAA GGA AGG CAG CAG GC-3’	  and	  a	  reverse	  primer	  sequence	  of	  5’- 

CCC GAA AAT TTT GAA TTT TTG TAA TTT GTT TTT G/ TGC TGG AGT ATT 

CAA GGC ATA -3’.	  Both	  were	  purchased	  from	  Integrated	  DNA	  technologies	  

(Coralville, USA). 

 

Figure 15: Block diagram of quantitative RPA DNA targets. The qRPA assay 
amplifies two DNA sequences flanked by identical sequences to which primers bind 
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(“RPA	  forward”	  and	  “RPA	  reverse”).	  The	  amplified	  sequences	  are	  1)	  a	  sequence	  
within the HIV-1	  genome	  (“HIV-1”)	  that	  is	  detected	  with	  the	  “HIV-1	  probe”	  and	  2)	  an	  
internal	  positive	  control	  sequence	  (“IPC	  (C.	  parvum)”)	  included	  in	  each	  reaction that 
is	  detected	  with	  the	  “IPC	  probe.”	  	  	  The	  IPC	  was	  generated	  via	  PCR	  using	  the	  
Cryptosporidium	  parvum	  genome	  as	  a	  template	  and	  primers	  (“PCR	  forward”	  and	  
“PCR	  reverse”)	  that	  contain	  a	  region	  complementary	  to	  C.	  parvum	  (purple)	  and	  a	  
region complementary to HIV-1 (blue). Figure originally published in Analytical 
Chemistry 2014, reprinted here with permission. 

4.3. Perform PCR using the primers and IPC template DNA. Assemble fifty 

microliter PCR reactions using Phusion High-Fidelity DNA Polymerase (New 

England	  Biolabs,	  Ipswich,	  USA)	  according	  to	  the	  manufacturer’s	  instructions.	  

Use two microliters of DNA template and Phusion Buffer HF. Add the 

Phusion polymerase after a hot start at 98 °C, followed by 60 sec at 98 °C, 

followed by 40 cycles of 15 sec at 98 °C, 30 sec at 62 °C, and 30 sec at 72 °C 

with a final extension at 72 °C for 5 min. After thermal cycling, hold samples 

at at 4 °C. Analyze samples by gel electrophoresis on a 2% TAE agarose gel, 

and then extract and purify DNA using the QIAquick Gel Extraction Kit 

(Qiagen, Germantown, USA) according to the microcentrifuge protocol 

included with the kit. 

4.4. Screen the IPC candidates for their ability to amplify using qRPA. Prepare 

qRPA reactions as described previously, using HIV-1 primers, a FAM-labeled 

probe specific	  to	  the	  IPC	  (5’-AGG TAG TGA CAA GAA ATA ACA ATA CAG GAC 

[FAM] T [THF] T [dT-BHQ1] GGT TTT GTA ATT GGA A -3’,	  BioSearch	  

Technologies, Novato, USA), and a total of 0, 10, 102, 103, 104, or 105 copies 

of each IPC candidate per reaction, testing all concentrations in duplicate. 
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Choose the IPC candidate that amplifies most consistently and has the 

lowest limit-of-detection. 

4.5. Co-amplify HIV-1 and the IPC to determine the optimal concentration of IPC 

DNA.	  Each	  50	  μL	  reaction	  contains	  the	  following	  components: 29.5	  μL	  

rehydration	  buffer,	  2.1	  μL	  RPA	  forward	  primer	  [10	  μM],	  2.1	  μL	  RPA	  reverse	  

primer	  [10	  μM],	  0.6	  μL	  HIV-1 HEX-labeled	  probe	  [10	  μM],	  0.6	  μL	  IPC	  FAM-

labeled	  probe	  [10	  μM],	  2.6	  μL	  IPC	  DNA,	  10	  μL	  HIV-1 DNA at varying 

concentrations,	  2.5	  μL	  magnesium	  acetate, and one enzyme pellet. First, use 

the IPC concentration that is the LOD when qRPA is performed with IPC DNA 

alone. If the IPC does not amplify in every sample, consider repeating the 

experiment with an IPC concentration one order of magnitude higher. The 

optimal concentration of IPC DNA for the HIV-1	  assay	  is	  10,000	  copies/	  μL.	  

While samples are considered valid if there is either IPC or HIV-1 DNA 

amplification, ideally the IPC exhibits detectable amplification for every 

reaction. 

x  

5. Building a standard curve from multiple experiments 

5.1. A standard curve may be constructed using data from several experiments. 

For this assay, we use 5 separate experiments, each containing 2 qRPA 

reactions at each template concentration to build a standard curve.  

5.2. Ensure the data for each experiment has been exported to Microsoft Excel as 

described in section 3.13.  
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5.3. Open	  and	  run	  the	  MATLAB	  script	  “JoVE_qRPA_standard_curve.m”.	   

5.4. After the script is initiated, the user is prompted in the command window to 

designate	  the	  “Number	  of data	  files”	  used	  to	  build	  the	  standard	  curve.	  Any	  

number of data files greater than 0 is acceptable. Type the number of files to 

be used to build the standard curve and press enter.   

5.5. The user is prompted to designate the number of samples and the number of 

replicates in each training file. In the plate layout described in step 1.2, there 

were 6 samples with different concentrations used and 2 replicates of each 

sample. Any number of samples is acceptable and any number of replicates 

between 1 and 5 is acceptable. Type the number of samples and the number 

of replicates, pressing enter after each entry. 

5.6. To build the standard curve, the user must specify the lowest DNA 

concentration used to build the standard curve and the difference in 

concentration between each standard (in log10 copies). When prompted, 

enter these values and press enter (for the plate layout we use, the lowest 

template	  concentration	  is	  ‘1’	  log10	  copies	  and	  the	  concentration	  interval	  is	  

also	  ‘1’	  log10	  copies).	  Any	  concentration	  is	  acceptable and any concentration 

interval is acceptable, but all intervals between standards must be the same. 

If different intervals are desired, the MATLAB script may be modified 

accordingly. 

5.7. The	  user	  is	  then	  asked	  to	  designate	  the	  “Slope	  threshold.”	  The	  value	  of	  the 

slope threshold affects the square of the correlation coefficient (r2) of the fit. 
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When using raw fluorescence data exported from a thermal cycler, values 

between 2.0 and 5.0 tend to yield a high r2 coefficient. Adjust the slope 

threshold setting in increments of 0.1-1.0 to find the value that yields the 

best r2 coefficient. Press enter after specifying the slope threshold value. 

5.8. To	  score	  a	  sample	  as	  positive	  or	  negative,	  the	  difference	  Δsample between the 

maximum and minimum fluorescence is determined for each sample. The 

average	  difference	  Δbackground and	  standard	  deviation	  σbackground are calculated 

for all no-target	  control	  samples.	  A	  sample	  is	  considered	  positive	  if	  Δsample is 

more	  than	  z	  ×	  σbackground above	  Δbackground.	  The	  user	  must	  specify	  the	  “Number 

(z)	  standard	  deviations	  above	  the	  background	  for	  positive	  threshold,”	  and	  

then press enter. Typical values for z range from 1 to 5. 

5.9. Specify	  whether	  the	  data	  was	  collected	  using	  the	  thermal	  cycler	  (‘1’),	  *.tif	  

microscope	  images	  (‘2’),	  or	  *.jpg	  microscope	  images	  (‘3’).	  Type	  the	  number	  

‘1,’	  ‘2,’	  or	  ‘3,’	  then	  press	  enter. 

5.10. Choose to set a new IPC threshold or to use a default value for the 

threshold	  by	  typing	  ‘y’	  or	  ‘n,’	  respectively,	  and	  press	  enter	  when	  prompted.	  

The default thresholds were determined experimentally by averaging 3 

experiments each containing 12 RPA reactions without any HIV-1 DNA 

present. If the user wishes to set a new threshold, enter the new threshold 

value when prompted. 

5.11. Next, the user must select each of the Microsoft Excel files used to 

build the standard curve. The script will automatically import the HEX and 
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FAM fluorescence data; determine whether each reaction was valid (i.e. 

whether the fluorescence signals exceeded the thresholds for the HEX or 

FAM channels); determine the r2 coefficient for an exponential, linear, and 

second-order	  polynomial	  fit;	  plot	  “log10	  copies	  versus	  the	  cycle	  threshold”	  

for every sample used to build the standard curve; and create a Microsoft 

Excel file containing essential variables to rebuild the standard curve for 

validation experiments without requiring the user to re-enter all of the input 

parameters again. 

6. Assay validation and quantification of unknown samples using the standard 

curve 

6.1. The standard curve may be used to estimate the template concentration in 

qRPA samples using the MATLAB script 

“JoVE_qRPA_validation_and_quantification.m”.	  This	  script	  may	  be	  used	  to	  

estimate the precision and accuracy of the assay by using samples with 

known concentrations; or, the script may be used to quantify samples with 

unknown concentrations. Because our previously published research 

showed that an exponential fit yielded the best r-squared coefficient,[4] this 

script utilizes an exponential fit for the standard curve. If a different type of 

fit is desired, the MATLAB script may be modified accordingly. 

6.2. After	  the	  script	  is	  initiated,	  the	  user	  must	  enter	  ‘1’	  to	  validate	  an	  assay	  using	  

a standard curve with known	  sample	  concentrations	  or	  enter	  ‘2’	  to	  quantify	  

unknown samples. They are then prompted to either select a saved standard 
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curve or build a new one by entering the same information required for the 

“JoVE_qRPA_standard_curve.m”	  script.	  The	  user	  is	  also	  prompted to identify 

the number of experiments (i.e. Excel files) to analyze for 

validation/quantification.  

6.3. After the required information is entered, the script automatically returns 

the estimated DNA concentration for each qRPA reaction (in log10 copies). If 

the script determines that no HIV-1 DNA was present in the sample, the 

estimated	  concentration	  is	  listed	  as	  either	  “Negative	  for	  HIV”	  or	  “Invalid,”	  

depending on whether the fluorescent signal for the internal positive control 

exceeded the threshold (z ×	  σbackground +	  Δbackground). If the user is validating 

the standard curve with known sample concentrations, the script will also 

return a second table listing the true concentrations of the validation set, the 

percent of the samples that were positive for each concentration, the 

average predicted concentration for each concentration, and the standard 

deviation for each concentration. 

x  

7. Preparation for data collection using a fluorescence microscope 

7.1. With the goal of developing a field-operable fluorescence reader, qRPA 

reactions may also be performed on a small, heated chip, and fluorescence 

data may be collected using simple filters and a camera. As a step towards 

this goal, qRPA experiments may be performed on an upright fluorescence 

microscope (Zeiss Imager.J1, Zeiss, Germany) with a stage heater (TC-GSH, 
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Bioscience Tools, USA) and 1-Channel Precision High Stability temperature 

controller (TC-1100S, Bioscience Tools, USA). 

7.2. A filter cube is required to excite and collect fluorescence from each 

fluorophore. The FAM fluorescence generated during IPC DNA amplification 

is excited and collected through a GFP filter (excitation BP 470/40 nm, 

emission BP 520/50 nm). The HEX fluorescence generated during HIV-1 

DNA amplification is excited and collected through a HEX filter (excitation 

BP 530/30 nm, emission BP 575/40 nm).  

7.3. Use the AxioVision script editing software to create an automated algorithm 

to replicate data-collection	  on	  the	  thermal	  cycler.	  First	  insert	  a	  “Settings”	  

step	  to	  close	  the	  shutter.	  Next	  add	  an	  “Exposure”	  step	  to	  set	  the	  exposure	  to	  

60	  sec.	  Insert	  a	  “Snap”	  to	  execute	  the	  60	  second	  delay,	  which	  implements	  the	  

1 min pre-incubation	  period.	  Add	  a	  “Setting”	  step	  to	  change	  the	  working	  

group	  to	  the	  GFP	  filter.	  Insert	  another	  “Exposure”	  step	  to	  adjust	  the	  

exposure to 200 milliseconds. All exposures using the GFP or the HEX filter 

cubes	  will	  be	  set	  to	  200	  milliseconds.	  After	  the	  “Exposure”	  step,	  add	  a	  “Snap”	  

and specify the camera with which the image will be taken. Use another 

“Setting”	  step	  to	  close	  the	  shutter	  and	  a	  “Save	  Image”	  step	  to	  save	  the	  image	  

to a user-defined temporary folder. Next switch to the HEX filter cube using 

another	  “Setting”	  step	  and	  then	  add	  an	  “Exposure”	  at	  200	  ms,	  a	  “Snap,”	  and	  a	  

“Save	  Image”	  step.	  Repeat	  this	  process	  59	  times	  with	  an	  initial delay of 20 

seconds instead of 60  (close shutter, wait 20 seconds, switch to GFP filter 
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cube, set exposure to 200 ms, snap, close shutter, save, switch to HEX filter 

cube, set exposure to 200 ms, snap). 

7.4. To create a chip that will hold qRPA reactions  for experiments using the 

microscope,	  cut	  a	  40	  mm	  x	  15	  mm	  rectangular	  base	  from	  a	  sheet	  of	  1/8”	  	  

thick black acrylic (8505K113, McMaster Carr, USA) using a laser cutter set 

to 100% power, 10% speed (VLS3.60, Engravers Network, USA). The 

reaction well consists of a 10 mm x 10 mm square with a 5 mm diameter 

circular hole cut from a sheet of 1.5 mm thick clear acrylic (PD-72268940 

McMaster Carr, USA). Up to three wells may be attached to a single base 

using superglue gel (Duro, Office Depot, USA). Dry overnight.  

8. Data collection and analysis using a fluorescence microscope 

8.1. Prepare the microscope for data collection by loading the automatic data 

collection	  script.	  Set	  the	  stage	  heater	  to	  48⁰C	  and	  preheat	  the	  reaction	  chip	  

on the stage heater for about 20 min.	  A	  temperature	  setting	  of	  48⁰C	  

maintains	  a	  temperature	  of	  39⁰C	  in	  the	  reaction	  well	  (data	  not	  shown).	  	  

Using a 10x, 0.45 NA objective, focus on the top of the inner edge of the 

reaction well with the GFP filter in place. The edges of acrylic are 

autofluorescent after laser cutting and may be easily visualized. After 

focusing, do not adjust the height of the microscope stage until all data are 

collected.  

8.2. Assemble the qRPA master mix in a designated pre-amplification workspace 

as previously described. For each sample, mix an enzyme pellet, master mix, 
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and HIV-1 DNA template in a microcentrifuge tube. Add 2.5 µL of 

magnesium acetate to the first reaction and briefly vortex. 

8.3. Quickly transport the microcentrifuge tube containing the qRPA sample to 

the fluorescence microscope. Carefully pipette 30 µL of the RPA reaction into 

the reaction well without creating bubbles. Place a drop of PCR-grade 

mineral oil over the RPA reaction to prevent evaporation. Position the well 

directly beneath the microscope objective, taking care to image only the 

center of the well, not any of the auto-fluorescent acrylic edges. After the 

well is positioned, run the automated script.  

8.4. The script generates one JPEG image using the FAM filter cube and one JPEG 

image using the HEX filter cube every 20 seconds. After the script is 

completed, these images must be transferred out of the temporary storage 

folder before running additional samples. Create two folders: one for each 

fluorophore	  (i.e.	  ‘HEX’	  and	  ‘FAM’).	  Both	  folders	  should	  be	  stored	  in the same 

parent folder. In each fluorophore folder, create a folder labeled with the 

number of DNA copies present in the sample (e.g. 0, 10, etc.). Transfer all 

files	  with	  the	  prefix	  ‘HEX’	  into	  the	  corresponding	  subfolder	  in	  the	  ‘HEX’	  

folder. Transfer all	  files	  with	  the	  prefix	  ‘GFP’	  into	  the	  corresponding	  

subfolder	  in	  the	  ‘FAM’	  folder.	  Repeat	  steps	  7.7	  and	  7.8	  for	  qRPA	  reactions	  

with 0, 10, 102, 103, 104, and 105 HIV-1 DNA copies.  

8.5. After collecting the data for all qRPA samples in an experiment, load the 

MATLAB	  script	  “JoVE_real_time_intensity_to_excel.m.”	  The	  script	  will	  
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prompt the user to select the parent folder containing the 2 fluorophore 

folders, which in turn contain the images for each concentration in 

subfolders. The script will automatically generate an excel file in the parent 

directory in which the HEX fluorescence data will be saved in a sheet named 

‘HEX’,	  and	  the	  FAM	  fluorescence	  data	  will	  be	  saved	  in	  a	  sheet	  named	  ‘FAM’.	  

In each sheet, the cycle number is listed in column B, and the real-time 

fluorescence data for increasing concentrations of template are given in 

columns C, D, etc. Each real-time fluorescence datum is the average 

fluorescence intensity of the image captured at that time point.  

8.6. The real-time fluorescence can now be plotted and visualized using 

Microsoft Excel. The data are also formatted appropriately for use in the 

previously	  described	  MATLAB	  scripts	  “JoVE_qRPA_standard_curve.m”	  and	  

“JoVE_qRPA_validation_and_quantification.m”.	   

8.4. Representative Results: 

Before selecting a sequence to serve as the IPC in qRPA experiments with 

target (HIV-1) DNA, internal positive control (IPC) candidates are generated and 

screened for their ability to amplify in qRPA reactions without HIV-1 DNA present. 

As shown in Figure 16A, the generation of two C. parvum IPC candidates was 

verified by the presence of 415 and 435 bp bands using gel electrophoresis. In qRPA 

reactions, the shorter IPC candidate exhibited little amplification (Figure 16B), 

while the longer candidate consistently amplified when a total of 104 and 105 copies 
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were present (Figure 16C). Thus, the longer candidate was chosen to be the IPC for 

HIV-1 qRPA experiments. 

 

Figure 16: Screening of IPC candidates. (A)	  Two	  IPC	  candidates	  (‘Forward	  Short’	  
and	  ‘Forward	  Long’)	  were	  generated	  using	  PCR	  and	  visualized	  on	  an	  agarose	  gel,	  
where 415 bp and 435 bp bands were visible. (B) The short IPC candidate exhibited 
little amplification during real-time RPA, while (C) the longer IPC candidate 
amplified consistently when a total of 104 and 105 copies were present. Figure 
originally published in Analytical Chemistry 2014, reprinted here with permission. 

Real-time qRPA may be performed using the target of interest alone or using 

both the target and the IPC. Figure 17 shows an experiment on the thermal cycler 

using both HIV-1 DNA and the C. parvum IPC. As demonstrated in Figure 17A, which 

displays HEX fluorescence data corresponding to real-time HIV-1 DNA generation, 

the time at which detectable amplification begins is inversely proportional to the 
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initial target concentration. Thus, amplification is apparent earlier for high 

concentrations of HIV-1 DNA and later for low concentrations of HIV-1 DNA. In 

contrast, detectable amplification of IPC DNA begins at approximately the same time 

because the starting IPC concentration is the same in all samples, as shown in Figure 

17B, which displays FAM fluorescence data corresponding to IPC DNA generation 

during the same experiment. The rate of fluorescence generation from the IPC is 

inversely proportional to the concentration of HIV-1 DNA due to competition during 

amplification.  

 

Figure 17: Typical raw fluorescence data generated during co-amplification of 
HIV-1 DNA and IPC on a thermal cycler. (A) For HIV-1, the onset of detectable 
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amplification, shown by an apparent increase in HEX fluorescence, occurs earlier for 
high concentrations of HIV-1 DNA. (B) For the IPC, the onset of detectable 
amplification, shown by an apparent increase in FAM fluorescence, occurs at 
approximately the same time regardless of the HIV-1 DNA concentration. However, 
the rate of FAM fluorescence generation is inversely proportional to the amount of 
HIV-1 DNA present due to competition. Figure originally published in Analytical 
Chemistry 2014, reprinted here with permission. 

Real-time fluorescence data may also be collected using a fluorescence 

microscope with a stage warmer. Figure 18A and Figure 18B display HEX and FAM 

fluorescence data collected on a microscope. Data collected on the microscope using 

laser-cut chips demonstrate slight variability in baseline fluorescence and crests and 

troughs that may be due to photobleaching However, the MATLAB script determines 

the cycle threshold using the rate of change of fluorescence during the initial 

amplification period, which is unaffected by baseline fluorescence or variability in 

fluorescence after the initial amplification has occurred. As seen in Figure 18C, the 

standard curve built from this experiment has an r2 coefficient of 0.990. Notably, the 

IPC is amplified only for low concentrations of HIV-1 DNA. Although this behavior 

differs from experiments performed on the thermal cycler, all samples are still 

classified as valid using this method.  
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Figure 18: Typical raw fluorescence data generated during co-amplification of 
HIV-1 DNA and IPC on a microscope. (A) Similar to data generated on the thermal 
cycler, the onset of detectable HIV-1 amplification, shown by an apparent increase in 
HEX fluorescence, occurs earlier for high concentrations of HIV-1 DNA. (B) IPC 
amplification on the microscope, shown by FAM fluorescence, is apparent for low 
HIV-1 DNA concentrations but not always apparent in samples with high HIV-1 DNA 
concentrations. (C) A standard curve can be built using the MATLAB scripts that 
yields a high r2 coefficient. 

Data from multiple experiments using known target concentrations may be 

compiled to construct a standard curve, which may then be used to assess assay 

performance or quantify samples with unknown concentrations. Figure 19 shows 

the data from five experiments and an exponential standard curve generated using 

the	  “JoVE_qRPA_standard_curve.m”	  MATLAB	  script, relating the initial HIV-1 target 

concentration to the time at which detectable amplification began. Note that the 
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exponential fit has a high r2 coefficient of 0.959. The standard curve was then used 

to predict the concentrations of additional samples with known concentrations for 

assay	  validation	  using	  the	  “JoVE_qRPA_validation_and_quantification.m” MATLAB 

script. Table 10 shows the quantification results for five additional experiments 

using the standard curve in Figure 19.  Note that the algorithm correctly classified 

all samples containing HIV-1 DNA as positive and nine out of ten of the no-target-

control samples as negative. In addition, the average predicted concentration was 

within one order of magnitude of the correct concentration and the standard 

deviation for predicted concentrations was less than 0.5 log10 (copies per reaction). 

Sample 
Concentration 

Average Predicted 
Concentration 

Standard 
Deviation 

Percent of Samples 
Identified as Positive 

No target controls 0.1 0.3 10% 
1 0.9 0.1 100% 
2 2.2 0.5 100% 
3 3 0.1 100% 
4 3.7 0.1 100% 
5 4.2 0.2 100% 

Table 10: HIV-1 qRPA assay validation. Using the standard curve in Figure 18, 
the validation MATLAB script was used to predict the concentrations (in log10 
copies) of samples for 5 additional experiments. Table originally published in 
Analytical Chemistry 2014, reprinted here with permission. 
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Figure 19: Typical standard curve for HIV-1. Using the standard curve MATLAB 
script, raw HEX fluorescence data generated during HIV-1 amplification is processed 
to build a standard curve, which may be used to predict the HIV-1 DNA 
concentration of unknown samples. This standard curve (z = 1) was generated using 
data from 5 experiments, in which 6 concentrations were tested using 2 replicates at 
each concentration. All concentrations are given in log10 copies. Figure originally 
published in Analytical Chemistry 2014, reprinted here with permission. 

8.5. Discussion 

In order to develop a real-time RPA assay that provides accurate 

quantification, experimental consistency is crucial. For example, we used the same 

primer and probe aliquots for both the standard curve and validation experiments. 

We also avoided freeze-thaw cycles by storing the primer and probe aliquots at 4°C 

between experiments rather than -20°C. The template aliquots used for the 
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standard curve and validation experiments were stored in the same manner. 

TwistAmp exo enzyme pellets and reagents from the same lot were used according 

to the manufacturer recommendations. Lastly, because	  RPA	  lacks	  true	  ‘cycles’	  to 

precisely control the rate of amplification, standardization of user steps is absolutely 

imperative. When assembling reactions, the user must always follow the same steps 

in the same order, spending approximately the same amount of time on each step. 

Reactions must always be mixed gently with a new pipette tip, and bubbles must 

always be eliminated. Before amplification, reactions must be held at a consistent 

temperature, and the thermal cycler or microscope software should always be 

prepared before loading reactions. Any variation in the initial reaction conditions 

may lead to inconsistency in experimental outcomes. 

When using a microscope to collect data, additional variables must be 

controlled to minimize variation in fluorescence intensity.  All reactions must be 

placed in the same region on the stage warmer, and the microscope must be focused 

on the same region of the well for every sample. Even if these practices are followed, 

fluorescence data collected on a microscope may exhibit variability due to local 

bright spots that naturally form during RPA reactions, bubble formation within the 

reaction chambers, or photobleaching resulting from repeated exposure to 

excitation light. The influence of these variables is evident in fluorescence data 

collected on the microscope (Figure 18A and Figure 18B), which demonstrate 

baseline variability, peaks, and troughs. These features are absent from the 

fluorescence data collected on the thermal cycler (Figure 17A and Figure 17B). 
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Ultimately, data collection on the microscope is for proof-of-principle purposes only. 

The final assay will be implemented on a field-operable fluorescence reader with 

more precise geometry and software control that minimizes these variables. 

Another important aspect of the qRPA assay development process is 

consistency in data processing. The protocol described in the methods section uses 

MATLAB scripts to process raw fluorescence data (stored in a Microsoft Excel 

spreadsheet) collected from a thermal cycler or microscope.  All experiments used 

to build the standard curve must be formatted identically. When using a thermal 

cycler to collect data, the same plate layout should be used, and data from wells that 

do not contain RPA reactions should not be exported. When using a microscope to 

collect data, the format of the data must match the format of the data automatically 

exported from the thermal cycler. For example, the no-target-control data should be 

in cells c2:c61, and data for increasing template concentrations should be in cells 

d2:d61, e2:e61, etc. If there are multiple replicates of each concentration in an 

experiment, the 2nd replicate dilution series should be ordered left to right from NTC 

to highest concentration and saved in the columns immediately to the right of the 1st 

replicate dilution series. For example, in the plate layout we use with 2 replicates for 

each sample, fluorescence data for the 1st replicate of each sample in the dilution 

series should be saved in cells c2:h61 and fluorescence data for the 2nd replicate of 

each sample in the dilution series should be saved in cells i2:n61. For the plate 

layout we use, this is the default formatting when exporting data from the BioRad 

software to Excel. 
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Representative data provided from HIV-1 qRPA experiments demonstrate 

proof-of-concept support that RPA may be used for quantification of nucleic acid 

concentration in unknown samples. Clinically useful HIV-1 viral load tests should 

have a clinical range of at least 4 orders of magnitude, a precision of 0.5 log10 

copies, and a limit of detection of at least 200 copies.[93], [94] The HIV-1 DNA assay 

we describe meets these criteria and is most accurate at low concentrations, as 

shown in Table 10. When developing a qRPA assay, adjusting the algorithm 

parameters may tune the sensitivity and linear dynamic range depending on clinical 

needs. Figure 20 shows that adjusting z (a parameter that determines the threshold 

for positive samples) can influence the sensitivity and accuracy at low and high 

target concentrations.  

 

Figure 20:  Algorithm tunability. Adjusting the algorithm parameters changes the 
standard curve used to predict the concentration of unknown samples. The 
validation MATLAB script was used to predict the concentration of unknown 
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samples using z = 1 (red) and z = 5 (blue). All concentrations are given in log10 
copies. Predictions are more accurate for low DNA concentrations when z = 1; 
predictions are more accurate for high DNA concentrations when z = 5. By adjusting 
the algorithm parameters, the qRPA standard curve may be tuned according to 
clinical needs. Figure originally published in Analytical Chemistry 2014, reprinted 
here with permission. 

As a proof of concept, we developed a qRPA assay to quantify the 

concentration of samples containing HIV-1 DNA. The qRPA assay we describe in this 

manuscript includes detailed instructions on how to assemble real-time RPA 

reactions, develop and screen an IPC, and process raw fluorescence data to build a 

standard curve that can be used to quantify unknown samples. With the detailed 

instructions included, this protocol may be adapted to quantify DNA concentration 

in a wide variety of samples.  
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Chapter 9 

Strategies for implementing in low-resource setting: 

Sample preparation  

*Portions of this chapter have been published in the following conference proceedings: Z. A. 

Crannell, E. Skerrett, and R. Richards-Kortum,	  “Low resource setting protocol for extracting 

nucleic acids from stool samples containing Cryptosporidium oocysts.,”	  IEEE EMBS Spec Top 

Conf Healthc Innov Point-of-Care Technol., Oct. 2014. 

 

As discussed in previous chapters, DNA diagnostic tests are powerful tools 

that allow clinicians the greatest sensitivity and specificity for detecting pathogens 

in clinical samples. Traditional nucleic acid amplification platforms are effective 

diagnostic tools because they can detect just a few copies of pathogen DNA in a sea 

of background DNA. If any pathogen DNA is present, the amplification reaction 

makes billions of copies of the target DNA, which can then be detected by a variety 
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of means (gel electrophoresis, lateral flow strips, fluorescence monitoring, etc.). 

However, before a clinical sample can be used in a DNA-based test like PCR, DNA 

from the sample must first be isolated from all of the other components in the 

patient sample that can inhibit amplification (extracellular matrix, fluids, proteins, 

carbohydrates, etc). DNA isolation and purification is a non-trivial step and is an 

important consideration when developing a DNA diagnostic test like the RPA assays 

described in this thesis. This chapter provides background on traditional nucleic 

acid isolation methods and describes several approaches to isolate nucleic acids in 

low resource settings (LRS).   

9.1. Traditional Nucleic Acid Extraction 

While more sensitive than traditional diagnostic tests, NA-based tests often 

require complicated NA extraction protocols. This is particularly true for robust 

microorganisms such as diarrhea-causing protozoan whose extraction typically 

require a constant supply of electricity, harsh lysis buffers, freeze-thaw cycles, long 

incubation times, vortexing, and centrifugation steps [102]. Preparing DNA for 

traditional amplification processes like PCR involves several steps.  

Because DNA is an intracellular component, pathogen cells must first be 

lysed to free the DNA. In commercial DNA extraction kits, chemical lysis is 

accomplished by heating or boiling a stool sample with a lysis buffer that contains 

chaotrophic salts or detergents. For particularly robust organisms that are difficult 

to lyse, chemical lysis may be combined with mechanical lysis. For example, robust 
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organisms may be sheared by mixing a stool sample and lysis buffer with rough 

beads, then vortexing the sample for several minutes [2], [103]. 

After lysis is completed and pathogen DNA has been freed from the 

intracellular space, the DNA must be isolated from the lysis buffer and other intra- 

and extra-cellular components that can inhibit amplification [67]. This is typically 

accomplished using commercially available DNA binding columns or DNA binding 

beads. There are several different types of columns and beads, but most use alcohol 

or a salty binding buffer to bind DNA to a substrate (the column or magnetic bead). 

Once the DNA is bound to the columns or beads, the lysis buffers and cellular debris 

can be washed away by centrifugation or magnetic isolation. Washing the columns 

or beads with alcohol-based buffers can further purify bound DNA.  

Finally, DNA is recovered by elution from the beads or columns in a low salt 

or water buffer. Elution in a small volume can be beneficial to concentrate the target 

further. The concentration and purity of recovered DNA can be assessed 

spectroscopically using tools such as the nanodrop [104]. DNA has peak ultra-violet 

absorption at a wavelength of 260 nanometers and 1 optical density unit at 260 

nanometers corresponds to 50 micrograms of double stranded DNA per milliliter. 

Spectroscopic analysis also detects protein contamination, which is reflected in 

strong absorbance at 230 nanometers. If DNA has been sufficiently isolated from 

protein contaminants, the ratio of optical densities at 260 nanometers and 230 

nanometers should be greater than 1.8. Protein contamination can be prevented by 

adding a proteinase to the sample during lysis.  
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9.2. Low Resource Setting Nucleic Acid Extraction 

Traditional methods of DNA extraction and purification are time and 

resource-intensive and require the use of specialized commercial disposables such 

as magnetic beads or DNA binding columns, buffers, centrifuges, and magnetic ring 

stands. To overcome these challenges, several research groups have developed 

approaches to DNA extraction that are more amenable to point of care settings.   

Govindarajan et al. developed a paper origami device that could be used to 

extract DNA in a LRS with only sample, water, ethanol, and an elution buffer [53]. 

The device was assembled ahead of time with reagents and lysis buffers dried into 

strategically placed pads. DNA extracted from mucus samples using this device 

demonstrated a LOD of 33 colony-forming units of E. coli per milliliter and required 

no external heating equipment. Because the simple devices did not require a 

semiconductor clean room or microfabrication facility, the authors claimed the 

devices were amenable to scaled production. However, assembly of each device 

required 30 minutes, which may be prohibitively long in a clinic or lab where 

dozens of samples need to be processed each day.  Furthermore, it is unclear what 

types of organisms the device could lyse without any heating or mechanical lysis. 

Casavant et al. developed an even simpler device that drags paramagnetic 

beads through a device with oil-liquid interfaces to purify DNA [105]. Their device 

performed well in DNA amplification tests, however they used easy-to-lyse 

epithelial cancer cells to demonstrate proof-of-concept.  It is doubtful that room 
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temperature lysis would suffice for the robust organisms commonly found in stool 

samples. 

Huang et al. developed a simple DNA extraction protocol for stool samples 

that can purify DNA without the use of wall or battery power [106]. Their System for 

Nucleic Acid Preparation (SNAP) protocol uses a bicycle pump to bind DNA from 

lysed stool samples to low-cost, non-commercial solid phase extraction columns 

(SPEs). Although the device was specifically designed to handle stool samples, their 

protocol still required an external, fixed temperature heater for lysis as well as a 

centrifuge to pellet debris prior to purification.  

9.3. Low resource setting design criteria 

In light of the shortcomings associated with using existing nucleic acid 

extraction methods for lysing and purifying DNA from robust pathogens in a LRS, 

we developed the design criteria outlined in Table 11. These criteria were used to 

guide the development of sample preparation protocols for the RPA assays 

described in this thesis.  

Criteria Target 

cost ≤	  $1 

commercial 
disposables 

no commercial buffers or DNA binding materials 

limit of detection ≤	  103 oocysts/mL stool 

number of user steps ≤	  #	  steps	  required	  for	  gold	  standard	  protocol	  (Qiagen) 
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total time ≤	  60	  minutes 

multiplexing ≥	  8	  samples	  in	  60	  minutes 

lab equipment no wall powered equipment 

Table 11: Design Criteria for a low resource setting DNA extraction protocol 

The total cost of disposables in the protocol was set at less than $1 USD. The 

$1 per sample benchmark is widely used in the field of diagnostics and represents a 

considerable cost reduction from commercially available gold standard kits like 

Qiagen DNA stool mini kit (51504, Qiagen, Germantown, MD) that cost roughly $5 

per sample. The protocol should not require the use of commercial disposables, as 

they can be difficult to acquire in an LRS and tend to increase the cost per sample.  

Extracted DNA from the LRS protocol should not affect the LOD of the 

diagnostic assay compared to the gold standard. Therefore the LRS and the gold 

standard protocol should demonstrate the same LOD when tested with the intended 

validation assay. For the RPA assay testing stool samples containing 

Cryptosporidium, this translates to a LOD 103 parasites/mL stool.  

The number of user steps and total time required to perform the LRS 

protocol	  should	  also	  be	  equal	  to	  that	  of	  the	  gold	  standard	  protocol	  (Qiagen’s	  stool	  

extraction kit). And as with commercial kits, multiple samples should be able to be 

run in parallel to allow a realistic throughput of 8 or more samples in roughly the 

same amount of time as the gold standard (60 minutes). Lastly, the protocol should 
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be able to run without requiring any access to a potentially unreliable electrical grid 

and minimize the use of specialized laboratory equipment. 

9.4. Low resource setting nucleic acid extraction protocol 

We developed a LRS stool sample preparation protocol that does not require 

the use of lab equipment or commercial reagents to extract NAs from stool samples. 

Using this protocol, NAs were extracted from stool samples spiked with 

Cryptosporidium oocysts and detected using an established Cryptosporidium 

detection assay to determine the LOD of the LRS extraction protocol [1]. 

Comparison of the LOD of NAs extracted with the LRS protocol and the commercial 

protocol	  demonstrated	  that	  the	  LRS	  protocol’s	  LOD	  was	  as	  good	  as	  the	  gold	  

standard, commercial protocol. 

The protocol was experimentally validated with stool samples spiked with 

oocysts to achieve a final concentration of 105, 104, 103, 102, 101, and 0 oocysts/ml 

stool. NAs were extracted from the stool samples with either the Autogen QuickGene 

DNA tissue kits with modifications as previously described [1] or using the LRS 

protocol described below. The LRS protocol used an aliquot of spiked stool mixed 

with proteinase K and a Tris-HCl	  lysis	  buffer.	  The	  mixture	  was	  incubated	  at	  100⁰C	  

(boiling water or heat block) for 15 minutes. After incubation, the lysate was filtered 

with a 5 µm syringe filter (4489, Pall, Port Washington, NY). The eluate was 

collected and mixed with ethanol, then passed through a filter holder (SX0001300, 

EMD Millipore, Billerica, MA) containing a DNA binding membrane. The membrane 
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was then washed with ethanol and dried using hand driven pressure from a syringe. 

After drying, bound nucleic acids were eluted with water or buffer AE (19077, 

Qiagen). Total extraction time for the LRS protocol required less than 1 hour 

(compared to >3 hours for the commercial protocol). Extracted NAs from both 

protocols were used in the Cryptosporidium RPA assay as described in CHAPTER 3 

[1]. NAs extracted using both the traditional protocol and the LRS protocol tested 

positive for all samples containing 102 or more oocysts/ml stool and tested negative 

for all other samples.    

We have shown that it is possible to extract NAs from robust parasites 

(Cryptosporidium) and from samples containing extensive extracellular matrix 

(stool) using only boiling water and a handful of readily available disposables. With 

clinical testing, the combination of this electricity free, LRS extraction protocol and 

body-temperature NA-diagnostic could allow for NA-based stool diagnostics 

anywhere in the world. 

9.5. Additional improvements 

While the protocol described previously (and presented at the IEEE 

Healthcare Innovations Point-of-care Technology conference) could be 

implemented using only boiling water, pipettes, and syringes, it used several off-the-

shelf disposables that increased the cost per sample to $6.65, well above the target 

$1. The most expensive component of this procedure was the Versapor membrane 

filter (4489, Pall). To reduce this cost, the membranes were purchased in bulk 
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(V50TNW500, Pall), cut to size, and used with a 3D printed, reusable membrane 

holder. This simple adaptation resulted in a cost savings of almost $4 per sample.  

The original LRS protocol was also time consuming to process multiple 

samples at once, as every sample required hand pumping a separate syringe at 3 

different steps. Processing a typical batch of 8 samples in this way frequently 

resulted in a total sample preparation time greater than 1 hour. Replacing two of the 

three syringe driven steps with the battery-powered Autogen QuickGene Mini80 

reduced batch processing time to under the target time of 60 minutes. The 

QuickGene Mini80 is a small, affordable device that was used to drive lysate through 

DNA binding pads in reusable DNA binding pad holders. The use of the QuickGene 

Mini80 also removed another significant cost driver, disposable syringes, resulting 

in a cost savings of $0.50 per sample.  

The final cost driver keeping the extraction protocol above the target cost of 

$1 was the amount of proteinase K used in the protocol. Proteinase K serves an 

important role to break down inhibitory proteins, but the amount used (40 µl) costs 

$1.14 and could likely be reduced by 50% or more. With this final adaptation, the 

LRS protocol should satisfy all of the criteria outlined in Table 11.  
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9.6. Future considerations 

While we developed a protocol that meets the design criteria in Table 11, 

additional integration of sample preparation and amplification steps would allow 

for more widespread adoption of the RPA tests described in this thesis.  

As RPA can tolerate significantly greater sample impurities than other NA 

amplification platforms, future work should focus on determining if it is possible to 

identify a lysis buffer that does not inhibit RPA. This would allow for the elimination 

of the washing and purification steps, which would dramatically simplify the user 

workflow. The user would simply have to combine the sample and the lysis buffer, 

boil the mixture to lyse the pathogens, and then combine an aliquot of the whole-

cell-lysate with the mastermix and enzyme pellet.  

Collaboration with TwistDx, the RPA kit manufacturer, should be considered 

after preliminary pilot studies are complete. They have previously worked with 

researchers and provided them with customized master-mixes containing 

lyophilized primers and probes [91], [107]. Lyophilization of primers and probes 

significantly streamlines	  the	  user’s	  workflow	  and	  would	  eliminate	  numerous	  user-

steps. They may also be able to adjust the pH of the lyophilized enzyme pellet, which 

could eliminate purification and washing steps or allow for a wider range of lysis 

buffers to be used. 
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Chapter 10 

Equipment-Free Incubation of Recombinase Polymerase 

Amplification Reactions Using Body Heat* 

*The contents of this chapter have been published previously in the journal article: Z. A. 

Crannell, B. Rohrman, and R. Richards-Kortum,	  “Equipment-free incubation of recombinase 

polymerase	  amplification	  reactions	  using	  body	  heat.,”	  PLoS	  One,	  vol.	  9,	  no.	  11,	  p.	  e112146,	  

Jan. 2014. 

10.1. Abstract 

 The development of isothermal amplification platforms for nucleic 

acid detection has the potential to increase access to molecular diagnostics in low 

resource settings; however, simple, low-cost methods for heating samples are 

required to perform reactions. In this study, we demonstrated that human body heat 

may be harnessed to incubate recombinase polymerase amplification (RPA) 

reactions for isothermal amplification of HIV-1 DNA. After measuring the 
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temperature of mock reactions at 4 body locations, the axilla was chosen as the ideal 

site for comfortable, convenient incubation. Using commonly available materials, 3 

methods for securing RPA reactions to the body were characterized. Finally, RPA 

reactions were incubated using body heat while control RPA reactions were 

incubated in a heat block. At room temperature, all reactions with 10 copies of HIV-

1 DNA and 90% of reactions with 100 copies of HIV-1 DNA tested positive when 

incubated with body heat. In a cold room with an ambient temperature of 10 

degrees Celsius, all reactions containing 10 copies or 100 copies of HIV-1 DNA 

tested positive when incubated with body heat. These results suggest that human 

body heat may provide an extremely low-cost solution for incubating RPA reactions 

in low resource settings. 

10.2. Introduction 

Polymerase chain reaction (PCR) is widely considered to be the gold 

standard for sensitive and specific diagnosis of many infectious diseases. Because 

PCR amplifies trace levels of DNA to detectable levels, this technique is often orders 

of magnitude more sensitive than other diagnostic methods such as microscopy or 

antibody-based assays [71]–[73]. PCR is also highly specific and can be used to 

differentiate between similar organisms by detection of specific nucleic acid 

sequences. However, PCR requires access to expensive thermal cycling equipment 

that is frequently unavailable in low-resource settings where the infectious disease 

burden is greatest. Even at centralized diagnostic centers in low resource settings, 
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where  thermal cyclers and technical expertise are available, PCR may be 

impractical due to the unavailability of battery powered thermal cyclers or frequent 

power outages [108]. 

A number of platforms have been developed to amplify nucleic acids at a 

single temperature, thus alleviating the need for thermal cycling equipment [1], 

[25], [28], [29], [74]. Because isothermal amplification methods require only a 

single temperature, these platforms can be implemented  using a simple, fixed-

temperature heater, which costs at least an order of magnitude less than a thermal 

cycler [75]. In addition to commercially available heaters, a number of research 

groups have developed battery-powered heaters or exothermal chemical heaters 

that maintain an appropriate reaction temperature without external power. For 

example, Myers et al. designed a battery-powered heater and LaBarre et al. coupled 

an exothermic reaction with an engineered phase change material to enable 

incubation of loop-mediated amplification (LAMP) reactions at the point of care 

[109], [110]. The design constraints for such heaters, such as temperature set-point 

and stability, highly depend on the intended isothermal amplification platform and 

ambient temperature range. 

One such isothermal platform, recombinase polymerase amplification (RPA), 

offers significant advantages for both instrumentation and assay development. RPA 

is tolerant to impure samples, amplifies DNA to detectable levels in as few as 5 

minutes, and is available in a lyophilized form that can be transported to the point of 

care without requiring cold chain storage [29]–[31]. Lateral flow strips may be used 
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for detection of amplified RPA products in low resource settings. In addition, RPA 

operates at a wide range of  temperatures [29]. TwistDx recommends an incubation 

temperature of 37 degrees Celsius (the temperature of the human body) but notes 

that amplification may occur at temperatures as low as 25 degrees Celsius by using 

additional magnesium acetate, extending incubation time, and agitating reactions 

later in the incubation period  [30]. Others have shown that even without adjusting 

the biochemistry of reactions, RPA retains reliable functionality between 31 and 43 

degrees Celsius [111].  Although the possibility of incubating RPA  reactions using 

body heat has been mentioned in previous work [1], [88], to the best of our 

knowledge, there are no examples of harnessing body heat to perform RPA in the 

literature.  

In this paper, we explored the feasibility of using body heat to incubate RPA 

reactions for amplification of HIV-1 DNA.  We chose this assay because detection of 

HIV-1 proviral DNA is an established method for early infant diagnosis [93], and the 

HIV-1 DNA RPA assay used here has been well-characterized elsewhere [89]. First 

we measured the temperature of mock reactions incubated at 4 body locations 

chosen to allow comfortable, convenient incubation. After demonstrating that the 

axilla is the ideal location for incubation, we investigated 3 commonly available 

materials to secure RPA reactions to the body. We also studied the effect of ambient 

conditions on incubation temperature to determine the ambient temperature range 

for which incubation with body heat may be feasible. Finally, RPA reactions were 

incubated using body heat while control RPA reactions were incubated in a heat 
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block to demonstrate that body heat may be harnessed to enable isothermal 

amplification of HIV-1 DNA. 

10.3. Methods 

10.3.1. Ethics statement 

Ten normal, healthy volunteers were recruited for this study in accordance 

with Rice University IRB approved protocol 14-211E. Informed, written consent was 

given by all volunteers. 

10.3.2. Body temperature measurements  

To estimate the temperature that an RPA reaction would reach if incubated 

using body heat, the temperature of mock RPA reactions was measured at various 

body locations. A mock reaction consisted of a 2 mL microcentrifuge tube filled with 

50 µL of water. The temperature of each mock reaction was monitored via a wire 

thermocouple probe threaded through a small hole in the top of the tube. The 

thermocouple probe was attached to a thermocouple measurement device with a 

USB interface (NI USB – TC01, National Instruments, USA), and thermal 

measurements were recorded every second. Volunteers held the tube for 45 

minutes at 4 body locations chosen to allow comfortable, convenient incubation of 

RPA reactions. Tubes were held in a closed fist, placed in a rear trouser pocket, held 

in the axilla (outside of clothing), or taped to the abdomen (under clothing). The 

temperature of mock reactions at each body location was measured for five 
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volunteers. Because mock reactions were in thermal equilibrium with the ambient 

temperature before incubation, the initial temperature of each mock reaction was 

defined to be the ambient temperature for each experiment. To analyze the data for 

each body location, the average temperature over time was calculated for each 

volunteer. Then, the mean and standard deviation of those values was computed. 

10.3.3. Evaluation of methods for securing tubes 

To allow convenient incubation of RPA reactions under the arm, several 

methods were tested for securing tubes to the body. Mock reactions were secured 

by wrapping a 10 cm wide bandage ($12, CVS Pharmacy, USA), applying a 5 cm wide 

elastic sweat band ($1, Academy Sports and Outdoors, USA), and tying an 8 cm wide 

strip of cotton cloth (African chitenje fabric, approximately $4 per yard, outdoor 

market, Malawi) over the shoulder and under the arm (Figure 21). Volunteers 

incubated a tube containing 50 µL of water for 45 minutes using each method while 

the temperature was measured as previously described. These measurements were 

taken for five volunteers. 
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Figure 21: Methods for securing tubes. Mock RPA reactions were secured in the 
axilla using (A) a bandage, (B) an elastic sweatband, and (C) a strip of African 
chitenje fabric. An arrow is shown in each panel to indicate the approximate 
position of the tube, which is covered by material. 

10.3.4. Effect of ambient conditions on incubation temperature 

The effect of ambient conditions on incubation temperature was assessed. 

Variation in ambient conditions was simulated by performing measurements in a 

cold room, in an air conditioned office, and outside in the Houston summer sun 

(approximately 4, 10, 22, and 38 degrees Celsius, respectively). Volunteers 

incubated a microcentrifuge tube containing 50 µL water secured in the axilla with a 

strip of cotton chitenje fabric for 15 minutes in each environment. Incubations were 

performed for fifteen minutes to minimize the discomfort to the volunteers when 

sitting in direct sunlight and in the cold room. Most volunteers in the cold room 

wore warm clothing over the secured tube. The temperature was measured as 

previously described in each environment for five volunteers. 
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10.3.5. Incubation of RPA reactions using body heat 

RPA	  reactions	  were	  assembled	  according	  to	  the	  manufacturer’s	  instructions	  

(TwistAmp nfo kit, TwistDx, United Kingdom) using sequences published previously 

that target and amplify the HIV-1 pol gene [89]. Each 50 µL reaction contained 29.5 

µL rehydration buffer, 2.1 µL biotin-labeled forward	  primer	  (5’-[biotin]-

TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG-3’),	  2.1	  µL	  reverse	  primer	  (5’-

CCCGAAAATTTTGAATTTTTGTAATTTGTTTTTG-3’),	  0.6	  µL	  FAM-labeled nfo probe 

(5’-[FAM]-TGC TAT TAT GTC TAC TAT TCT TTC CCC TGC [dSpacer] CTG TAC CCC 

CCA ATC CCC [C3 Spacer]-3’),	  3.2	  µL	  water,	  one	  enzyme	  pellet,	  2.5	  µL	  magnesium	  

acetate, and 10 µL of water or HIV-1 DNA template. All DNA oligonucleotides were 

purchased from Integrated DNA Technologies (Novato, USA). HIV-1 DNA samples 

contained a background of 10 ng of human genomic DNA and a total of 0, 10, or 100 

copies of the plasmid pHIV-IRES-eYFPΔEnvΔVifΔVpr,	  a	  generous	  gift	  from	  R.	  Sutton 

[92]. 

RPA reactions were incubated using the body heat of ten volunteers at room 

temperature in an office or laboratory with an ambient temperature between 21 

and 26 degrees Celsius. RPA reactions were also incubated using the same method 

in a cold room with an ambient temperature of 10 degrees Celsius.  Each volunteer 

incubated three RPA reactions containing 0, 10, or 100 HIV-1 DNA copies in 0.5 mL 

tubes. This tube size was chosen so that screw-caps could be used, which minimize 

the formation of aerosols that may lead to amplicon contamination. The 0.5 mL 

tubes containing RPA reactions were placed in a 5 cm x 5 cm zipper locking plastic 
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bag	  (International	  Plastics,	  USA),	  incubated	  under	  the	  volunteer’s	  arm,	  and	  secured	  

with a strip of cotton chitenje fabric. For each volunteer, three control reactions 

(also containing 0, 10, or 100 HIV-1 DNA copies) were incubated at 37 degrees 

Celsius in a VWR heat block (13259-000, VWR, USA). For experiments performed at 

room temperature and at 10 degrees Celsius, RPA reactions were incubated for 20 

minutes and 30 minutes, respectively. Experiments performed in the cold room 

were incubated for 30 minutes because previous work has shown that an extended 

incubation time may increase RPA sensitivity at temperatures below 30 degrees 

Celsius [113]. After incubation, all reactions were placed on ice to halt amplification.  

Lateral flow detection of the amplicons dual-labeled with FAM and biotin was 

accomplished using commercially available lateral flow strips according to the 

manufacturer’s	  instructions	  (MGHD 1, TwistDx, United Kingdom). For each RPA 

reaction, 2 µL of amplified product was diluted in 98 µL of supplied running buffer. 

Ten microliters of diluted product was then added to the sample pad of the lateral 

flow strip, and the strip was placed in a well of a 96-well plate containing an excess 

of running buffer. After three minutes the strips were removed and scanned with a 

flatbed scanner.  The signal-to-background ratio (SBR) of the detection region on 

the lateral flow strips was assessed as previously described [64]. The SBR threshold 

for a positive sample was defined as three standard deviations above the average 

SBR of all negative samples incubated in the heat block. 
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10.4. Results 

The temperature of mock RPA reactions was measured at various body 

locations to estimate the temperature that an RPA reaction would reach if incubated 

using body heat. Figure 22 shows the temperature traces of mock RPA reactions 

incubated by 5 volunteers at 4 body locations. Mock reactions held in the axilla 

outside of clothing (Figure 22A), taped to the abdomen under clothing (Figure 22B), 

placed in a rear trouser pocket (Figure 22C), and held in a closed fist (Figure 22D) 

had average temperatures of 34.8 ± 0.6, 31.3 ± 1.7, 33.1 ± 0.5, and 33.4 ± 2.7 and 

degrees Celsius, respectively. In less than three minutes, all mock reactions reached 

a temperature of 31 degrees Celsius, the temperature required for all RPA reactions 

to amplify DNA to detectable levels [111]. Because the temperature of mock 

reactions was closest to the temperature recommended for RPA (37 degrees 

Celsius) when incubated in the axilla, this site was chosen as the site of incubation 

for all following experiments. 
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Figure 22: Temperature of mock reactions incubated at different body 
locations. Each plot shows the temperature traces of mock RPA reactions incubated 
by 5 volunteers at 1 of 4 body location tested. Mock reactions were (A) held in the 
axilla, (B) taped to the abdomen, (C) placed in a rear trouser pocket, and (D) held in 
a closed fist. 

Several methods were tested for securing tubes to the body to allow 

convenient incubation of RPA reactions in the axilla. Figure 23 shows the 

temperature traces of mock RPA reactions incubated by 5 volunteers using 3 

different methods. Mock reactions secured with a strip of cotton chitenje fabric 

(Figure 23A), a bandage (Figure 23B), and an elastic sweatband (Figure 23C) 
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reached an average temperature of 33.2 ± 1.6, 32.9 ± 1.2, and 33.5 ± 0.7 degrees 

Celsius, respectively. The average time to reach 31 degrees Celsius using the 

chitenje fabric, a bandage, and an elastic sweatband was 2.0 ± 2.7, 2.5 ± 1.8, and 2.1 

± 1.0 minutes, respectively. Because all methods produced similar temperatures, 

and cotton fabric is inexpensive and widely available in developing countries, tubes 

were secured with a strip of cotton fabric for all following experiments. 

 

Figure 23: Temperature of mock reactions secured to the body with different 
materials. Each plot shows the temperature traces of mock RPA reactions 
incubated by 5 volunteers using 1 of 3 different materials.  Materials tested included 
(A) a strip of cotton fabric, (B) a bandage, and (C) a sweatband.   

The effect of ambient conditions on incubation temperature was assessed 

when tubes were secured in the axilla with cotton fabric. Figure 24 shows 

temperature traces of mock RPA reactions incubated under the arms of 5 volunteers 

in four environments with different ambient conditions. Tubes incubated in a cold 

room at 4 degrees Celsius (Figure 24A), in a cold room at 10 degrees Celsius (Figure 

24B), at room temperature (Figure 24C), and in the Houston summer sun (Figure 
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24D) reached an average temperature of 24.8 ± 2.0, 29.2 ± 1.0, 33.6 ± 0.8, and 38.9 ± 

1.0 degrees Celsius, respectively. These results suggest that this method is feasible 

for incubation of RPA reactions near room temperature and at higher temperatures, 

but may not be feasible when the ambient temperature is near freezing. 

 

Figure 24: Effect of ambient conditions on mock reaction temperature. Each 
plot shows temperature traces of mock RPA reactions incubated under the arms of 5 
volunteers in 1 of 4 environments with different ambient conditions. Mock reactions 
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were incubated (A) in a cold room at 4 degrees Celsius, (B) in a cold room at 10 
degrees Celsius, (C) at room temperature, and (D) in the Houston summer sun.   

To demonstrate that body heat may be harnessed to incubate RPA reactions, 

RPA reactions were secured with a strip of cotton fabric and incubated in the axilla 

of ten volunteers in an office or laboratory at room temperature and in a cold room 

at 10 degrees Celsius, while control RPA reactions were incubated in a heat block. 

For experiments performed at room temperature, all reactions containing no HIV-1 

DNA tested negative for both heating methods (Table 12). 

Number of 

copies 
Percent positive, 

Body incubation 
Percent positive, 

Control 
Average  

difference in SBR 

0 0% (0/10) 0% (0/10) 0.01 (p = 0.17) 

10 100% (10/10) 100% (10/10) 0.08 (p = 0.29) 

100 90% (9/10) 100% (10/10) -0.07 (p = 0.37) 

Table 12: Performance of body heat versus a heat block for incubating RPA 
reactions at room temperature. 

 All reactions containing HIV-1 DNA tested positive when heated in a heat 

block, while 100% of reactions with 10 copies of HIV-1 DNA and 90% of reactions 

with 100 copies of HIV-1 DNA tested positive when incubated with body heat. For 

experiments performed at 10 degrees Celsius, all reactions containing no HIV-1 DNA 

tested negative for both heating methods (Table 13). When heated in a heat block, 

all control reactions containing 100 copies of HIV-1 DNA tested positive, and 90% of 

reactions with 10 copies of HIV-1 DNA tested positive. The false negative sample 
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may have been due to an experimental error. When samples were incubated with 

body heat, all reactions containing HIV-1 DNA tested positive.  For both room 

temperature and cold room experiments, there was no significant difference 

between the signal-to-background ratio of the lateral flow strips for control 

reactions and reactions incubated with body heat when compared using a paired, 

one-tailed t-test. 

Number of 
copies 

Percent positive, 
Body incubation 

Percent positive, 
Control 

Average  
difference in SBR 

0 0% (0/10) 0% (0/10) 0.00 (p = 0.43) 
10 100% (10/10) 90% (9/10) 0.05 (p = 0.35) 

100 100% (10/10) 100% (10/10) 0.39 (p = 0.06) 

Table 13: Performance of body heat versus a heat block for incubating RPA 
reactions in a cold room. 

10.5. Discussion 

We have demonstrated that RPA reactions may be incubated using body heat 

for amplification of HIV-1 DNA. Within a certain operating range, the temperature 

using this method is consistent over time and varies little from person to person. 

This method may be modified for convenience, as reactions may be incubated at 

several body locations and secured using available materials that may be reused for 

many experiments. The use of a plastic bag to contain reactions, while optional, may 

prevent contamination and provide a protective barrier between the user and the 

reaction components, which already pose little risk to the user. Temperature 
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profiles and reaction results were not significantly affected by clothing material 

worn by the volunteer. Incubation of reactions using body heat is extremely 

inexpensive, as it obviates the need for any heating equipment, and the only 

consumables required are tubes and pipette tips. The method described here for 

incubating RPA reactions using body heat may be combined with any suitable DNA 

extraction method that is compatible with RPA. As RPA is tolerant to sample 

impurities, simple lysis methods such as boiling may adequately prepare samples 

for amplification [31]. In addition, this incubation method is compatible with other 

detection methods, including enclosed systems designed to reduce amplicon 

contamination, which may be more appropriate for point-of-care settings [114].  

There are several disadvantages of using body heat to incubate RPA 

reactions, but most may be easily mitigated. One drawback of the axilla as a site for 

incubation is the slight physical discomfort associated with the presence of the 

tubes.	  In	  addition,	  incubating	  tubes	  under	  one’s	  arm	  may	  seem	  unhygienic	  or	  

strange to the user. To address these issues, additional padding or material may be 

added to increase comfort. When securing tubes under the arm using a strip of 

cotton fabric, there is a small risk that the tubes may become dislodged. This 

problem may be solved by sewing a pocket or pouch on the cotton strip to provide a 

holder for the tubes. Another potential disadvantage of this method is that 

incubation with body heat may not be feasible in colder climates when the 

temperature is below 10 degrees Celsius.  
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Finally, the sensitivity of DNA amplification was slightly lower when 

reactions were incubated with body heat at room temperature, as only 9 of 10 

reactions with 100 copies of HIV-1 DNA tested positive. Notably, the reaction 

containing 100 copies of HIV-1 DNA that was classified as negative produced a 

faintly visible line at the test zone of the lateral flow strip (Figure A 4B, Appendix); 

however, the SBR was slightly lower than the threshold for positive samples. To 

ensure that DNA is amplified to detectable levels and that results are clearly positive 

on lateral flow strips (Figure A 4, Appendix), a longer incubation time may increase 

the SBR of lateral flow strip results, thereby increasing assay sensitivity. Once the 

incubation time is optimized, this method may serve as a low-cost, simple method 

for incubating RPA reactions in low resource settings. 
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Chapter 11 

Conclusion 

11.1. Summary 

This thesis contains information about the design and development of 

several recombinase polymerase amplification (RPA) assays that can be used to 

diagnose infectious diseases. Three of these assays, those detecting Cryptosporidium 

spp., Giardia lamblia, and Entamoeba histolytica, were then integrated into a 

multiplex assay that can be used to diagnose all three infections simultaneously.  

The thesis also contains information about developing a real-time, quantitative RPA 

assay that can simultaneously detect both HIV-1 DNA and DNA from an internal 

positive control, a possible topic of interest to those developing multiplex RPA 

assays or quantitative RPA assays. Several methods are also described for 

implementing RPA assays in low resource settings (LRS) including approaches to 
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extract DNA from stool samples using minimal equipment and a method to incubate 

RPA reactions using body heat.  

The RPA-Cryptosporidium (RPAC) assay targets a unique 208 base pair 

sequence on the Cryptosporidium 18S RNA gene and was evaluated on the benchtop 

using Cryptosporidium parvum parasites spiked into stool samples. Benchtop testing 

showed the RPAC could detect as few as 100 oocysts per mL of stool (1 oocyst/RPA 

reaction), a LOD as good as or better than the gold standard PCR. After benchtop 

characterization, the RPAC assay was tested on stool samples from mice that were 

infected with Cryptosporidium and properly identified the presence or absence of 

Cryptosporidium in 27/28 stool samples. The RPAC assay was also tested on stool 

samples from humans clinically confirmed to be infected with Cryptosporidium and 

it correctly identified the presence or absence of Cryptosporidium in 20/20 stool 

samples. 

The RPA-Giardia (RPAG) assay, targeting a unique DNA sequence on the beta 

giardin gene, was characterized on the benchtop where it demonstrated a LOD of 

103 cysts/mL stool (10 cysts/RPA reaction). The RPAG assay LOD was only slightly 

higher than the LOD of the gold standard PCR.  A pre-clinical pilot study was 

conducted in Cuzco, Peru using 104 stool samples collected from children in rural 

communities. In the clinical study, the RPAG assay showed good specificity (96%), 

but poor sensitivity (73%). The decreased sensitivity with clinical specimens was 

likely due to highly heterogeneous DNA concentrations found in clinical stool 
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samples. Future work on the RPAG assay should focus on developing methods to 

compensate for variable DNA concentrations. 

An RPA assay to detect Entamoeba histolytica was developed targeting a 

unique DNA sequence on the 18S RNA gene. Benchtop characterization found the 

assay was capable of detecting Entamoeba histolytica in stool samples at 

concentrations as low as 40 parasites/mL stool, a LOD as good as or better than the 

gold standard PCR. Significantly, the assay yielded no false positives when tested 

against other parasites, including the morphologically identical Entamoeba dispar. 

The RPA E. histolytica assay was tested in a preclinical study in Colombia, where it 

properly identified the presence or absence of E. histolytica in 32/32 stool samples.  

After the three singleplex assays were developed to detect Cryptosporidium 

spp., Giardia lamblia, and Entamoeba histolytica, they were integrated into a 

multiplex RPA assay that could simultaneously detect and differentiate between 

each of the three genetic targets. The results from the multiplex RPA assay were 

read using easy to manufacture lateral flow strips with three different detection 

zones and an internal positive control zone. Benchtop testing with synthetic DNA 

targets indicated that the LOD for each target in the multiplex format was between 1 

and 1.5 orders of magnitude higher than for the same target in the singleplex 

format. The multiplex assay was also tested with DNA extracted from live parasites 

spiked into stool samples where it detected clinically relevant parasite 

concentrations. 
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Another multiplex assay was developed to simultaneously detect and amplify 

HIV-1 DNA and an internal positive control using two fluorescence probes. This 

real-time, quantitative RPA assay was able to detect as few as 10 copies of the HIV-1 

DNA sequence, while simultaneously detecting an internal positive control.  By 

referencing a previously derived standard curve, it was also able to predict the 

concentration of unknown samples to within an order of magnitude of their true 

concentration. The reference standard curve could also be tuned to enhance 

accuracy for low or high target concentrations, depending on the desired target 

range and sensitivity. When combined with reverse transcriptase, this assay may be 

used to quantify HIV-1 viral loads.  

A sample preparation protocol was developed to extract DNA from stool 

samples in low resource settings for less than $1 USD. The LRS protocol did not 

require the use of any commercial buffers, DNA binding columns, or DNA binding 

beads. At least 8 separate samples can be processed in under an hour with fewer 

user steps than the gold standard protocol. DNA extracted using these methods had 

the same LOD as DNA extracted using gold standard protocols.  

A method was developed to allow users in low resource settings to incubate 

RPA reactions using body heat instead of an external heater. Several body locations 

and methods of securing test tubes to the body were tested. Underarm incubation 

with tubes secured using commonly available fabric was found to be the easiest and 

most reliable method of incubating reactions. When tested at room temperature and 

in a cold room, all reactions containing 10 copies of HIV-1 DNA tested positive when 
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incubated using body heat. These results suggest that human body heat may provide 

an extremely low-cost solution for incubating RPA reactions.  

The information presented in this thesis greatly expands the understanding 

of multiplex RPA assays. When combined with a more efficient sample preparation 

protocol, it will be possible to develop RPA diagnostic detection panels for point-of-

care use to differentiate between diseases that present similarly, but require 

different treatments to be managed effectively.  

11.2. Future work 

The primary focus of future work should be on simplifying the sample 

preparation protocol for extracting DNA from stool samples and integrating sample 

preparation with the amplification reaction. This could potentially be accomplished 

by combining a low pH lysis buffer with a high pH enzyme pellet or rehydration 

buffer. Stool samples could be heated in the low pH lysis buffer then combined 

directly with the high pH enzyme pellet or rehydration buffer, resulting in an 

optimal pH for amplification, eliminating the need for DNA purification.  

Another focus of future work should be further investigation into the effects 

of multiplexing reactions. The multiplex assay had reduced amplification efficiency 

and an increased LOD relative to singleplex assays for the same targets. When 

multiplexing beyond three targets, the increased LOD may result in assays that do 

not detect infections across the entire clinical range. If this happens, parallel 
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approaches in paper should be explored to minimize the additional cost of 

equipment associated with splitting one reaction into several smaller reactions.  
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Appendix A 

 

Figure A 1: Intra-assay reliability testing. DNA extracts from stool containing 
various concentrations of oocysts were testing in triplicate to assess intra-
assay reliability. For every concentration tested, all three RPAC assay repeats 
yielded the same result, consistently detecting as few as 102 oocysts/mL stool. 
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synthetic assemblage A target: TACGCTCACCCAGACGATGGACAAGCCCGACG

ACCTCACCCGCAGTGCGACCGAGACGGCGGTC
AAGCTCAGCAACATGAACCAGCGCGTCAGCAG
GTTCCACGACAAGATGGAGAACGAGATCGAG
GTCCGCCGCGTCGACGACGACACGCGCGTGAA
GATGATCAAGGACGCCATCGCACACCTCGACA
GGCTCATCCAGACG 

synthetic assemblage B target: TACGCTCACCCAGACGATGGACAAGCCCGACG
ACCTCACCCGCAGTGCGACTGAGACGGCAGTC
AAGCTCAGCAACATGAACCAGCGCGTCAGCAG
GTTCCACGACAAGATGGAGAACGAGATCGAG
GTCCGCCGCGTCGACGACGACACGCGTGTGAA
GATGATCAAGGACGCCATCGCGCACCTCGACA
GACTCATCCAGACA 

Table A 1: Synthetic assemblage A and B targets. 
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>gi|18389205|gb|AY072724.1|  >gi|45238881|gb|AY545643.1|  
>gi|18389197|gb|AY072723.1|  >gi|45238879|gb|AY545642.1|  
>gi|221329292|gb|FJ560592.1|  >gi|304561084|gb|HM171702.1 
>gi|221329290|gb|FJ560591.1|  >gi|215433225|gb|FJ007858.1|  
>gi|221329288|gb|FJ560590.1|  >gi|215433219|gb|FJ007855.1|  
>gi|221329286|gb|FJ560589.1|  >gi|215433217|gb|FJ007854.1|  
>gi|221329284|gb|FJ560588.1|  >gi|241913609|gb|FJ890977.1|  
>gi|221329280|gb|FJ560586.1|  >gi|241913607|gb|FJ890976.1|  
>gi|221329278|gb|FJ560585.1|  >gi|241913605|gb|FJ890975.1|  
>gi|221329272|gb|FJ560582.1|  >gi|241913603|gb|FJ890974.1|  
>gi|221329264|gb|FJ560578.1|  >gi|241913601|gb|FJ890973.1|  
>gi|221329262|gb|FJ560577.1|  >gi|241913599|gb|FJ890972.1|  
>gi|221329260|gb|FJ560576.1|  >gi|241913597|gb|FJ890971.1|  
>gi|221329258|gb|FJ560575.1|  >gi|241913595|gb|FJ890970.1|  
>gi|221329256|gb|FJ560574.1|  >gi|241913593|gb|FJ890969.1|  
>gi|221329252|gb|FJ560572.1|  >gi|241913591|gb|FJ890968.1|  
>gi|241913611|gb|FJ890978.1|  >gi|241913589|gb|FJ890967.1|  
>gi|327537135|gb|GQ329673.2|  >gi|241913587|gb|FJ890966.1|  
>gi|327537133|gb|GQ329672.2|  >gi|241913585|gb|FJ890965.1|  
>gi|327537131|gb|GQ329671.2|  >gi|241913583|gb|FJ890964.1|  
>gi|299474443|gb|HM165227.1|  >gi|241913581|gb|FJ890963.1|  
>gi|45238893|gb|AY545649.1|  >gi|215433221|gb|FJ007856.1|  
>gi|45238885|gb|AY545645.1|  >gi|215433215|gb|FJ007853.1|  
>gi|45238883|gb|AY545644.1|   

Table A 2: Assemblage A GenBank reference sequences. 
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>gi|557940478|gb|KC441079.1|  >gi|304561056|gb|HM171688.1|  
>gi|557940476|gb|KC441078.1|  >gi|241913609|gb|FJ890977.1|  
>gi|18389209|gb|AY072726.1|  >gi|241913607|gb|FJ890976.1|  
>gi|18389203|gb|AY072728.1|  >gi|241913605|gb|FJ890975.1|  
>gi|18389201|gb|AY072727.1|  >gi|241913603|gb|FJ890974.1|  
>gi|18389199|gb|AY072725.1|  >gi|241913601|gb|FJ890973.1|  
>gi|299474441|gb|HM165226.1|  >gi|241913599|gb|FJ890972.1|  
>gi|299474439|gb|HM165225.1|  >gi|241913597|gb|FJ890971.1|  
>gi|299474437|gb|HM165224.1|  >gi|241913595|gb|FJ890970.1|  
>gi|299474435|gb|HM165223.1|  >gi|241913593|gb|FJ890969.1|  
>gi|299474433|gb|HM165222.1|  >gi|241913591|gb|FJ890968.1|  
>gi|299474431|gb|HM165221.1|  >gi|241913589|gb|FJ890967.1|  
>gi|299474429|gb|HM165220.1|  >gi|241913587|gb|FJ890966.1|  
>gi|299474427|gb|HM165219.1|  >gi|241913585|gb|FJ890965.1|  
>gi|299474425|gb|HM165218.1|  >gi|241913583|gb|FJ890964.1|  
>gi|299474423|gb|HM165217.1|  >gi|241913581|gb|FJ890963.1|  
>gi|299474421|gb|HM165216.1|  >gi|49798187|gb|AY647266.1|  
>gi|299474419|gb|HM165215.1|  >gi|49798182|gb|AY647265.1|  
>gi|299474417|gb|HM165214.1|  >gi|304561080|gb|HM171700.1|  
>gi|299474415|gb|HM165213.1|  >gi|304561078|gb|HM171699.1|  
>gi|299474413|gb|HM165212.1|  >gi|304561076|gb|HM171698.1|  
>gi|299474411|gb|HM165211.1|  >gi|304561074|gb|HM171697.1|  
>gi|299474409|gb|HM165210.1|  >gi|304561072|gb|HM171696.1|  
>gi|299474407|gb|HM165209.1|  >gi|304561070|gb|HM171695.1|  
>gi|299474405|gb|HM165208.1|  >gi|304561068|gb|HM171694.1|  
>gi|221329294|gb|FJ560593.1|  >gi|304561066|gb|HM171693.1|  
>gi|221329282|gb|FJ560587.1|  >gi|304561064|gb|HM171692.1|  
>gi|221329276|gb|FJ560584.1|  >gi|304561062|gb|HM171691.1|  
>gi|221329274|gb|FJ560583.1|  >gi|327537135|gb|GQ329673.2|  
>gi|221329270|gb|FJ560581.1|  >gi|327537131|gb|GQ329671.2|  
>gi|221329268|gb|FJ560580.1|  >gi|299474443|gb|HM165227.1|  
>gi|221329266|gb|FJ560579.1|  >gi|215433223|gb|FJ007857.1|  
>gi|221329254|gb|FJ560573.1|  >gi|304561084|gb|HM171702.1|  
>gi|304561060|gb|HM171690.1|  >gi|304561082|gb|HM171701.1|  
>gi|304561058|gb|HM171689.1|   

Table A 3: Assemblage B GenBank reference sequences 
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Description Name Sequence 
RPA forward primer POLF5 5’-TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG -3’ 
RPA reverse primer POLR3 5’-CCCGAAAATTTTGAATTTTTGTAATTTGTTTTTG -3’ 
HIV-1 probe HEXPOL 5’- TGCTATTATGTCTACTATTCTTTCCCC [SIMA/HEX] 

GC [THF] C [dT-BHQ1] GTACCCCCCAATCCCC -3’ 
IPC probe FAM-PC 5’-AGGTAGTGACAAGAAATAACAATACAGGAC [FAM] T 

[THF] T [dT-BHQ1] GGTTTTGTAATTGGAA -3’ 
PCR forward primer  5’-TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG/ 

ATCTAAGGAAGGCAGCAGGC-3’ 
PCR reverse primer  5’-CCCGAAAATTTTGAATTTTTGTAATTTGTTTTTG/ 

TGCTGGAGTATTCAAGGCATA-3’ 

Table A 4: Primer and Probe Sequences. As described in the article, the qRPA 
assay utilizes a previously published RPA forward primer, RPA reverse primer, and 
HIV-1 probe. Like the HIV-1 probe, the IPC probe was designed according to the 
manufacturer’s	  recommendations	  for	  TwistAmp	  exo	  probes.	  Specifically TwistAmp 
exo probes consist of a 46-52 nucleotide sequence complementary to the target. The 
probe contains an internal abasic site replacing one of the nucleotides with the 
abasic site flanked by a fluorophore and a quencher. During amplification, an 
exonuclease cleaves the abasic site separating the fluorophore and the quencher, 
allowing detectable fluorescence.  As recommended by TwistDx, the IPC amplicon 
was designed to be longer than the HIV-1 amplicon (435 bp and 141 bp, 
respectively) in order to prevent the generation of IPC amplicons from 
outcompeting the generation of the HIV-1 amplicons. However, only one 
fluorophore is generated for each amplicon. Therefore, the amplification rate 
(number ofamplicons generated per unit time) can be measured and compared by 
monitoring the fluorescence in real-time. 
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Figure A 2: Generation of IPC sequences. PCR was performed on DNA extracted 
from 105 (+) or 106 (++) C. parvum oocysts/mL, and water served as a negative 
control (-).  Different primer pairs were used to generate two IPC sequences (IPC1 
and IPC2) and a PCR control. Agarose gel electrophoresis confirmed the generation 
of the expected 413 bp and 435 bp products. Two New England BioLabs DNA 
markers are shown for comparison: M1 (100bp DNA ladder) and M2 (low molecular 
weight DNA ladder). As preliminary qRPA experiments demonstrated that 
amplification was more consistent for IPC2 than for IPC1, IPC2 served as the 
positive control sequence for the qRPA assay. 
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Figure A 3: Predicted versus true concentration for varying amounts of 
background DNA. Each marker represents the average of two duplicates for 
samples containing the same amount of background DNA. The range of predicted 
concentrations is indicated by error bars for each pair of duplicates. 
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Figure A 4: Signal-to-background ratios of lateral flow strips. The SBRs for four 
representative lateral flow strips are given to the right of the raw images for each 
strip: (A) a negative strip, (B) a false negative strip, in which a faint line is visible but 
the SBR falls just below the threshold for positive strips, (C) a weakly positive strip, 
and (D) a strongly positive strip. 
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