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ABSTRACT 

Isothermal Nucleic Acid Assays Based on Nucleic Acid 

Sequence Based Amplification (NASBA) and Recombinase 

Polymerase Amplification (RPA) for HIV-1 Diagnosis and 

Management in Low Resource Settings 

by 

Brittany Ann Rohrman 

Over two-thirds of the estimated 35 million people worldwide infected with 

HIV live in the developing world. Nucleic acid tests (NATs) are necessary for early 

infant diagnosis and for monitoring patients receiving therapy. However, NATs cost 

$50-100 USD per test and require expensive thermal cycling equipment that may be 

unavailable in the developing world. This thesis presents two low-cost NATs for 

HIV-1 diagnosis and management that are based on isothermal amplification, which 

eliminates the need for expensive thermal cycling equipment. 

In one assay, HIV-1 viral RNA is detected using nucleic acid sequence based 

amplification (NASBA) and a custom lateral flow test. This assay costs about $16 

USD and only requires a heat block. When coupled with NASBA, the lateral flow test 

detected concentrations of synthetic RNA spanning the entire clinical range. When 

the assay was evaluated using pediatric plasma samples, the sensitivity (61%) and 

limit-of-detection (10,000 HIV-1 copies/mL plasma) were lower because of the 

genetic diversity of the samples, and the specificity was lower (88%) due to 

amplicon contamination. 



 
 

In the other assay, HIV-1 proviral DNA is amplified using recombinase 

polymerase amplification (RPA). This assay, which costs about $5 per test, was 

integrated into a paper and plastic microfluidic device. The device was capable of 

amplifying 10 copies of plasmid HIV-1 DNA to detectable levels in 15 minutes. The 

assay was then adapted for real-time quantification. On average, the assay predicted 

sample concentrations within one order of magnitude of the correct concentration. 

In addition, a method for incubating RPA reactions without external equipment was 

developed. Using human body heat for incubation, all RPA reactions with 10 copies 

of plasmid HIV-1 DNA and 95% of reactions with 100 copies of plasmid HIV-1 DNA 

tested positive. Finally, concentrations of background DNA found in whole blood 

were shown to prevent the amplification of target DNA by RPA. To address this 

problem, three sequence-specific capture methods were developed to enrich target 

DNA concentration relative to background DNA concentration. These methods may 

be enable detection of high proviral loads in 0.1 mL infant blood samples but 

require improvement to detect lower proviral loads. 
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Chapter 1 

Introduction 

1.1. Objectives and Specific Aims 

The objective of this research is to develop two isothermal nucleic acid 

detection assays for HIV-1 diagnosis and management in low resource settings. The 

specific aims are as follows: 

Specific Aim 1: Using nucleic acid sequence based amplification 

(NASBA), develop an HIV-1 viral RNA amplification and 

detection assay. 

Specific Aim 2: Using recombinase polymerase amplification (RPA), 

develop an HIV-1 proviral DNA amplification and 

detection assay. 
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These two approaches were intended to enable quantification of HIV-1 viral 

RNA for clinical management of patients receiving treatment and detection of HIV-1 

proviral DNA or viral RNA for early infant diagnosis. 

1.2. Overview 

This dissertation, which describes the components, applications, and 

evaluation of each assay, is organized as follows: 

Chapter 1 lists the specific aims of the research and provides a brief 

overview of the topics that will be discussed. 

Chapter 2 provides background information about HIV-1 epidemiology, 

biomarkers for HIV-1 detection, and methods for diagnosis and monitoring. 

Chapter 3 describes the development and characterization of a lateral flow 

test for quantitative detection of NASBA products. The lateral flow test is a 

component of the NASBA HIV-1 viral RNA amplification and detection assay 

(Specific Aim 1). Chapter 3 was published previously in PLoS ONE [1]. 

Chapter 4 discusses the results of a clinical pilot study in which pediatric 

plasma samples were tested using the NASBA HIV-1 viral RNA amplification and 

detection assay, including the lateral flow assay described in Chapter 3 (Specific Aim 

1). Chapter 4 was previously presented as a four-page contributed paper at the IEEE 

EMBS Special Topic Conference on Healthcare Innovation & Point-of-Care 

Technologies [2]. 
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Chapter 5 describes the development of an RPA assay and microfluidic 

device for amplification and detection of HIV-1 proviral DNA (Specific Aim 2). 

Chapter 5 was published previously in Lab on a Chip [3]. 

Chapter 6 discusses the development of a quantitative RPA assay for real-

time detection of HIV-1 proviral DNA (Specific Aim 2). This assay is a modification of 

the assay described in Chapter 5. Chapter 6 was published previously in Analytical 

Chemistry [4]. 

Chapter 7 provides a step-by-step protocol of the material presented in 

Chapter 6. Chapter 7 was published previously in the Journal of Visualized 

Experiments [5]. 

Chapter 8 details a method for incubating RPA reactions using human body 

heat to amplify HIV-1 proviral DNA in low resource settings (Specific Aim 2). The 

assay described in Chapters 6 and 7 was modified and used for proof-of-concept 

evaluation of the incubation method. Chapter 8 was published previously in PLoS 

ONE [6]. 

Chapter 9 characterizes the inhibition of RPA by background DNA and 

presents a lateral flow-based method for enriching the target DNA concentration 

relative to the background DNA concentration (Specific Aim 2). Chapter 8 was 

published previously in Analytical Chemistry [7]. 
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Chapter 10 evaluates two additional target DNA enrichment methods and 

elucidates the limitations of these methods. This chapter also describes two 

strategies attempted to avoid inhibition of RPA by background DNA. 

Chapter 11 provides a summary of the material presented in this thesis. 
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Chapter 2 

Background 

This thesis presents two nucleic acid assays for HIV-1 early infant diagnosis 

and monitoring of patients receiving therapy in low resource settings. These assays 

are based on isothermal amplification, which eliminates the need for expensive 

thermal cycling equipment, and on detection using lateral flow assays. 

2.1. Motivation and Significance

HIV is a global epidemic, but the disease burden is greatest in the developing 

world. Almost 95% of the 35 million people infected with HIV/AIDS worldwide live 

in low- and middle-income countries, and over 70% live in Sub-Saharan Africa [8].  

In 2013, about 90% of pregnant women with HIV were living in low- and middle-

income countries, where 240,000 children became newly infected. Despite efforts to 

increase access to diagnosis and treatment in the developing world, only 1 in 3 

adults and fewer than 1 in 4 children with HIV have access to therapy [9]. 
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Increasing access to diagnosis and treatment is crucial for curbing the HIV 

epidemic. Half of children with untreated HIV die by age two, but early diagnosis 

and treatment of infants may reduce mortality by up to 76% [10,11]. Diagnosis and 

treatment of pregnant women with HIV may reduce the rate of mother-to-child 

transmission from up to 45% to less than 5% [8,9]. The rate of HIV transmission 

from an infected partner to an uninfected partner may be reduced by 96% by 

adhering to an anti-retroviral regimen [8]. Unfortunately, in 2013, less than half of 

people with HIV knew their status, and only 42% of children exposed to HIV were 

screened within two months after exposure [9,12].  

One reason for low diagnosis and treatment rates is the unavailability of 

nucleic acid tests (NATs) in low resource settings. Antibody tests are widely 

available for rapid diagnosis in the developing world [13], but NATs are required for 

monitoring patients receiving therapy and for diagnosing infants and recently 

infected individuals. NATs are infeasible for low resource settings because they 

require electrically-powered equipment, trained technicians, dedicated laboratory 

space, costly reagents that often require refrigeration, and several hours of 

incubation to produce a result. In places where NATs are unavailable, dried blood 

spots (DBS) or dried plasma spots (DPS) are mailed to centralized laboratories for 

nucleic acid testing [14]. However, because results require a 3-4 week turnaround 

time, fewer than half of patients may receive their results [15]. NATs that are 

appropriate for low resource settings are needed to increase access to HIV diagnosis 

and monitoring. To address this need, this dissertation presents two low-cost assays 
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that use lyophilized reagents and require only simple fixed-temperature heaters to 

enable nucleic acid testing in resource-limited settings. 

2.2. The Role of NATs in HIV Diagnosis and Monitoring 

HIV is diagnosed by detecting the presence of viral or immunological 

markers. Detection of viral RNA, proviral DNA, or p24 antigen directly indicates the 

presence of the virus, while the presence of anti-HIV antibodies and a decline in 

CD4+ T cells indirectly signal the presence of the virus. However, anti-HIV 

antibodies are undetectable until 6 - 12 weeks after infection in adults, and infants 

harbor maternal antibodies for 12 - 15 months after birth [16]. Therefore, the gold 

standard for early infant diagnosis and recent infection in adults is detection of viral 

RNA or proviral DNA [17,18], which are the biomarkers detected by the two NATs 

presented in this thesis. 

While HIV diagnosis requires qualitative detection of biomarkers, monitoring 

disease progression requires quantitative detection of viral markers or CD4+ T cells 

(Figure 1). The gold standard method is quantification of RNA viral load [19].  

Patients who begin to experience symptoms during acute infection often have a 

plasma viral load of over 4 log10 copies/mL [18]. When CD4+ T cell concentration 

declines below 350/µL, therapy is initiated [20]. Patients are then monitored for a 

significant change in viral load (three-fold or a change of 0.5 log10 copies/mL) [21]. 

A viral load below 1.0 log10 copies/mL indicates that treatment was successful, 

while a viral load below 200 copies/mL indicates suppression of viral replication. 
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Therapeutic failure due to drug resistance is detected by a return of low-level 

viremia (below 3 log10 copies/mL) [21]. A viral load test must accurately identify 

these clinical benchmarks in order to effectively monitor HIV progression and the 

effects of antiretroviral therapy. The two NATs presented in this dissertation 

quantify amplified RNA using lateral flow strips and quantify DNA using real-time 

fluorescence monitoring in order to identify these benchmarks. 

 

Figure 1: Laboratory markers for diagnosis and monitoring [22]. 

2.3. Current and Emerging NATs for HIV Diagnosis and 

Monitoring 

The gold standard for detection and quantification of HIV nucleic acids for 

diagnosis and monitoring, respectively, is real-time PCR (polymerase chain 

reaction). During real-time PCR, the fluorescence of a probe or dye that detects the 



 5 

target DNA is monitored during each PCR cycle. The time at which the fluorescent 

signal crosses a threshold is proportional to the initial concentration of target DNA 

in the sample. Using a standard curve generated by monitoring samples with known 

DNA concentrations, the concentration of unknown samples may be calculated. A 

reverse-transcriptase step may be included to generate DNA from an RNA target 

before exponential DNA amplification. Proviral DNA, viral RNA, or both are detected 

for HIV diagnosis using real-time PCR. For example, the COBAS AmpliPrep/COBAS 

TaqMan HIV-1 Qualitative Test detects both HIV DNA and RNA [23]. Viral load is 

determined by measuring viral RNA using real-time reverse transcription 

quantitative PCR (RT-qPCR).  Two commonly-used commercial RT-qPCR tests are 

the Abbott HIV-1 RealTime assay for HIV-1 and the Standard Roche COBAS 

Amplicor™ HIV-1 Monitor Test, version 1.5 [24]. Unfortunately, because these 

assays cost $50-100 per test and require electrically-powered thermal cyclers, they 

are impractical for low resource settings [25]. 

Assay automation on an integrated platform is one strategy to adapt real-

time PCR HIV tests for resource-limited settings. For example, the Liat HIV Quant 

developed by Iquum quantifies HIV RNA viral load in 88 minutes using a disposable 

cartridge and a benchtop analyzer for real-time RT-PCR [26]. Although this system 

is more portable than traditional real-time PCR systems, the requirement for a 

benchtop analyzer limits the use of the Liat test to hospitals and testing facilities; 

this test is not feasible for use at the point of care. Another drawback of automated 

systems like the Liat is high cost. For example, the Cepheid GeneXpert MTB/RIF, an 

automated real-time PCR system for tuberculosis diagnosis intended for low 
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resource settings, costs at least $17,000 USD per analyzer and $17-120 USD per test 

[27]. Both the fixed and per-test costs for these systems are prohibitive for low 

resource settings. 

HIV NATs that are based on isothermal amplification provide alternatives to 

real-time PCR that may be more appropriate for resource-limited settings. 

Isothermal amplification methods eliminate the need for expensive thermal cycling 

equipment and are often faster and more robust in the presence of sample 

components that inhibit PCR [28]. The bioMerieux NucliSens EasyQ HIV-1 assay 

quantifies HIV-1 viral RNA for measuring viral load using real-time nucleic acid 

sequence-based amplification (NASBA) [29]. Another system, the Gen-Probe 

APTIMA HIV-1 RNA Qualitative Assay, detects HIV-1 viral RNA for diagnosis using 

transcription mediated amplification (TMA) [30]. However, these tests, which were 

not designed for use in low resource settings, require electrically-powered benchtop 

analyzers. In addition, the per-test cost may exceed $200 USD [30]. Other isothermal 

amplification assays for detecting or quantifying HIV are based on recombinase 

polymerase amplification (RPA) [31], loop-mediated isothermal amplification 

(LAMP) [32], and helicase-dependent amplification (HDA) [33]. These assays are not 

yet commercially available but have the potential to serve as low-cost HIV tests in 

low resource settings. This thesis presents HIV nucleic acid assays based on NASBA 

and RPA, which may be incubated for less than two hours using a simple heater. 

However, one disadvantage of isothermal assays is the requirement for 

electrically powered heaters or real-time fluorescence readers, which may be 
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unavailable in low resource settings. Several researchers have eliminated the need 

for external electricity by designing battery-powered or exothermal heaters in order 

to incubate isothermal amplification assays. Both of these approaches have been 

used to incubate LAMP reactions [34,35]. Recently, Lillis et al. developed an 

exothermal heater based on sodium acetate crystallization to power RPA reactions 

for amplification of HIV-1 DNA [36]. Although these methods are inexpensive and 

electricity-free, they require disposables and technical expertise for operation. This 

dissertation presents an alternative method that harnesses human body heat to 

incubate RPA reactions, completing eliminating the need for an external heater. 

In addition to the development of isothermal amplification methods and 

simple heaters for incubation, new methods for nucleic acid detection, especially 

paper-based technologies, have the potential to increase access to HIV diagnostics 

and monitoring. For example, the simple amplification-based assay (SAMBA) 

captures HIV-1 viral RNA on a lateral flow strip and performs enzymatic signal 

amplification [37]. Although extremely simple, this assay is only semi-quantitative, 

discriminating between viral loads above and below 1000 copies/mL [38]. Other 

novel paper-based methods may be modified to detect HIV. Carter and Cary showed 

that RNA may be quantified on lateral flow strips in a volume of 10 microliters in 

less than 120 seconds using blue microspheres [39]. However, to detect clinically 

meaningful HIV-1 RNA concentrations, amplification would be required before 

detection because the limit of detection of this method is 250 amol. Other work has 

shown that two-dimensional paper networks (2DPNs) may be used to amplify the 

signal-to-background ratio of gold nanoparticles by a factor of about 7.3 by using 
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gold enhancement on lateral flow strips [40]. This thesis presents a lateral flow 

assay that combines the capture of RNA with gold enhancement chemistry on lateral 

flow strips to quantify NASBA products, thereby applying these innovations for 

measuring HIV-1 viral load. In addition, this dissertation shows that paper is a 

suitable matrix for supporting RPA, suggesting that amplification and detection may 

occur in the same material. 

2.4. Design Criteria for NATs Intended for Low Resource Settings  

To be appropriate for low resource settings, NATs should meet the 

characteristics set forth by the World Health Organization. NATs should be 

ASSURED: Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, 

Equipment-free, and Deliverable (Table 1) [41]. Viral load tests should have a limit 

of detection of 500 copies/mL, a sensitivity of at least 95%, and a specificity of at 

least 98% [42]. The assays presented in this thesis may be more affordable than 

commercially-available HIV NATs, as the cost-of-goods for both assays is less than 

$20. The RPA qualitative assay, which operates using a simple heater or body heat, 

requires less equipment than HIV NATs on the market. Additionally, the use of 

lateral flow strips to detect amplicons in both assays improves the portability of the 

tests and eliminates the need for dedicated equipment to read test results. 

Therefore, the assays presented in this dissertation may be more affordable, rapid, 

portable, and equipment-free than gold standard NATs for HIV diagnosis and 

monitoring. 
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Table 1: ASSURED criteria for NATs [42].



 10 
 

Chapter 3 

A Lateral Flow Assay for Quantitative 

Detection of Amplified HIV-1 RNAa 

aThe contents of this chapter have been published in the following journal article:  Rohrman 

BA, Leautaud V, Molyneux E, Richards-Kortum RR (2012) A Lateral Flow Assay for 

Quantitative Detection of Amplified HIV-1 RNA. PLoS ONE 7(9): e45611. 

doi:10.1371/journal.pone.0045611 

3.1. Abstract 

Although the accessibility of HIV treatment in developing nations has 

increased dramatically over the past decade, viral load testing to monitor the 

response of patients receiving therapy is often unavailable. Existing viral load 

technologies are often too expensive or resource-intensive for poor settings, and 

there is no appropriate HIV viral load test currently available at the point-of-care in 

low resource settings. Here, we present a lateral flow assay that employs gold 
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nanoparticle probes and gold enhancement solution to detect amplified HIV RNA 

quantitatively. Preliminary results show that, when coupled with nucleic acid 

sequence based amplification (NASBA), this assay can detect concentrations of HIV 

RNA that match the clinically relevant range of viral loads found in HIV patients. The 

lateral flow test is inexpensive, simple and rapid to perform, and requires few 

resources. Our results suggest that the lateral flow assay may be integrated with 

amplification and sample preparation technologies to serve as an HIV viral load test 

for low-resource settings. 

3.2. Introduction 

Over two-thirds of the 33.3 million people estimated to be infected with HIV 

worldwide live in the developing world [43]. In response to the HIV/AIDS crisis, 

access to anti-retroviral therapy (ART) has increased dramatically over the past 

decade in low- and middle-income countries [44].  However, successful 

management of HIV requires that patients receiving ART be monitored routinely to 

assess treatment efficacy and detect treatment failure due to drug resistance.  

Unfortunately, current laboratory based methods to monitor ART are unaffordable, 

unavailable, or inappropriate for low-resource settings [45]. 

Rapid antibody tests are widely available in developing nations, but they 

cannot be used to monitor HIV progression or treatment efficacy.   The standard of 

care to monitor ART is quantitative viral load testing based on plasma HIV RNA 

concentration [20]. Although CD4 count has also been used to monitor ART, recent 
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studies suggest that it may not detect early treatment failure adequately [46]. The 

gold standard method for viral load testing, RT-qPCR, is unsuitable for settings 

where trained technicians, expensive reagents, electrically powered equipment, and 

dedicated laboratory space are often unavailable. Therefore, a viral load test that is 

appropriate for such settings is needed. 

A number of commercially available viral load tests have been developed for 

use at the point-of-care but suffer from drawbacks that limit their widespread 

implementation [25,47,48]. Many emerging technologies that are better designed 

for use in developing countries may serve as improved point-of-care viral load tests. 

A variety of microfluidic systems have been developed to perform nucleic acid 

amplification on-chip [28,49,50]. However, microfluidic systems often require a 

syringe pump for operation and additional imaging equipment to acquire results. To 

avoid the difficulties associated with enzymatic amplification of target RNA, 

alternative approaches have attempted to improve the sensitivity of nucleic acid 

detection through signal amplification [37,51]. Other researchers have developed 

quantitative tests for p24 antigen [52,53], which may serve as a surrogate for HIV 

viral load [48]. Despite these advances, no appropriate point-of-care HIV viral load 

test is currently available. 

Recently, paper-based devices have shown promise as point-of-care 

diagnostics because paper is inexpensive, portable, disposable by burning, and has 

the ability to wick fluids by capillarity [54]. The emergence of paper microfluidics 

has renewed interest in lateral flow tests, which have served as point-of-care tests 
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for decades. For example, recent work has shown that lateral flow tests may achieve 

a greatly improved limit of detection (LOD) and serve as platforms for multiplexed 

detection [39,40,51]. Still, most examples of paper microfluidic technology are 

antibody tests or small molecule tests [55–58], and much work remains to be done 

to develop and improve paper-based nucleic acid tests. 

Here we present a quantitative lateral flow test for detecting amplified HIV 

RNA that is appropriate for low-resource settings. Gold nanoparticles conjugated to 

complementary oligonucleotides are used as probes, and gold enhancement is 

implemented to improve the LOD. Our results indicate that this lateral flow assay 

may be used in conjunction with amplification to detect HIV RNA concentrations at 

clinically meaningful levels. 

3.3. Methods 

3.3.1. Lateral flow assay (LFA) development 

The LFA was designed to quantitatively detect amplified HIV-1 RNA (Figure 

2). When RNA is dispensed onto the conjugate pad of the strip, the RNA binds to 

complementary oligonucleotides conjugated to gold nanoparticle probes (GNPs). 

The target RNA – GNP complex flows down the strip via capillarity and is captured 

by the target capture sequence in the center of the strip. Unbound GNPs bind to the 

positive control sequence at the end of the strip. A wash buffer carries unbound 

GNPs down the strip to decrease the background, while an enhancement solution 
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increases the size and optical absorbance of the bound GNPs.  The LFA was designed 

so that the number of GNPs captured in the detection zone would likely be 

proportional to the number of RNA copies dispensed onto the strips, providing a 

quantitative detection modality. 

 

Figure 2: Lateral flow assay design. The lateral flow assay is designed to detect a 142 bp amplified RNA sequence. The 

lateral flow strip consists of a conjugate pad containing gold nanoparticle probes (GNPs), a nitrocellulose membrane 

containing capture oligonucleotides, and an absorbent pad. Target RNA is dispensed onto the conjugate pad and 

binds to the GNPs. The target RNA – GNP complex flows down the strip and binds to the target capture sequence, while 

unbound GNPs bind to the positive control sequence. After wash buffer carries unbound GNPs down the strip, an 

enhancement solution is added to increase the optical absorbance of the captured GNPs. The signal of the GNPs 

captured in the detection zone should be proportional to the number of RNA copies dispensed onto the strip, 

providing quantitative detection. doi:10.1371/journal.pone.0045611.g001 

Because the concentration of HIV found in patient plasma samples can be as 

low as a few copies per milliliter, nucleic acid amplification of genomic HIV RNA 

must be performed prior to detection with the LFA. The LFA was designed to detect 

a 142 bp NASBA product amplified from the HIV gag gene. To develop and optimize 

the LFA, we used a 179 bp synthetic RNA sequence containing the NASBA product 

sequence (Table 2). The synthetic RNA sequence was generated through in vitro 

transcription using the MEGAscript T7 kit (Applied Biosystems) and a plasmid 
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containing the T7 promoter upstream of the template sequence (pIDTBlue, 

Integrated DNA Technologies). The in vitro transcription reaction products were 

purified using an RNeasy column (QIAGEN, RNeasy Cleanup Protocol) and 

quantified by measuring absorbance at 260 nm.  

 

Table 2: Sequences used for lateral flow assay and NASBA. doi:10.1371/journal.pone.0045611.t001 

3.3.2. Quantitative analysis of LFA performance 

For all experiments, the performance of the LFA was assessed quantitatively 

using image analysis. All LFA strips were scanned (Epson Perfection V500 Photo) 

and imaged using a stereo microscope (Olympus SZ61) equipped with a color 

camera (Zeiss, AxioCam MRc5).  Images obtained with the stereo microscope were 

analyzed using a custom Matlab script. The green channel image was cropped to 

rectangular field-of-view including the captured GNPs and surrounding strip area. 

An intensity threshold was set by the user to make a mask, which segmented the 

GNP spot from the background. For images with a high noise level, the mask was 

drawn manually using the function ‘roispline’ (Mathworks). The intensity of each 
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pixel was subtracted from 255 in order to invert the image data, and the signal-to-

background ratio (SBR) was calculated. LFA results are expressed using the SBR. 

3.3.3. LFA optimization experiments 

The LFA was developed to achieve the best LOD and dynamic range possible 

while remaining appropriate for low resource settings.  We aimed to design a test 

that costs less than $1, requires an assay time of less than 30 minutes, detects RNA 

in a volume of less than 50 µL, requires minimal instrumentation, and remains 

stable for months at ambient temperature.  The conditions that were optimized 

included capture oligonucleotide sequence and concentration, buffer composition, 

nitrocellulose flow rate, strip width, and gold nanoparticle size (Table 3). To 

maximize the signal generated by the GNPs, gold and silver enhancement were 

explored for signal amplification. During gold and silver enhancement, metallic ions 

are reduced on the surface of the GNPs, increasing their size and optical extinction 

in order to improve the limit of detection (LOD) of the assay [40,59]. 

For the optimization experiments, the LFA was performed using a dilution 

series of in vitro transcribed target RNA for each condition to be optimized. The SBR 

of the detection zone was calculated for each LFA.  The SBR was normalized to a 

maximum value of 100 for each RNA target concentration. Average normalized SBRs 

for each condition were used to compare conditions. The optimum conditions were 

defined as those that maximized the SBR, affording the best LOD and largest 

dynamic range. 
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3.3.4. Fabrication of LFA strips using optimized parameters 

For all subsequent experiments, LFA strips were fabricated using the 

optimized parameters. Gold nanoparticles were chosen as probes because of their 

large optical cross-section and stability [60]. Gold nanoparticle probes (GNPs) were 

made by conjugating thiolated oligonucleotides (Integrated DNA Technologies) to 

gold nanoparticles (Ted Pella, NanoXact tannic acid capped gold colloid). The 35 bp 

oligonucleotide probe sequence contained an 18-atom hexa-polyethyleneglycol 

internal spacer and 15 bp polyA spacer to maximize loading of oligonucleotides onto 

the gold nanoparticles (Table 2) [61]. The oligonucleotides (25 µL, 0.1 mM) were 

incubated for 30 minutes with TCEP-HCl (10 µL, 100 mM) in a total volume of 110 

µL to reduce the dithiol bonds.  A 600 µL volume of 60 nm gold colloid at the 

supplied concentration was added to the reaction and incubated overnight on a 

rotisserie. A 3.57 µL volume of 2% SDS was added to the reaction to reach a final 

SDS concentration of 0.01%. After 30 minutes of incubation, five 11.57 µL volumes 

of 2 M NaCl were added to the solution, separated by 2-hour intervals, to reach a 

total NaCl concentration of 0.15 M.  The following day, the GNPs were centrifuged 

(5000 rcf for 5 minutes) and washed four times with 1 mL of 0.15 M NaCl, 0.01% 

SDS. The GNPs were resuspended in GNP buffer (0.15 M NaCl, 5% BSA, 0.25% 

Tween, 10% sucrose) after the final wash. 
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Table 3: Optimized experimental conditions for the lateral flow detection assay. 

doi:10.1371/journal.pone.0045611.t002 

LFA strips were assembled using glass fiber conjugate pads, nitrocellulose 

cards, and cellulose absorbent pads. Conjugate pads were cut into 1 cm by 0.5 cm 

rectangles from glass fiber sheets (GFCP203000, Millipore) using a 60-watt laser 

cutter (Universal Laser Systems) with 3% power and 5% speed. Ten microliters of 

GNPs were dispensed onto each pad and dried at room temperature before strip 

assembly. Absorbent pads (CFSP223000, Millipore) and nitrocellulose strips with a 

plastic backing (Hi-Flow 135, Millipore) were cut using a guillotine cutter (A-Point 

Guillotine Cutter Digital Model, Arista Biologicals). Nitrocellulose strips were 3 mm 

wide, and absorbent pads were cut into 1 cm x 0.75 cm rectangles. 

Two oligonucleotide sequences were dispensed onto the nitrocellulose strip 

(0.2 µL volume, 0.4 mM concentration). The target capture sequence, which is 

complementary to a region of the target RNA sequence, was dispensed in the center 
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of the strip; the positive control sequence, which is complementary to the probe 

sequence conjugated to the GNPs, was dispensed near the end of the strip (Table 2). 

After the oligonucleotide solutions dried on the strip at room temperature, strips 

were exposed to UV light (UVP HL-2000 HybriLinker) at 125 mJ/cm2 to crosslink 

the oligonucleotides to the nitrocellulose.  Conjugate and absorbent pads were 

placed on the adhesive at opposite ends of the nitrocellulose strip, overlapping the 

nitrocellulose by approximately 2 mm.  Strips were used immediately or stored in 

foil pouches (Clonesaver Resealable Multi Barrier Pouch, Whatman) with desiccant 

(FTA Card Desiccant Packet, Whatman). 

3.3.5. Characterization of the LFA 

After the LFA was optimized, the assay was evaluated for use as a 

quantitative detection platform. The consistency of LFA performance was tested on 

two different days. On the first day, one batch of LFA strips was fabricated and the 

assay was performed in duplicate; on the second day, a second batch of LFA strips 

was made and the assay was performed in triplicate. Serial dilutions of the in vitro 

transcribed target RNA were used to assess LFA performance. The RNA was 

prepared in 20 µL of running buffer (4x SSC with 5% formamide) and dispensed 

onto the conjugate pad of the lateral flow strip. After a 10 minute incubation on a 

heat block at 37°C, 30 µL of wash buffer (1x SSC) was dispensed onto the conjugate 

pad and incubated an additional 10 minutes at 37°C. During incubation, gold 

enhancement solution was prepared by mixing equal volumes of initiator, buffer, 

activator, and enhancer solutions (Nanoprobes, Gold Enhance LM/Blot). For 
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experiments using silver enhancement, equal volumes of blotting initiator and 

blotting enhancer were mixed (Ted Pella, Silver Enhancing Kit). Enhancement was 

performed by adding 30 µL of enhancement solution to the conjugate pad of the 

strip. LFA strips were left at room temperature to dry. LFA strips were imaged using 

a flatbed scanner and a stereo microscope and analyzed using the Matlab script as 

described previously. Dose response curves were constructed to characterize the 

LFA based on the average signal-to-background ratio calculated for each 

concentration. 

Because the LFA must perform consistently over time in order to be used as a 

point-of-care test, the stability of the assay was assessed after storing the strips and 

necessary reagents. At the beginning of the stability study, all lateral flow strips 

were fabricated on the same day and placed in foil pouches with desiccant. Half of 

the strips were incubated in an oven at 37°C; half of the strips were kept at room 

temperature.  All buffers and reagents, including gold enhancement reagents, were 

prepared and set at room temperature for the duration of the study.  The lateral 

flow assay was performed and analyzed on the day of strip creation and 1, 3, 7, 14, 

21, and 28 days after strip creation. The two sets of strips tested on the day of 

fabrication were also used to assess LFA consistency (described in the previous 

paragraph). Dose response curves for each time point were constructed to assess 

the performance of the LFA over time. 
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3.3.6. Detection of NASBA products 

To demonstrate that the LFA may serve as a detection platform in an HIV-1 

viral load assay, NASBA was performed to generate reaction products for detection 

on LFA strips. A plasmid containing the HIV gag sequence (pNL43) served as the 

template for in vitro transcription to generate synthetic copies of HIV gag RNA 

(MEGAscript T7 kit, Applied Biosystems). Zero, 5, 50, 500, and 5000 copies of gag 

RNA served as samples for NASBA reactions. 

An additional control of nonspecific, genomic nucleic acid was included in 

some experiments to demonstrate the specificity of our assay. For this control, total 

nucleic acid was purified from cultured lymphoblasts (CCRF-CEM cells, American 

Type Culture Collection) using the QIAamp DNA Blood Mini kit (Qiagen). A total of 

740 ng of purified nucleic acid served as a sample for NASBA. To further ensure 

specificity, we designed the LFA target capture and probe sequences to bind to the 

amplified sequence between the regions targeted by the NASBA primer sequences. 

Therefore, any sequence amplified as a result of mispriming should not be detected 

by the LFA.  

In four experiments, NASBA products were generated and detected using the 

LFA. NASBA was performed using the NucliSens EasyQ Basic Kit as described by the 

manufacturer (bioMérieux). The KCl concentration in each reaction was 36 mM. 

Primers NASBAp5 and NASBAp6 as well as the NASBA product sequence are shown 

in Table 2. Briefly, NASBA reactions were denatured for 4 min. at 65°C, incubated for 
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4 min. at 41°C, and then allowed to proceed for 90 min. at 41°C after the addition of 

enzyme. All incubation steps were performed using a heat block. NASBA products 

consisted of a 142 bp sequence and were diluted by a factor of 10, 100, or 1000 in 

running buffer. Twenty microliters of diluted products were dispensed onto LFA 

strips for detection, followed by the wash and enhancement steps as previously 

described. Dose response curves were made to assess the LFA results. 

3.4. Results 

3.4.1. Development and optimization of the LFA 

The LFA was developed and optimized to provide quantitative detection of 

RNA for eventual use as part of an HIV-1 viral load test.  The assay parameters 

shown in Table 3 were found to optimize performance of the LFA while maintaining 

conditions that are achievable in low resource settings. The parameters that most 

affected the LFA performance were capture oligonucleotide concentration, gold 

nanoparticle size, buffer composition, and temperature. Performing the assay at 

37°C on a heat block eliminated any nonspecific binding of GNPs at the detection 

zone, which is important for avoiding false positive results. Gold and silver 

enhancement provided signal amplification by increasing the signal-to-background 

ratio of the detection zone, thereby improving the LOD. Gold enhancement 

increased the signal-to-background ratio (SBR) by ~25%, while silver enhancement 

increased the SBR by ~15%. LFA strips that underwent silver amplification resulted 

in a high background, while gold enhancement did not significantly affect the 
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background.  Therefore, gold enhancement was chosen for signal amplification in 

later experiments. 

3.4.2. LFA performance and stability 

The performance of the LFA demonstrates that the assay can serve as a 

quantitative detection platform.  Figure 3a shows a scanned image of one set of LFA 

strips after the assay was performed using various concentrations of target RNA. 

Figure 3b shows dose response curves for two batches of LFA strips made and 

tested on different days. The dose response curves are based on the average SBR 

calculated for each concentration. For Batch 1, the dynamic range extended 2.5 

orders of magnitude, from 10.5 to 13 log10 RNA copies. The linear region of the 

dynamic range extended 1.5 orders of magnitude, from 11 to 12.5 log10 RNA copies. 

The LOD, which we define as the first concentration for which the SBR is 

significantly different from the negative control SBR (p < 0.05), was 10.5 log10 RNA 

copies. For Batch 2, the dynamic range extended 3.5 orders of magnitude, from 9.5 

to 13 log10 RNA copies. The linear region of the dynamic range extended 2.5 orders 

of magnitude, from 10.5 to 13 log10 RNA copies. The LOD was 9.5 log10 RNA copies 

(p < 0.05).  

The linear range was slightly larger and the LOD was lower for Batch 2 than 

Batch 1. This difference in performance could be explained by batch-to-batch 

differences in the preparation of LFA strips, as we have observed some variability in 

the efficiency of the oligo loading on GNPs (data not shown).   Importantly, we did 

* 
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not observe this variability between strips of the same batch. Therefore, a standard 

curve may be constructed to calibrate the LFA and to account for batch-to-batch 

performance variability.  

 

Figure 3: Performance of the optimized lateral flow assay. Lateral flow strips were made and tested on two different 

days (Batch1 and Batch2). The lateral flow assay was performed in duplicate (Batch1) or in triplicate (Batch2) using a 

dilution series of in vitro transcribed RNA. The number of RNA copies dispensed per strip ranged from 9.5 to 13 log10 

copies in steps of 0.5 log10 copies. (A) Scanned image of one set of lateral flow strips. Note that although the contrast 

was adjusted in the figure, raw images were used for signal-to-background calculations. (B) Dose response curves 

based on the average signal-to-background ratio (SBR) for each log10 copy number. The negative control SBR is 

shown for comparison. Error bars represent one standard deviation. The line and regression equation are shown to 

denote the linear range of the assay. doi:10.1371/journal.pone.0045611.g002 
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After storing a single batch of LFA strips for various periods of time at room 

temperature and 37°C, the performance of the assay remained consistent (Figure 4). 

The dose response curves for each day (Figure 4a and Figure 4c) show that there is 

no trend in assay performance variability over time. Furthermore, no significant 

difference was observed between the average performance of strips stored at room 

temperature (Figure 4b) and at 37°C (Figure 4d).Throughout the time course for 

both storage conditions, the LOD was 9.5 log10 RNA copies, and the linear dynamic 

range extended from 10.5 to 13 log10 RNA copies. Average SBRs for each pair of 

adjacent concentrations were compared using t-tests, which yielded p-values less 

than 0.05 for all but one pair (p = 0.07 for 12.5 and 13 log10 RNA copies for strips 

stored at 37°C). Thus, the resolution of the assay regardless of storage conditions 

was 0.5 log10 RNA copies. These results demonstrate that the assay performs 

consistently even after short-term storage, suggesting that the LFA may be used in 

settings where the storage conditions of test strips may vary greatly. 
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Figure 4: Performance of the lateral flow assay after storage. To assess the effects of storage on LFA performance, 

lateral flow strips were fabricated on the same day, placed in foil pouches with desiccant, and stored at room 

temperature or 37°C. The lateral flow assay was performed and analyzed on the day of strip creation and 1, 3, 7, 14, 

21, and 28 days after strip creation. The signal-to-background ratio (SBR) for each log10 copy number is shown for 

strips performed on different days. The negative control SBR is shown for comparison. The regression line and 

equation were calculated for the average SBRs over the linear range of the assay, from 10.5 to 13 log10 RNA copies. 

(A) Dose response curves at each time point and (B) average dose response curve for strips stored at room 

temperature. (C) Dose response curves at each time point and (D) average dose response curve for strips stored at 

37°C. doi:10.1371/journal.pone.0045611.g003 

 

3.4.3. Detection of NASBA products 

NASBA products were detected using the LFA to demonstrate that the LFA 

can detect amplified target RNA. The upper limit of the clinical range for HIV-1 viral 
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load is about 6 log10 copies/mL, while the LFA has an LOD of 9.5 log10 RNA copies in 

20 µL (equivalent to ~11 log10 copies/mL). Therefore, NASBA was chosen to amplify 

HIV-1 RNA because NASBA is a well-established isothermal method that provides 

10 to 12 orders of magnitude of amplification [62].  

The LFA was used to detect NASBA products in four different experiments. 

Figure 5a shows the LFA strips for one experiment, in which NASBA products 

generated from 50, 500, and 5000 copies of gag RNA were detected by lateral flow 

strips after dilution by a factor of 10, 100, and 1000 in running buffer. A dilution 

factor of 100 was sufficient for the SBR to fall within the linear range of the LFA. 

Figure 5b demonstrates the linear relationship between the SBR and amount of 

template gag RNA (R2=0.93) . The R2 values for all four experiments range from 0.90 

– 0.98 with a mean value of 0.94, indicating that the LFA detects amplified RNA 

quantitatively (Figure A 1). However, the equations of the regression lines differ for 

each experiment, which suggests that the performance of NASBA varies from day to 

day. A standard curve should be constructed for each experiment to correct for this 

variation. The LOD for all four experiments was at least 50 copies, and no signal was 

present on LFA strips for any of the no-target controls or samples containing 

background nucleic acid (Figure A 1).Therefore, when combined with NASBA, the 

LFA may potentially report gag RNA concentrations that fall within the clinical 

range with adequate specificity.  
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Figure 5: Detection of NASBA products. NASBA was performed using 0, 5, 50, 500, or 5000 copies of in vitro 

transcribed HIV gag RNA as a template. Products were diluted by a factor of 10, 100, and 1000, and a 20 µL volume of 

each dilution was dispensed onto a lateral flow strip for detection. (A) Scanned image of strips for each concentration 

of NASBA products and dilution factor. Note that although the contrast was adjusted in the figure, raw images were 

used for signal-to-background calculations. (B) Dose response curve constructed using the signal-to-background ratio 

of 100-fold diluted products. The negative control SBR is shown for comparison. 

doi:10.1371/journal.pone.0045611.g004 

3.5. Discussion 

Ideally, HIV viral load is measured before a patient initiates ART and 

throughout the course of treatment. Typically, patients who begin to experience 

symptoms have plasma viral load levels exceeding 10,000 viral copies/mL [18]. 

After ART is initiated, patients are monitored for a significant change in viral load, 

which is defined as a three-fold or 0.5 log10 copies/mL change.  After 4-8 weeks, ART 

is considered to be efficacious if viral load decreases by 1.0 log10 copies/mL [21,63]. 
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Suppression of viral replication is considered successful if the viral load falls below 

200 copies/mL [21]. Therapeutic failure due to drug resistance is characterized by a 

return of low-level viremia, which is defined as a viral load of at least 500-1000 

copies/mL [20]. A point-of-care viral load test should achieve an LOD and resolution 

that accurately identifies these clinical benchmarks. 

The lateral flow assay presented here achieves a resolution of 0.5 log10 

copies/mL over a linear range that extends 2.5 orders of magnitude. When coupled 

with NASBA, the LFA can detect 50 copies of HIV gag RNA. We speculate that this 

LOD corresponds to a plasma viral load of roughly 1000 copies/mL, assuming that a 

plasma sample volume of 100 µL will be used and that half of viral RNA from the 

sample is added to the NASBA reaction. The performance of the LFA when detecting 

NASBA products suggests that the LFA may be sufficient to detect significant 

changes in viral load, suppression of viral replication, and therapeutic failure. The 

LFA only requires a heat block, scanner or camera, and pipette. The lateral flow 

assay uses a sample volume of 20 µL, requires only three steps over the course of 20 

minutes, costs $0.80 per strip using commercial reagents, and performs consistently 

after short-term storage. By modifying the target capture, positive control, and 

probe sequences, the LFA may be adapted to detect other RNA targets. The LFA is 

capable of detecting short, amplified sequences or long, genomic sequences, 

although the LOD may increase with target size by an order of magnitude or more 

(data not shown). The LFA is suitable for low-resource settings and has the potential 

to be performed at the POC. 
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The LFA represents a different approach from other assays that may 

potentially serve as viral load tests. While other researchers have developed 

quantitative tests for p24 antigen to avoid the complications of nucleic acid tests 

[52,53], the LFA detects HIV RNA, which is the traditional target for viral load tests. 

Like other lateral flow tests that use signal amplification to achieve appropriate 

sensitivity [37,51], the LFA presented here uses gold enhancement to improve 

performance. However, because the LFA provides detection of nucleic acids after 

target amplification, the LFA may be used with any amplification method that 

generates RNA. For example, the LFA may be used in conjunction with microfluidic 

systems that have been designed to perform nucleic acid amplification [49,50]. 

Therefore, the LFA may be integrated with new or existing amplification systems to 

measure HIV viral load. 

Although the LFA performs well for detecting amplified HIV RNA, some of the 

required conditions may be difficult to achieve at the point-of-care. Currently, the 

LFA requires a heat block, which may be unavailable in low-resource settings 

because of cost and the requirement for electricity. To overcome these obstacles, the 

LFA may be used in conjunction with an inexpensive battery-powered heater or 

exothermal chemical heating unit based on engineered phase change materials 

[35,64]. Another drawback of the LFA is that strips are left to dry before the data are 

collected, which requires additional time. In order to decrease the total assay time, 

strips may be dried quickly by heating or imaged while wet. In this study strips were 

imaged with a microscope, which often is not available in the field. To eliminate the 



 31 
 

necessity of expensive imaging equipment, strips may be imaged with a digital 

camera, point-of-care optical reader, or cell phone [65,66]. Alternatively, the color of 

the detection zone may be compared to a color scale to completely eliminate the 

need for imaging equipment. Finally, the LFA requires multiple pipetting steps and a 

dilution series of standards to achieve quantitative results; other work has shown 

that multi-step assays may be integrated in a paper microfluidic device to simplify 

the procedure and avoid the need for a pipette [67]. Despite current limitations, the 

LFA may be modified or used in conjunction with other available technology to 

serve as an appropriate point-of-care test. Further work would be required to 

integrate the LFA with sample preparation and nucleic acid amplification in a format 

that is suitable for low resource settings. 

We have described a quantitative LFA that detects amplified HIV RNA by 

using gold nanoparticle probes and gold enhancement. The assay has the potential 

to serve as part of a point-of-care test in low-resource settings.  Because this assay 

serves as a detection platform, the LFA that may be adapted to quantify RNA targets 

for other diseases as well. The LFA may be integrated with amplification and sample 

preparation to comprise an HIV viral load test for low-resource settings. Point-of-

care tests for viral load measurement in low resource settings have the potential to 

allow proper monitoring of HIV patients receiving ART, improving the management 

of HIV in the developing world.
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Chapter 4 

Evaluation of a Qualitative HIV-1 

Diagnostic Assay Based on Nucleic 

Acid Sequence Based Amplification 

and Lateral Flow Readoutb 

bThe contents of this chapter have been published in the following conference proceedings:  

Leautaud V*, Rohrman B*, Chiume M, Molyneux E, Richards-Kortum RR (2014) Evaluation of 

a Qualitative Human Immunodeficiency Virus-1 Diagnostic Assay Based on Nucleic Acid 

Sequence Based Amplification and Lateral Flow Readout. IEEE EMBS Spec Top Conf Healthc 

Innov Point-of-Care Technol. doi: 10.1109/HIC.2014.7038860. (*VL and BR contributed 

equally.) © 2014 IEEE. Reprinted with permission from IEEE. 

4.1. Abstract 

In this study, a qualitative human immunodeficiency virus-1 (HIV-1) 

diagnostic assay was developed and evaluated as part of an effort to create a point-
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of-care diagnostic test for pediatric HIV-1. The assay is based on extraction of viral 

ribonucleic acid (RNA) with magnetic microbeads, isothermal amplification using 

nucleic acid sequence based amplification (NASBA), and detection of amplified RNA 

on lateral flow strips. Using mock samples consisting of plasma spiked with in vitro 

transcribed RNA or HIV-1C particles, more than 80% of samples with a 

concentration of 1,000 copies/mL or higher tested positive with the assay. Using 

clinical samples from pediatric patients at the Queen Elizabeth Central Hospital in 

Blantyre, Malawi, more than 80% of samples with a concentration of 10,000 

copies/mL or higher tested positive. These results indicate that this assay is capable 

of detecting HIV-1 at concentrations found in pediatric samples and shows promise 

for use in low resource settings but requires further improvements to increase the 

specificity and sensitivity at low viral loads. 

4.2. Introduction 

Over two million children worldwide are currently living with human 

immunodeficiency virus-1 (HIV-1), and more than 90% of all pediatric HIV 

infections occur in sub-Saharan Africa [68].  Early treatment and diagnosis may 

reduce infant mortality by up to 76% [11]. However, despite the growing 

availability of anti-retroviral therapy in the developing world, only a small fraction 

of HIV-exposed infants are screened for HIV-1 within the first few months after 

birth because appropriate diagnostic tests are often unavailable in low resource 

settings [44,69]. 
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Because maternal antibodies persist in the blood of infants for up to 18 

months after birth, accurate early infant HIV-1 diagnosis requires detection of 

antigens or viral nucleic acids [16]. Assays for early infant HIV-1 diagnosis detect 

viral p24 antigen [70], viral reverse transcriptase enzymatic activity [71], HIV-1 

ribonucleic acid (RNA) [72], or proviral HIV-1 deoxyribonucleic acid (DNA) that has 

been integrated into peripheral blood mononuclear cells [73]. Commercially 

available HIV-1 nucleic acid tests are the standard of care in developed countries 

due to their high sensitivity across a wide range of subtypes [74]. Unfortunately, 

traditional nucleic acid tests are prohibitively expensive and ill-suited for settings 

that lack resources such as electricity, skilled technicians, standard laboratory 

equipment, and reagents [25].  

To increase accessibility to nucleic acid testing, technologies have emerged 

that are simpler, cheaper, faster, and easier to use than standard methods. 

Isothermal amplification methods, which do not require expensive thermocycling 

equipment, may serve as alternatives to polymerase chain reaction (PCR). These 

methods include nucleic acid sequence-based amplification (NASBA), loop-mediated 

isothermal amplification (LAMP), and recombinase polymerase amplification (RPA) 

[75–77]. Improved methods for nucleic acid detection have been developed in 

conjunction with isothermal amplification methods for rapid detection of amplified 

products.  In particular, enhanced lateral flow technologies are ideal for use at the 

point of care because they are familiar to healthcare workers and require little 

expertise for operation [37,39,40,51]. Despite the development of many alternative 
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technologies for nucleic acid testing, few have been commercialized for use as point-

of-care diagnostic tests for HIV-1. 

One reason for the lack of available point-of-care nucleic acid HIV-1 tests is 

that the diagnostic performance required for an HIV-1 test is difficult to achieve 

using alternative methods. According to the World Health Organization, HIV-1 

virological assays used for early infant diagnosis should have a sensitivity of at least 

95% and a specificity of at least 98% [42]. In addition, nucleic acid assays for HIV-1 

in infants should also have an appropriate limit of detection. In untreated infants 

between one month and two years of age, median viral loads range between 30,000 

copies/mL to over 300,000 copies/mL [78,79]. However, HIV-1 viral load may be 

suppressed in infants receiving therapy and in infants born to mothers who 

received treatment to prevent mother-to-child transmission. For example, in one 

study, HIV-positive infants receiving anti-retroviral therapy whose mothers had also 

received treatment had a median viral load of about 20,000 copies/mL [80]. A 

clinically useful HIV-1 virological assay for early infant diagnosis must be able to 

detect such viral loads to achieve the recommended sensitivity and specificity.  

In this study, we developed and evaluated a qualitative HIV-1 RNA assay that 

is based on extraction of viral RNA with magnetic microbeads, isothermal 

amplification using NASBA, and detection of amplified RNA on lateral flow strips.  

These technologies are well-established and reliable, require minimal 

instrumentation, and have the potential to be integrated into a low-cost platform 

that is employable at the point of care. We aimed to detect viral loads of 1,000 
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copies/mL and higher with the goal of correctly diagnosing all infants with HIV-1.  

In accordance with the WHO recommendations, our objective was to achieve a 

sensitivity of at least 95% and a specificity of at least 98%. The performance of the 

assay was characterized using mock samples and clinical specimens collected from 

pediatric patients at the Queen Elizabeth Central Hospital (QECH) in Blantyre, 

Malawi. 

4.3. Materials and Methods 

4.3.1. Qualitative HIV-1 RNA Assay Based on NASBA and Lateral Flow 

Readout 

The assay consists of plasma separation from whole blood, extraction of viral 

RNA, isothermal amplification, and visual detection of amplified RNA (Figure 6). 

Plasma was obtained by centrifugation of whole blood for 10 minutes in a VWR 

Minifuge (VWR, Radnor, USA). Viral RNA was extracted and purified from 0.2 mL 

plasma samples using a MagMax Viral RNA Isolation Kit (Life Technologies, Grand 

Island, USA). The MagMax extraction protocol was used with the following 

modifications: the lysis/binding enhancer solution was excluded to avoid the need 

for storage at -20 ˚C; incubation of the viral lysate with the magnetic beads was 

extended from 5 minutes to 20 minutes; and samples were eluted in 25 µL warm 

nuclease-free water. Nucleic acid sequence-based amplification (NASBA) was 

performed in a 20 µL reaction volume using 5 µL of the eluate as template. NASBA 

reactions were assembled using a NucliSENS EasyQ Basic Kit as described by the 
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manufacturer (bioMérieux, Hazelwood, USA). All samples were incubated for 110 

minutes at 41 ˚C on a heat block. The following primer sequences were used for 

amplification, which targeted a sequence within the HIV-1 gag gene that is well-

conserved across group M clades: NASBA5: 5’–aattctaatacgactcactataggg– 

CTATGTCACTTCCCTT and NASBA6: 5’-CATCAAGCAGCCATGCAA (Integrated DNA 

technologies, Coralville, USA). Amplified products were detected on lateral flow 

strips. 

 

Figure 6: Detection of HIV-1 RNA using NASBA and lateral flow strips. The assay consists of the following steps: (1) 

Whole blood is centrifuged to obtain plasma containing HIV-1; (2) RNA is extracted from HIV-1 using silica-coated 

magnetic microbeads; (3) NASBA is performed to amplify HIV-1 RNA; and (4) amplified RNA is captured on lateral 

flow strips and visualized with gold nanoparticle probes and gold enhancement. 

4.3.2. Detection of Amplified RNA on Lateral Flow Strips 

Lateral flow strips were fabricated as described previously [1]. Briefly, strips 

were assembled using glass fiber conjugate pads (GFCP203000), backed 

nitrocellulose strips (Hi-Flow 135) and cellulose absorbent pads (CFSP223000) 

from Millipore (Billerica, USA). Gold nanoparticles (NanoXact 60 nm colloidal gold, 
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Ted Pella, Redding, USA) were conjugated to thiolated oligonucleotides (5'- 

CAGAATGGGATAGATTGCAT/PEG18/AAAAAAAAAAAAAAA/SH) according to a 

published protocol [81] and stored dry in conjugate pads. Oligonucleotides were 

immobilized on the nitrocellulose to form the detection zone (LFD1: 5’-

GACCATCAATGAGGAAGCTG) and positive control zone (LFP1: 5’-ATGCAATCTATC 

CCATTCTG). Strips were stored in sealed foil pouches with desiccant until use. 

To detect amplified RNA on lateral flow strips, NASBA reactions were diluted 

tenfold into running buffer consisting of 4X SSC (0.6M NaCl, 60mM sodium citrate) 

and 5% formamide. Twenty microliters of the dilution was loaded onto lateral flow 

strips. After 10 minutes, 30 µL of 1X SSC (0.15M NaCl, 15mM sodium citrate) was 

added to the strips. Thirty microliters of gold enhancement solution was dispensed 

on the strips after another 10 minutes (Gold Enhance LM/Blot, Nanoprobes, NY, 

USA). Lateral flow strips were assessed visually and scored as positive or negative 

based on the presence or absence of a red line in the detection zone (Figure 6).  

Although lateral flow strips yield a clearly visible signal in 35 minutes, the optical 

absorbance of the gold nanoparticles on the strips increases after drying.  To 

maximize the sensitivity of the assay in detecting faintly positive samples, strips 

were always scored two hours after adding gold enhancement solution. 

4.3.3. Evaluation of the Assay using Mock Samples 

The assay was first evaluated using mock samples that consisted of plasma 

spiked with RNA or HIV-1C viral particles. To obtain plasma, blood from healthy 
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volunteers was collected and processed in accordance with protocols approved by 

the Rice University Institutional Review Board. After centrifugation of whole blood, 

plasma was separated into aliquots. Some plasma aliquots were spiked with known 

concentrations of HIV-1 gag RNA, which was in vitro transcribed (MEGAscript T7 

transcription kit, Life Technologies, Grand Island, USA) from a PCR2.1 plasmid, a 

kind gift from R. Sutton. Other plasma aliquots were spiked with known 

concentrations of HIV-1C viral particles (VQA isolate ID: ETH2220, SeraCare, 

Milford, USA). HIV-1C viral particles were chosen because subtype C is the 

predominant HIV-1 subtype found in Malawi, where the assay was tested using 

clinical samples [82].  Spiked plasma aliquots were used immediately or stored at -

80 ˚C. 

4.3.4. Evaluation of the Assay using Clinical Samples 

The ability of the assay to detect HIV-1 in real samples was assessed using 

blood from pediatric patients. Clinical samples were collected and processed 

according to protocols approved by both the Malawi College of Medicine Research 

Ethics Committee (COMREC) and the Rice University Institutional Review Board. 

Pediatric patients eligible for the study were HIV-exposed children 0-15 years of age 

in the pediatric ward and the pediatric cotrimoxazole outpatient clinic at the Queen 

Elizabeth Central Hospital (QECH) in Blantyre, Malawi. Informed consent was given 

by the parents or legal guardians of all study participants. 
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 Sixty-nine blood samples were tested with our assay and the Abott RealTime 

HIV-1 test. First, approximately 1 mL venous blood was collected into EDTA 

vacutainer tubes. Plasma was isolated by centrifugation with a Minifuge at 2000 x g 

for 10 minutes and frozen immediately at -80 ˚C until further analysis. Our assay 

was performed on thawed plasma samples according to the methods described 

above.  Samples were processed in 12 batches of 9 or 5 samples per batch. Controls 

for each batch were processed alongside samples throughout the entire assay. HIV-1 

negative plasma served as a negative control; the positive control consisted of HIV-1 

negative plasma spiked with 10,000 copies of gag RNA. For all clinical samples, 

investigators were blinded to the status of the samples until after lateral flow strip 

scoring. The remaining plasma in each sample was submitted for analysis with the 

Abbott RealTime HIV-1 test. 

4.3.5. Abbott RealTime HIV-1 Test 

All samples processed by our assay were also tested using the Abbott 

RealTime HIV-1 viral load test for comparison (Abbott Molecular, Des Plains, IL). 

The Abbott test was chosen as a gold standard because, like our assay, the Abbott 

test detects viral RNA. In addition, the Abbott test quantifies viral load, which can be 

used to assess the performance of our assay at various levels of viremia. The Abbott 

test was performed at the Wellcome Trust in Blantyre, Malawi using 0.2 mL plasma 

of each sample as described by the manufacturer. 
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4.4. Results 

The assay was first evaluated using mock samples. When detecting in vitro 

transcribed HIV-1 gag RNA in plasma, all samples with a concentration of 10,000 

copies/mL and higher tested positive (data not shown). For samples with a 

concentration of 1,000 copies/mL, the sensitivity of the assay was 80%. The assay 

was also evaluated using 113 samples of HIV-negative plasma spiked with known 

concentrations of HIV-1C viral particles. The assay correctly identified 80.8% of 

negative samples (Table 4). All plasma samples spiked with an HIV-1C 

concentration of 100,000 copies/mL or higher tested positive, and more than 80% 

of samples with concentrations of 1,000 and 10,000 copies/mL tested positive. 

Overall, the test had a positive likelihood ratio of 4.1 for mock samples. 

Viral load 
(copies/mL) 

No. of 
samples 

No.  (%) 
positive 

0 26 5 (19.2%) 
100 15 3 (20.0%) 
500 8 6 (75.0%) 

1,000 16 13 (81.2%) 
10,000 16 14 (87.5%) 

100,000 16 16 (100%) 
1,000,000 16 16 (100%) 

Table 4: Performance of the assay using mock samples. 

To assess the performance of the assay on clinical samples, sixty-nine whole blood samples were collected and tested 

at the Queen Elizabeth Central Hospital (QECH) in Blantyre, Malawi. The age, gender, and HIV-1 status of study 

participants is shown in * Percentage of children from the total study population in this age range 

**Percentage of children in this age range with a positive Abbott viral load test result 

***Percentage of children in this age range with a negative Abbott viral load test result 
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Table 5.  All samples were tested with our assay and the Abbott RealTime HIV-1 

viral load test, which also detects the presence of HIV-1 RNA. As determined by the 

Abbott viral load test, 33 samples were negative and 36 were positive. The assay 

correctly identified 87.9% of negative samples (Table 6). More than 80% of samples 

with a viral load greater than 10,000 copies/mL tested positive. All other positive 

samples with a viral load less than 10,000 copies/mL tested negative using our 

assay. Overall, the test had a positive likelihood ratio of 5.0 for clinical samples. 

Variable 
Total 

(n = 69) 
HIV-1 positive 

(n = 36) 
HIV-1 negative 

(n = 33) 

Age (months) 
Median (range) 9 (1.5 – 86.5) 7.25 (1.75 – 60) 14 (1.5 – 86.5 ) 

≤ 18 months 49 (71.0%*) 28 (57.1%**) 21 (42.9%***) 
> 18 months 20 (29.0%*) 8 (40.0%**) 12 (60.0%***) 

Gender 
Male 40 (58.0%) 21 19 

Female 29 (42.0%) 15 14 

* Percentage of children from the total study population in this age range 

**Percentage of children in this age range with a positive Abbott viral load test result 

***Percentage of children in this age range with a negative Abbott viral load test result 

 

Table 5: Demographic summary of study participants.  

Viral load (copies/mL) No. of samples No.  (%) positive  
Not detected 33 4 (12.1%) 

< 150 4 0 (0.0%) 
150 – 1,000 2 0 (0.0%) 

1,000 – 10,000 5 0 (0.0%) 
10,000 – 100,000 7 6 (85.7%) 

100,000 – 1,000,000 9 8 (88.9%) 
> 1,000,000 9 8 (88.9%) 

Table 6: Performance of the assay using clinical samples. 
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4.5. Discussion 

In this study, we evaluated the diagnostic performance of a qualitative HIV-1 

RNA assay with the ultimate goal of developing an integrated test that is appropriate 

for use at the point of care. In its current form, the assay only requires a magnet, 

heat block, and simple centrifuge, which we were able to transport and use to test 

clinical samples in a low resource setting.  This instrumentation may be replaced or 

miniaturized in later versions of the assay. The current cost of goods for this assay 

with low-volume, commercial reagents is $16 USD. This assay may be significantly 

less expensive than gold standard virological assays, which may cost more than 

$100 USD per test [83]. 

The results of this study indicate that the assay is capable of detecting HIV-1 

at concentrations found in pediatric samples, which typically have viral loads 

exceeding 10,000 copies/mL. For mock samples consisting of plasma spiked with 

RNA or HIV-1C particles, more than 80% of samples with a concentration of 1,000 

copies/mL or higher tested positive. However, for clinical samples, the 

concentration above which more than 80% of samples tested positive was 10,000 

copies/mL. The difference in test performance between mock samples and clinical 

samples was likely due to the genetic diversity of circulating HIV-1 strains. 

Modification of primers and lateral flow sequences to detect a broader range of HIV-

1 genetic variants may be required to improve the sensitivity of the assay, as 

demonstrated in other work [84]. 
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A significant drawback to the current embodiment of the assay is the 

possibility of sample contamination, leading to false positives. The specificity of the 

assay was 80.8% when testing mock samples and 87.9% when testing clinical 

samples, significantly lower than our design goal of 98% specificity. The assay 

requires many steps, technical expertise, and separate amplification and detection 

areas to avoid cross-contamination. Future versions of the assay must address these 

limitations in order to increase specificity to at least 98%, as recommended by the 

WHO. 

Once the modified assay has been validated for use with clinical samples, a 

number of strategies may be employed to integrate the assay into a test intended for 

use at the point of care. Plasma separation from whole blood may be implemented 

using paper to avoid the need for centrifugation [85,86]. Extraction using magnetic 

microbeads may be employed in a microfluidic format with an integrated magnet to 

compartmentalize the process and decrease the number of required user steps 

[28,87]. Performance of isothermal amplification in an enclosed device may improve 

the specificity of the assay [3,35,50]. A battery-powered or exothermal chemical 

heater may also be integrated into a device to avoid the need for a wall-powered 

heat block [34,64]. 

This study highlights the importance of evaluating an assay with real samples 

before developing a point-of-care platform. After further testing and validation, this 

assay may be integrated into a device that is useful at the point of care for 

diagnosing pediatric HIV-1. 
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Chapter 5 

A Paper and Plastic Device for 

Performing Recombinase Polymerase 

Amplification of HIV DNAc 
 

cThe contents of this chapter have been published in the following journal article:  Rohrman 

BA, Richards-Kortum RR (2012) A Paper and Plastic Device for Performing Recombinase 

Polymerase Amplification of HIV DNA. Lab on a Chip 12(17):3082-8. doi: 

10.1039/c2lc40423k.: e45611. 

5.1. Abstract 

Despite the importance of early diagnosis and treatment of HIV, only a small 

fraction of HIV-exposed infants in low- and middle-income countries are tested for 

the disease. The gold standard for early infant diagnosis, DNA PCR, requires 

resources that are unavailable in poor settings, and no point-of-care HIV DNA test is 
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currently available. We have developed a device constructed of layers of paper, glass 

fiber, and plastic that is capable of performing isothermal, enzymatic amplification 

of HIV DNA. The device is inexpensive, small, light-weight, and easy to assemble. The 

device stores lyophilized enzymes, facilitates mixing of reaction components, and 

supports recombinase polymerase amplification in five steps of operation.  Using 

commercially available lateral flow strips as a detection method, we demonstrate 

the ability of our device to amplify 10 copies of HIV DNA to detectable levels in 15 

minutes. Our results suggest that our device, which is designed to be used after DNA 

extraction from dried-blood spots, may serve in conjunction with lateral flow strips 

as part of a point-of-care HIV DNA test to be used in low resource settings. 

5.2. Introduction 

Over 2 million children worldwide are currently infected with HIV, most of 

whom were infected during pregnancy, birth, or breastfeeding [44]. If untreated, the 

mortality rate of HIV-infected infants may reach 35% by one year of age, and 53% 

by two years of age [10]. Although early infant HIV diagnosis and treatment may 

reduce infant mortality by 76% [11], only 15% of children born to HIV-positive 

women in 2009 were screened for HIV within the first two months after birth [44].  

One reason for the low rate of infant HIV testing is that no accurate, point-of-

care test for early infant diagnosis is currently available. Rapid antibody tests, which 

are widely used in low-resource settings for adult HIV diagnosis, are not 

appropriate for early infant diagnosis. Maternal anti-HIV antibodies may persist in 
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infant blood for up to 18 months after birth even in HIV-negative infants, causing 

false positive results in antibody tests [16]. The gold standard method for infant HIV 

diagnosis is DNA PCR, which facilitates the detection of proviral DNA present in 

peripheral blood mononuclear cells [42]. HIV DNA tests are reliable even when HIV 

viral load in infants is suppressed because of maternal anti-retroviral therapy 

[42,88]. Unfortunately, HIV DNA PCR is poorly suited for implementation in low-

resource settings because PCR requires expensive equipment, electricity, dedicated 

laboratory space, and trained technicians.  

Efforts to improve access to infant HIV diagnosis in developing countries 

have resulted in dried blood spot (DBS) PCR programs, through which district 

clinics mail dried blood samples to centralized labs for DNA PCR testing [42,89]. 

However, PCR remains prohibitively expensive and requires a 3-4 week turnaround 

time. Many patients never return to the clinic to receive their HIV test results. In 

some cases, less than half of HIV-positive infants return for follow-up care [15]. A 

point-of-care HIV test based on DNA detection is needed that could provide results 

rapidly, allowing more patients to learn their HIV status and initiate treatment 

sooner. 

Paper-based microfluidic devices share many of the desired characteristics of 

a suitable point-of-care HIV DNA test. Paper-based diagnostic tests are rapid, 

inexpensive, portable, and simple to operate, making them appropriate for low-

resource settings [54]. In addition, paper devices can perform many of the functions 

of traditional microfluidic devices but are simpler, do not require pumps, and can 
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easily facilitate mixing [67,90,91]. Most examples of paper-based diagnostic devices 

have focused on detecting small molecule or protein analytes instead of nucleic 

acids [55–58]. A few exceptions are devices for paper-based sample preparation and 

detection of nucleic acids [33,51,92,93].  However, to our knowledge, enzymatic 

amplification of nucleic acids has been performed only in traditional microfluidic 

devices [28,49,50], not in paper-based devices. 

We have developed a proof-of-concept device made of plastic and paper that 

performs nucleic acid amplification of HIV DNA. Our device integrates mixing, 

reagent storage, and recombinase polymerase amplification (RPA). RPA is an 

isothermal nucleic acid amplification method that utilizes recombinase enzyme to 

facilitate the binding of oligonucleotide primers to template DNA. Primers are 

elongated by strand-displacing DNA polymerase, while single-stranded DNA binding 

proteins stabilize amplification reaction intermediates [77]. We chose RPA because 

of its likelihood to perform successful amplification in paper: compared to PCR, RPA 

requires a shorter incubation time, operates at a lower, single incubation 

temperature, provides much faster amplification, and maintains activity in PCR-

inhibiting environments [77]. We performed RPA in our device and detected 

amplified HIV DNA using commercially available lateral flow strips. Our device is 

designed to be compatible with sample preparation of DBS and detection on lateral 

flow strips, suggesting its possible use as part of a DNA-based test for HIV diagnosis 

at the point-of-care. 
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5.3. Experimental  

Before developing the amplification device, we first optimized a protocol for 

performing RPA in solution to amplify HIV DNA. Solution-based amplification was 

verified both by gel electrophoresis and detection on lateral flow strips. The 

optimized protocol for solution-based amplification served as a starting place for 

optimizing matrix-based RPA. Several types of materials were screened for their 

ability to support RPA in a matrix-based format. Once a suitable matrix was chosen, 

the optimal conditions for performing RPA were determined. Finally, we 

constructed a paper and plastic device to perform RPA and used lateral flow strips 

to demonstrate the successful amplification of HIV DNA. 

5.3.1. PCR to generate template for RPA reactions 

PCR was performed to generate HIV gag DNA, which served as a template for 

RPA reactions. The forward and reverse primers used were GAGF1: 5’-

TCGGAGAGCGTCGGTATTAA-3’ and GAGR1: 5’-TTATTGTGACGAGGGGTCGC-3’ 

(Integrated DNA Technologies).  The template for PCR was a plasmid containing the 

HIV gag gene, pHIV-IRES-eYFP∆Env∆Vif∆Vpr, a generous gift from the Sutton lab 

[94]. The PCR program consisted of an initial heating step at 94°C for 3 min.; 35 

cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 90 s; and a final elongation step at 

72°C for 10 min. PCR products were visualized after agarose gel electrophoresis and 

ethidium bromide staining. The band containing amplified gag DNA was cut out of 
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the gel using a clean razor blade. The DNA was extracted (Qiagen 28704, QIAquick 

Gel Extraction Kit) and quantified by measuring absorbance at 260 nm. 

5.3.2. RPA reactions in solution 

RPA was first performed in solution to screen primers and optimize reaction 

conditions. RPA was performed using the materials and protocols in the TwistAmp 

Basic kit (TwistDx, UK). A variety of reaction temperatures, incubation times, and 

primer sequences were used before the optimal combination was achieved (data not 

shown). For each optimized reaction, 29.5 µL rehydration buffer, 3.2 µL nuclease-

free water, 2.4 µL forward primer [10 µM], and 2.4 µL reverse primer [10 µM] were 

mixed. The forward and reverse primers used to generate a 135 bp product were 

RPAF8: 5’-GGACATCAAGCAGCCATGCAAATGTT AAAAGAG-3’ and RPAR1: 5’-

TGCTATGTCACTTCCCCTTGGTTCTCTCATCTGGC-3’ (Integrated DNA Technologies). 

One enzyme pellet included in the kit was added to each solution and vortexed. Ten 

microliters of template with a total of 0, 10, 102, 103, 104, 105, or 106 copies of HIV 

gag DNA were added to each reaction. To start the reactions, 2.5 µL of magnesium 

acetate solution was dispensed into the cap of each tube. The reaction tubes were 

then recapped, centrifuged briefly, vortexed, and centrifuged again. Samples were 

incubated in a heat block at 37 °C for 4 min., vortexed, and incubated again for an 

additional 40 min. Products were purified (Qiagen 28104, QIAquick PCR Cleanup), 

electrophoresed on a 3% agarose gel (low gelling temperature agarose, Sigma 

A9414), and visualized with ethidium bromide staining.  
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5.3.3. Detection of RPA products using lateral flow strips 

An RPA-based point-of-care HIV test should include a simple, fast, and user-

friendly method for detecting RPA products. As a proof-of-concept detection 

method, we used commercially available lateral flow strips to detect RPA products 

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

contain gold nanoparticles conjugated to anti-FAM antibodies and a detection line 

consisting of anti-biotin antibodies. RPA products that are labeled with a 5’ FAM 

antigen and a 3’ biotin bind to the gold nanoparticle conjugates and detection line in 

a sandwich assay, allowing detection. The lateral flow strip also contains a control 

line consisting of anti-rabbit antibodies, which bind to free gold nanoparticles 

conjugates to ensure the strip is working properly. 

In order to generate labeled RPA products, the TwistAmp nfo kit (TwistDX, 

UK) must be used in conjunction with a TwistAmp LF probe, an unlabeled forward 

primer, and a biotin-labeled reverse primer. The TwistAmp LF probe contains a 5’ 

FAM, an internal abasic site (tetrahydrofuran) that replaces a nucleotide, and a 3’ 

polymerase extension blocking group. In the reaction, the two primers generate 

biotin-labeled products. When the LF probe forms a duplex with the biotin-labeled 

antisense strand, nfo (an endonuclease) recognizes and cuts the abasic site in the 

probe, which generates a 3’ OH group and allows the blocked end of the probe to 

unbind. The 3’ OH acts as a target for the polymerase, which extends the probe. The 

resulting amplicon is labeled with FAM and biotin, allowing detection on the lateral 

flow strips [95]. 



 53 
 

Labeled RPA products were generated in solution using the TwistAmp nfo kit 

and LF probe for detection on lateral flow strips. Each reaction contained 29.5 µL 

rehydration buffer, 3.2 µL nuclease-free water, 2.1 µL forward primer [10 µM], 2.1 

µL reverse primer [10 µM], and 0.6 µL LF probe [10 µM]. The forward and reverse 

primers used were RPAF8: 5’-GGACATCAAGCAGCCATGCAAATGTTAAAAGAG-3’ and 

RPAR1B: 5’-/biotin/TGCTATGTCACTTCCCCTTGGTTCTCTCATCTGGC-3’ (Integrated 

DNA Technologies). The probe sequence was PRB1: 5’-/6-

FAM/CTGCAGAATGGGATAGATTGCATCCAGTGCA/tetrahydrofuran/ 

GCAGGGCCTATTGCAC/C3-spacer/-3’ (Integrated DNA Technologies). One enzyme 

pellet included in the kit was added to each solution and vortexed. Ten microliters 

of template containing a total of 0, 10, 102, 103, 104, 105, or 106 copies of HIV gag 

DNA were added to each reaction. To start the reactions, 2.5 µL of magnesium 

acetate solution was dispensed into the cap of each tube. The reaction tubes were 

then recapped, centrifuged briefly, vortexed, and centrifuged again.  Samples were 

incubated in a heat block at 37 °C for 4 min., vortexed, and incubated again for an 

additional 30 min. To detect the RPA products, products were diluted 50-fold in 

running buffer (tris-buffered saline) provided with the Milenia lateral flow strips. 

Ten microliters of diluted products were dispensed onto the sample pad of each 

strip. Each strip was placed in a well of a 96-well plate containing 200 µL running 

buffer. Strips were 3 mm wide and easily fit into the wells, which were 6.7 mm in 

diameter. Strips rested vertically in the wells for 45 min. before imaging using a 

flatbed scanner (Epson Perfection V500 Photo). 
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5.3.4. Screening of materials for RPA device 

In order to create a matrix-based device for performing RPA, different 

materials were screened for compatibility with RPA. Six different materials were 

chosen to represent a range of thicknesses, matrix compositions, porosity, and 

fluidic absorbance:  glass fiber (GFCP203000, Millipore), cellulose (CFSP223000, 

Millipore), GF/DVA, MF1, VF2, and Fusion 5 (Whatman). The fluidic absorbance of 

each material was measured by calculating the difference in weight before and after 

submerging a 1 cm2 square of the material in water. The fluidic absorbance was 

used to calculate the area needed to absorb a 50 µL RPA reaction volume. Materials 

were cut to the appropriate size and placed in 1.5 mL Eppendorf tubes. 

RPA reactions were assembled as described above using the TwistAmp Basic 

kit and 105 copies of HIV gag DNA in 10 µL as template. A 50 µL RPA reaction 

volume was added to each pad in Eppendorf tubes. Two reactions were incubated in 

solution: a positive control reaction containing 105 copies of DNA, and a negative 

control reaction containing no DNA. Reaction tubes were incubated in a heat block 

at 37 °C for 4 min., vortexed, and incubated again for an additional 40 min. After 

incubation, 100 µL water was added to all reactions and vortexed. Products were 

purified from the supernatant (Qiagen, QIAquick PCR Cleanup), electrophoresed on 

a 3% agarose gel (low gelling temperature agarose, Sigma A9414), and visualized 

with ethidium bromide staining. 
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Based on the results of the screening experiment, the incubation time for 

performing RPA in the best matrix material was optimized.  Determining the best 

incubation time is important for avoiding false positive results, achieving the 

desired limit of detection, and ensuring that the time needed for performing the 

assay is reasonable for a point-of-care test. For this experiment, the TwistAmp nfo 

kit was used as described above. Template was added to the reactions at 0, 10, 100, 

or 1000 copies of gag DNA in 10 µL of water. A 50 µL RPA reaction volume was 

added to each pad in Eppendorf tubes and incubated for 10, 20, or 30 min. in a heat 

block. The reaction tubes were centrifuged at 15,000 x g to elute the reaction 

products. Products were diluted 50-fold in running buffer, 10 µL of diluted products 

was added to each Milenia lateral flow strip, and each strip was placed in a well of a 

96-well plate containing 200 µL running buffer. Strips were scanned after 3 min. 

5.3.5. RPA device fabrication and operation 

RPA devices were designed to be well-suited for use in low-resource settings 

by storing reagents, mixing reaction components, and facilitating RPA in a single 

device. The RPA device was inspired by a microfluidic origami device for sputum 

sample processing [92], in which folding device components initiates contact and 

causes reagents to mix together. RPA devices were assembled by stacking 

components made of acetate, double-sided adhesive, glass fiber matrix, and 

cellulose. Each device contained five components: a base layer made of acetate and 

double-sided adhesive, a second acetate layer to aid alignment of other components, 

a wax-patterned cellulose sample wick strip, a cellulose pad for absorbing master 
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mix, and a glass fiber pad for absorbing magnesium acetate (Figure 7a). The 

magnesium acetate is kept separate from the other reagents to reduce primer noise. 

The sample wick strips consisted of an unpatterned, hydrophilic area that absorbs 

10 µL of sample and a long, wax-patterned, hydrophobic arm to facilitate dipping 

into a microcentrifuge tube to access the sample. The sample wick strip eliminates 

the need to pipette the sample onto the device and is compatible with a sample 

volume of 10 µL or more. The sample wick strips were cut from cellulose on which 

wax had been printed and melted at 150 °C for 3 min. in an oven, a method 

pioneered by the Whitesides group [96].  

All components were cut with a 60-watt CO2 laser cutter (Universal Laser 

Systems Inc). For glass fiber (GFCP203000, Millipore) and cellulose (Whatman No. 1 

chromatography paper), the laser was set to power = 3%, speed = 5%. Acetate was 

cut using power = 3%, speed = 10%, 2 passes (clear acetate, 0.003’’ thick, 

K03CL0811, Grafix, Maple Heights, OH). The final component of the device consisted 

of acetate adhered to one side of double-sided adhesive (double tack archival, 

KDT912-12, Grafix). The other side of the adhesive sheet is covered by a protective 

layer of paper, which may be peeled away. This device component was cut on the 

paper side using power = 10%, speed = 10%, 2 passes for through cuts. Partial cuts, 

which extended only through the protective paper layer, were cut using power = 

5%, speed = 10%, 2 passes. 
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Figure 7: Components, assembly, and operation of a paper-based device that performs recombinase polymerase 

amplification. (A) Devices were constructed of the five components: a base layer made of acetate and double-sided adhesive 

covered by a protective layer of paper; a second acetate layer to aid alignment of other components; a sample wick strip 

patterned with melted wax for absorbing exactly 10 μL of sample; a cellulose pad for holding a master mix solution; and a glass 

fiber pad for holding magnesium acetate solution. (B) Devices were assembled by peeling off the protective paper layer and 

assembling each device component in the order shown. The white pellet shown in the first step is composed of lyophilized 

enzymes and reagents. (C) The user operates the device by pipetting reagents on the appropriate pads, dipping the wick into 

the sample, and mixing reaction components by folding the device in half. 

Devices were assembled according to the process depicted in Figure 7b. First, 

the larger rectangle cut into the protective paper of the base layer was peeled away. 

The enzyme pellet was placed on the exposed adhesive. Second, the master mix pad 

was placed over the enzyme pellet. The master mix pad completely covered the 
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conical enzyme pellet, which spread out under the pad after applying slight 

pressure. After placing the master mix pad, the smaller rectangle of protective paper 

was removed from the base layer, and the wax-patterned end of the sample wick 

strip was placed on the exposed adhesive. Third, the remaining protective paper 

was removed from the base layer. Fourth, the acetate layer was placed over the base 

layer, completely covering the end of the sample wick strip and partially 

overlapping the master mix pad. Finally, the glass fiber pad was placed in the 

window cut into the acetate sheet on the side of the device across from the master 

mix pad. 

To evaluate the RPA devices, RPA was performed using the materials found 

in the TwistAmp nfo kit. RPA reactions were assembled in five steps, shown in 

Figure 7c. First, the master mix containing rehydration buffer, water, primers, and 

probes was dispensed onto the master mix pad. The master mix completely 

rehydrated the enzyme pellet.  Second, 2.5 µL magnesium acetate was dispensed 

onto the glass fiber pad. Third, the sample wick strip was dipped into the sample to 

absorb 10 µL of fluid containing varying amounts of template DNA. To evaluate the 

limit of detection of these devices, samples consisted of 0, 10, 100, or 1000 copies of 

HIV gag DNA in 10 µL. Fourth, the sample wick strip was folded to overlap the 

master mix pad. Fifth, the device was folded in half and self-sealed such that the 

glass fiber pad overlapped the sample wick. Devices were placed on a heat block at 

37°C for 15 min and covered by styrofoam box lid for insulation. Devices were then 

peeled open. The entire sample wick was torn off the device, placed in 90 µL 
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running buffer, and vortexed. Ten microliters of diluted products were added to 

each Milenia lateral flow detection strip, and each strip was placed in a well of a 96-

well plate containing 200 µL running buffer. Strips were scanned after 3 min. 

5.4. Results 

5.4.1. Performance of RPA in solution  

RPA reactions performed in solution yielded detectable products when 

optimized reaction conditions and primers were used. All reactions to which HIV 

gag DNA was added produced a clearly visible band of 135 bp after gel 

electrophoresis (Figure 8a). The brightness of the bands appeared to be 

proportional to the amount of template added to the RPA reaction. Although a very 

faint band of that size may be visible for the no template control, this band is much 

dimmer than the band for 10 copies of HIV gag DNA, demonstrating a limit of 

detection of 10 copies. 

RPA reactions performed in solution using the TwistAmp nfo kit produced 

amplicons that were detectable on lateral flow strips, demonstrating that the 

products may be visualized using a point-of-care detection method. The test lines of 

the lateral flow strips were dark for all RPA reactions to which template DNA was 

added, indicating a positive result (Figure 8b). The limit of detection remained at 10 

copies, while the negative control reaction appropriately produced no signal at the 

test line. A negative lateral flow strip result for the negative control suggests that the 
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faint band visible on the gel in the ‘0 copies’ lane may be primer noise instead of 

template contamination. The structure of the LF probe prevents the amplification of 

primer-probe dimers, increasing the specificity of amplification and avoiding false 

positives [95]. Therefore, when using an LF probe, RPA is capable of amplifying HIV 

DNA in solution with adequate specificity to yield products that are clearly visible 

on lateral flow tests. 
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Figure 8: Gel electrophoresis and lateral flow strip detection of RPA reaction products generated in solution. Numbers 

above the gel lanes and beside the lateral flow strips indicate the total number of HIV DNA copies added as template to each 

RPA reaction. (A) Gel electrophoresis of 135 bp reaction products. M1 = Low Molecular Weight DNA Ladder, New England 

BioLabs; M2 = 100 bp DNA Ladder, New England BioLabs. (B) Lateral flow strip results after applying a 1:50 dilution of 

reaction products. The strip results were positive for all samples except the negative control reaction. 

5.4.2. Performance of RPA in different materials 

RPA reactions in matrices composed of different materials yielded products 

that were detectable via gel electrophoresis. A 135 bp band was present in the gel 

for all matrix materials tested (Figure 9). However, these bands were all dimmer 

than the band for the positive control reaction, which was performed in solution. 

This comparison suggests that the reaction is less efficient in a matrix than in 

solution, which is expected because the matrix limits diffusion of reaction 

components. A faint band was present in the gel for the negative control but was 

much dimmer than any of the bands for which template was added. The brightest 

band in the negative control lane may consist of primer-dimers or other primer 

noise. The reaction in the glass fiber pad yielded the most product, perhaps because 

of its large pore size. The reaction in GF/DVA, which also contains glass fiber, 

yielded slightly less product than glass fiber alone. The most noise and least product 

were present for RPA reactions performed in cellulose. 

Because glass fiber appeared to be most compatible with RPA, glass fiber was 

selected as the matrix of choice for developing an amplification device. The 

incubation time for RPA reactions in this matrix was optimized for future 

experiments. Products amplified in glass fiber were detectable on lateral flow strips 
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after as little as 10 min. of incubation (Figure 10).  For incubation times of 10, 20, 

and 30 minutes, the limit of detection remained at 10 copies of HIV gag DNA. 

Although a 10-minute incubation was sufficient in this experiment, we chose an 

incubation time of 15 minutes for future experiments to provide maximum 

sensitivity while keeping assay rapid for use at the point-of-care. All negative 

control reactions produced a negative lateral flow strip result, showing that 

specificity is maintained even when RPA is performed in the chosen matrix. 

 

Figure 9: Gel elecrophoresis of RPA reaction products generated from 105 copies of HIV DNA in different materials. 

Gel lanes are labeled with the type of material tested. A 135 bp band was present for all materials tested. The negative control 

(-) was an RPA reaction in solution to which no HIV DNA was added; the positive control (+) was an RPA reaction in solution 

containing 105 copies of HIV DNA template. 

5.4.3. RPA device performance 

Using the optimal settings determined in the previous experiments, we 

constructed fully-assembled RPA devices and demonstrated their ability to 
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successfully support nucleic acid amplification. As shown in Figure 11, reaction 

products generated in the RPA devices were easily detectable using lateral flow 

strips. All reactions to which gag DNA was added produced a positive lateral flow 

strip result, suggesting that the limit of detection for this amplification assay is 10 

copies. The lateral flow strip result for the no target control reaction was negative. A 

comparison of the lateral flow strip results for reaction products generated in RPA 

devices, in glass fiber pads alone, and in solution shows that RPA can be performed 

successfully in any of these formats to detect HIV DNA. 

 

Figure 10: Lateral flow strips showing detection of RPA products generated in glass fiber after various incubation 

times. Numbers beside the lateral flow strips indicate the total number of HIV DNA copies added as template to each RPA 

reaction. For all incubation times, the limit of detection was 10 copies of HIV gag DNA. 

5.5. Discussion 

The RPA device presented here is capable of amplifying 10 copies of HIV DNA 

to detectable levels in 15 minutes while retaining many attributes desired for a 

point-of-care test. The device is small, light-weight, easy to assemble, and requires 

only five steps for operation. The only laboratory infrastructure required consists of 
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a micropipette, pipette tips, and a heater. The RPA reagents are stable at room 

temperature for days and may be transported without refrigeration [97], suggesting 

that the device could be shipped to remote areas in developing countries for use at 

the point-of-care. The cost per reaction performed in an RPA device is $4.45, which 

only 20 cents more than the cost of the RPA reagents alone. The device is also 

compatible with existing sample preparation and detection methods. Because the 

sample wick strip is designed to be dipped into a tube containing template DNA, the 

device should be compatible with standard dried blood spot DNA extraction 

protocols in which DNA is released from filter paper into solution [89]. 

Alternatively, the sample wick strip could be placed in contact with a filter 

containing extracted DNA [93]. In addition, our results have shown that the 

amplified products generated in our device may be detected using lateral flow 

strips. Therefore, our RPA device has the potential to serve as part of a point-of-care 

HIV DNA test. 
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Figure 11: Lateral flow strips showing detection of RPA products generated in fully-assembled RPA devices. Numbers 

beside the lateral flow strips indicate the total number of HIV DNA copies added as template to each RPA reaction. Lateral flow 

strip results were positive for all reactions to which HIV gag DNA was added, suggesting that the limit of detection is 10 DNA 

copies. 

Before the RPA device could be used in the field, however, further 

improvements and testing are required. Currently, the device must be peeled apart 

to access the reaction products for detection. A more convenient way to remove and 

apply the products onto a lateral flow strip is needed. Another drawback of the 

current device is that the RPA device only stores the enzyme pellet; the RPA master 

mix and magnesium acetate solution must be stored separately and dispensed onto 

the device with a pipette. Although this will require future evaluation and 

optimization, storing these buffers in the device may be possible simply by including 

blister packs in the device or by drying the appropriate buffers into the 

corresponding pads for future rehydration with water. Including buffer storage in 

the device would allow all the reagents for RPA to be fully integrated, eliminating 

the need for tubes and a pipette. The current device also has only been used with an 

electrically-powered heater. In order to circumvent the need for electricity, the 

device should be tested for compatibility with a new or existing battery-powered 

heater [35,64]. Ideally, the RPA device should also be integrated with sample 

preparation and detection to comprise a sample-to-answer HIV DNA test. Such a test 

would require evaluation with clinical samples both in the laboratory and in low-

resource settings. 
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5.6. Conclusion 

We have developed a paper and plastic device that stores enzymes, mixes 

reaction components, and supports recombinase polymerase amplification of HIV 

DNA. The device is designed to be compatible with DNA extraction from dried blood 

spots and detection using lateral flow strips, suggesting its potential to serve as part 

of a point-of-care HIV DNA test. In addition, the device may be adapted for 

amplification of other DNA targets for use in other diagnostic systems. This device 

demonstrates that isothermal, enzymatic amplification of nucleic acids is achievable 

in a matrix-based format, representing a new application for paper-based 

microfluidic technologies. 
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Chapter 6 

Quantification of HIV-1 DNA Using 

Real-Time Recombinase Polymerase 

Amplificationd 

dThe contents of this chapter have been published in the following journal article:  Crannell 

ZA*, Rohrman B*, and Richards-Kortum R (2014) Quantification of HIV-1 DNA Using Real-

Time Recombinase Polymerase Amplification. Analytical Chemistry 86(12): 5615-5619. doi: 

10.1021/ac5011298. (*ZC and BR contributed equally.) Reprinted with permission from 

Analytical Chemistry. Copyright 2014 American Chemical Society. 

6.1. 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 
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algorithm that analyzes real-time fluorescence data to quantify HIV-1 DNA. We 

show that DNA concentration and the onset of detectable amplification are 

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 1 order of 

magnitude of the correct concentration for all HIV-1 DNA concentrations tested. 

These results suggest that quantitative RPA (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. 

6.2. 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 [20,98]. 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 
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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 

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 [99,100]. For these reasons, a number of recent 

reports have proposed RPA-based strategies for the detection of pathogens 

[3,31,101–103]. Although some papers demonstrate a relationship between nucleic 

acid concentration and onset of amplification [103,104], 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 12). 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. 
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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. 

 

Figure 12: 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). 

6.3. Methods 

6.3.1. 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 of 

rehydration buffer, 2.1 μL of RPA forward primer [10 μM], 2.1 μL of RPA reverse 

primer [10 μM], 0.6 μL of HIV-1 HEX-labeled probe [10 μM], 0.6 μL of IPC FAM-

labeled probe [10 μM], 2.6 μL of IPC DNA [104 copies/μL], 10 μL of HIV-1 DNA at 
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varying concentrations, 2.5 μL of magnesium acetate, and one enzyme pellet. All 

primer and probe sequences can be found in Table A 1. Previous work has shown 

that the RPA primers and HIV-1 probe target the HIV-1 pol gene with high 

sensitivity and specificity [31]. 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 [105]. 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 preincubated 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 s for 20 min following 

preincubation. 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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6.3.2. 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 1, Appendix). 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 12). Generation of the 435 

bp IPC was verified by gel electrophoresis, after which the DNA was extracted, 

purified, and diluted. 

6.3.3. 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 
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scored as negative 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 thresholdS 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 data 

sets. 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. 

6.4. Results 
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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 A). 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 13, where HIV-1 DNA 

was detected using a HEX-labeled probe (Figure 13a), and the IPC was detected 

using a FAM-labeled probe (Figure 13b). None of the 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 6 min 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. An exponential 

standard curve derived using data from the five experiments is plotted in Figure 14, 

in which samples were considered positive if Δsample was more than one 

σbackground above Δbackground (z = 1). Standard curves using integer values of zfrom one 

to five had similar equations and correlation coefficients (data not shown). 
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Figure 13: 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. 

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 
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Table 7: 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 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 7 shows the 

performance of the algorithm when z = 1, using the standard curve shown in Figure 

14. 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 1 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 (Figure A 3, Appendix A). 
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Figure 14: 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. 

6.5. 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 4 orders of magnitude [29]. 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 [106]. Finally, a viral load test must be especially 
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accurate at low viral loads because therapeutic failure due to drug resistance is 

characterized by viral loads between 500 and 1000 (copies/mL) [20], and successful 

suppression of viral replication is indicated by viral loads less than 200 (copies/mL) 

[106]. This qRPA assay can quantify DNA concentrations over 4 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 

range of the algorithm. As shown in Figure 14 and Table 7, 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 15 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. 
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Figure 15: 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 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 
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to build the standard curve and the experiments using the standard curve to predict 

the concentration of samples. The temperature was controlled within ±0.2 °C by 

using a benchtop 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 

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. 

6.6. Supporting Information 

The Supporting Information contains details about the DNA primers and 

probes, screening Internal Positive Control candidates, the specific protocol for 

extracting nucleic acids used to develop the Internal Positive Control, as well as 

details about the experiment mentioned at the end of the Results section. 
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Chapter 7 

Development of a Quantitative 

Recombinase Polymerase 

Amplification Assay with an Internal 

Positive Controle 

eThe contents of this chapter have been published in the following journal article:  Crannell, 

Z. A.*, Rohrman, B.*, Richards-Kortum, R. Development of a Quantitative Recombinase 

Polymerase Amplification Assay with an Internal Positive Control. J. Vis. Exp. (97), e52620, 

doi:10.3791/52620 (2015). (*ZC and BR contributed equally.) 

7.1. Abstract 

It was recently demonstrated that recombinase polymerase amplification 

(RPA), an isothermal amplification platform for pathogen detection, may be used to 

quantify DNA sample concentration using a standard curve. In this manuscript, a 
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detailed protocol for developing and implementing a real-time quantitative 

recombinase polymerase amplification assay (qRPA assay) is provided. Using HIV-1 

DNA quantification as an example, the assembly of real-time RPA reactions, the 

design of an internal positive control (IPC) sequence, and co-amplification of the IPC 

and target of interest are all described. Instructions and data processing scripts for 

the construction of a standard curve using data from multiple experiments are 

provided, which may be used to predict the concentration of unknown samples or 

assess the performance of the assay. Finally, 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 is described. The protocol and scripts 

provided may be used for the development of a qRPA assay for any DNA target of 

interest.  

7.2. 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, e.g. for HIV-1 viral load testing, detection of bacterial pathogens, and 

screening for many other organisms [107–109]. 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 
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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, 

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 [77,100]. RPA assays have been 

developed for a wide range of applications, including food analysis, pathogen 

detection, cancer drug screening, and detection of biothreat agents [3,101,102,110–

112]. However, use of RPA for quantification of nucleic acids has been limited 

[103,104]. 

In previous work, it was shown that real-time quantitative RPA (qRPA) is 

feasible [113]. Here, a more detailed protocol is provided for using real-time 

quantitative RPA 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 
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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 with a custom script is demonstrated. This qRPA technique enables 

quantification of samples with unknown concentrations and has many advantages 

over traditional real-time qPCR. 

7.3. Protocol 

1. Program the thermal cycler for real-time qRPA reactions 

1.1. Create a new protocol in the thermal cycler software.  

1.1.1. Insert a pre-incubation step: 39 ⁰C for 1 min.  

1.1.2. Add a second step: 39 ⁰C for 20 seconds followed by a plate read.  

1.1.3. Finally, insert a “GO TO” that repeats the second step 59 more times.  

1.1.4. Save the protocol. 

1.2. Create a new plate in the “plate editor” tab of the software. Select wells on 

the plate corresponding to the locations of the RPA reactions (here, use 

wells A1, A4-A8, B1, and B4-B8).  

Note: 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 script.  
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1.2.1. 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. Prepare for HIV-1 qRPA experiments 

2.1. Assemble RPA reactions in a designated pre-amplification workspace 

containing designated pipettes, pipette tips, vortexer, and mini-centrifuge, 

as for qPCR. As RPA may amplify a single copy of DNA by as much as ten 

orders of magnitude (data not shown), handle and dispose of tubes 

containing post-amplified DNA products in a designated post-amplification 

area.  

2.1.1. Prevent contact between all pre-amplification reagents and post-

amplification products. Spray pre-amplification workspaces and 

equipment with 50% bleach before and after all experiments. Use a 

paper towel to wipe away excess bleach. 

2.2. Purchase forward primer sequence 5’-TGG CAG TAT TCA TTC ACA ATT TTA 

AAA GAA AAG G-3’ and reverse primer sequence 5’-CCC GAA AAT TTT GAA 

TTT TTG TAA TTT GTT TTT G-3’ from commercial DNA synthesizers. 

Purchase the probe sequence 5’- TGC TAT TAT GTC TAC TAT TCT TTC CCC 

[SIMA/HEX] GC [THF] C [dT-BHQ1] GTA CCC CCC AAT CCC C -3’ from 
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commercial sources. Store all primers and probes at 4 °C in aliquots at a 

concentration of 10 µM prior to use. 

Note: The qRPA assay amplifies a unique HIV-1 sequence. For this proof-of-

concept assay, use the plasmid pHIV-IRES- eYFPΔEnvΔVifΔVpr described by 

Sutton et al. which contains the target sequence[105]. 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 carrier DNA (360486). This carrier 

DNA concentration is equivalent to the DNA concentration obtained from 

commercial serum DNA extraction kits used for HIV-1 diagnosis[114]. These 

HIV-1 dilutions were used as templates in qRPA reactions to build a standard 

curve. 

3. Assemble an HIV-1 qRPA standard curve 

3.1. Before assembling the qRPA reactions, prepare the pre-amplification 

workspace as described in Section 2.1.1. Place a 96-well cold block in 

storage at 4 ⁰C. 

3.2. Prepare reagents for twelve reactions.  

3.2.1. Move the magnesium acetate, the rehydration buffer, and twelve RPA 

reaction pellets to the pre-amplification workspace. 
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 Thaw the magnesium acetate and the rehydration buffer at room 

temperature.  

3.2.2. Aliquot 32.5 µl of magnesium acetate (2.5 µl per reaction) to a 

microcentrifuge tube.  

3.2.3. 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.  

3.2.4. Return the magnesium acetate and rehydration buffer to storage at -

20 °C.  

3.2.5. Move the primer and probe aliquots from the refrigerator to the pre-

amplification area, avoiding excessive light exposure to minimize 

photobleaching.  

3.2.6. Add 27.3 µl each of the 10 µM forward and reverse primers (2.1 µl per 

primer per reaction) to the master mix.  

3.2.7. Add 7.8 µl of the 10 µM HEX-labeled HIV-1 DNA probe (0.6 µl per 

reaction) to the master mix. 

3.2.8. Return primers and probe to storage.  
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3.3. Matching the plate layout described in Section 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.  

3.4. Carefully add 37.5 µl of master mix to each tube containing an 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. Stir gently to prevent 

bubble formation, and remove the tip carefully to prevent any loss of the 

reaction volume.  

3.5. After all enzyme pellets have been rehydrated with the master mix, retrieve 

the 96-well cold block from 4 ⁰C 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 in Section 1.  

3.7. Cut 2 strips of clear plastic micro-seal adhesive to be slightly wider than the 

PCR tubes, and retrieve 2 flat PCR tube strip lids.  

3.8. Retrieve 6 template aliquots from storage (containing 0, 1, 101, 102, 103, or 

104 copies of the HIV-1 plasmid per microliter).  

3.9. 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 
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template to the correct location to match the plate layout described in 

Section 1.2. 

3.10. Ensure that a PCR tube strip adapter for the microcentrifuge is in 

place. 

3.11. Dispense 2.5 µl of magnesium acetate into each tube lid that will be 

placed on a tube containing a qRPA reaction.  

3.12. Gently place the lids on top of the PCR tubes such that they are not 

fully sealed and may be removed. The magnesium acetate will adhere to the 

lids and be clearly visible from above. 

3.13. Insert each PCR tube strip with lids into each side of the 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). 

3.14. Quickly remove the PCR tube strips and return them to the cold block 

to halt the qRPA reactions.  

3.15. Carefully remove the lids to prevent aerosol formation and seal each 

PCR tube strip with the cut pieces of clear micro-seal film.  

3.16. 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-
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B8). Close the lid of the thermal cycler, click “Start Run,” and designate a 

filename for the experiment. 

Note: Although the manufacturer recommends agitating the sample after 5 

minutes of incubation, this step is not necessary for this particular assay and 

may be omitted.  

3.17. After the run is completed, select “Settings,” “Baseline Setting,” “No 

Baseline Subtraction” to display the raw fluorescence data. Export the data 

to a spreadsheet program 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. Develop an Internal Positive Control 

4.1. Select a DNA sequence from a species that is unlikely to be found in the 

target sample. The sequence needs to be longer than the target amplicon so 

that generation of the target sequence is favored.  

Note: For this assay, 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 the lab 

from another project. To generate the IPC sequence, extract and purify DNA 

from C. parvum oocysts as described elsewhere[4]. 



 91 
 

4.2. Purchase the forward (5’-TGG CAG TAT TCA TTC ACA ATT TTA AAA GAA 

AAG G/ ATC TAA GGA AGG CAG CAG GC-3’) and reverse (5’- CCC GAA AAT 

TTT GAA TTT TTG TAA TTT GTT TTT G/ TGC TGG AGT ATT CAA GGC ATA -

3’) primers from commercial sources. The IPC PCR primers used in this 

assay are shown in Figure 12 and contain one region that is complimentary 

to the IPC template DNA (e.g., C. parvum, purple in Figure 12) and one region 

that is complimentary to the target organism (e.g., HIV-1, blue in Figure 12). 

4.3. Perform PCR using the primers and IPC template DNA.  

4.3.1. Assemble fifty microliter PCR reactions using the Phusion High-

Fidelity DNA Polymerase kit reagents according to the manufacturer’s 

instructions, excluding the polymerase. Use two microliters of DNA 

template and Phusion Buffer HF.  

4.3.2. Add the Phusion polymerase to each reaction 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 4 °C.  

4.3.3. Analyze samples by gel electrophoresis on a 2% TAE agarose gel, and 

then extract and purify DNA using the QIAquick Gel Extraction Kit 

according to the microcentrifuge protocol included with the kit. 

4.4. Screen the IPC candidates for their ability to amplify using qRPA.  
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4.4.1. Prepare qRPA reactions as described in Section 3, 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’), and a total of 0, 10, 102, 103, 104, or 105 copies of each 

IPC candidate per reaction, testing all concentrations in duplicate.  

4.4.2. 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.  

4.5.1. Similar to Section 3, combine the following in each 50 μl reaction: 29.5 

μl of rehydration buffer, 2.1 μl of RPA of forward primer [10 μM], 2.1 μl 

of RPA reverse primer [10 μM], 0.6 μl of HIV-1 HEX-labeled probe [10 

μM], 10 μl of HIV-1 DNA at varying concentrations, 2.5 μl of magnesium 

acetate, and one enzyme pellet. Instead of adding 3.2 µl of nuclease free 

water as was done in Section 3.2.4, add 0.6 μl of IPC FAM-labeled probe 

[10 μM], and 2.6 μl of IPC DNA. Use the IPC concentration that is the 

limit-of-detection (LOD) when qRPA is performed with IPC DNA alone 

(LOD defined as the lowest concentration where the amount of 

fluorescence signal generation is greater than that generated by the 

fluorescence generated by the samples with no target DNA). 

4.5.2. Incubate the samples using the protocol described in Section 1.1 
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4.5.3. 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. 

5. Building a standard curve from multiple experiments 

5.1. Ensure the data for each experiment has been exported to a spreadsheet 

program as described in section 3.13.  

5.2. Open and run the script “JoVE_qRPA_standard_curve.m”. All inputs are 

automatically prompted in the command window.  After the script is 

initiated, the user is automatically prompted to designate the “Number of 

data files” used to build the standard curve. 

5.3. In the command window, type the number of files to be used to build the 

standard curve and press enter.  

5.4. Type in the command window the number of samples and the number of 

replicates in each training file (pressing enter after each entry). 

Note: In the plate layout described in Section 1.2, there were 6 samples with 

different concentrations and 2 replicates of each sample).  
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5.5. Type in the command window the lowest DNA concentration used to build 

the standard curve (in log10 copies) and press enter (for the plate layout 

described in Section 1.2, the lowest template concentration is ‘1’ log10 

copies). 

5.6. Type in the command window the difference in concentration between each 

standard (in log10 copies) then press enter (for the plate layout described in 

Section 1.2, the concentration interval is ‘1’ log10 copies).  

5.7. After being prompted, type the “Slope threshold” in the command window 

and  press enter. 

5.8. In the command window, type 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’), *.tiff 

microscope images (‘2’), or *.jpg microscope images (‘3’) by typing the 

number ‘1,’ ‘2,’ or ‘3,’ and pressing 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, when prompted.  

 

5.11. Next, select each of the spreadsheet files used to build the standard 

curve. The script will then automatically import the HEX and FAM 
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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 spreadsheet 

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. Use the script “JoVE_qRPA_validation_and_quantification.m” to estimate the 

precision and accuracy of the assay by using samples with known 

concentrations or use it to quantify samples with unknown concentrations.  

Note: Because 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 script may be 

modified accordingly. 

6.1.1. Open and run the script 

“JoVE_qRPA_validation_and_quantification.m”. After the script is 

initiated, the user is automatically prompted to enter all inputs into the 

command window. 
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6.1.2. Enter ‘1’ to validate an assay using a standard curve with known 

sample concentrations or enter ‘2’ to quantify unknown samples. 

6.1.3. When prompted, either select a saved standard curve or build a new 

one by entering the information that is automatically solicited in the 

command window (the same information that is required for the 

“JoVE_qRPA_standard_curve.m” script from Section 5).  

6.1.4. Type the number of experiments (i.e., spreadsheet files) to analyze for 

validation/quantification.  

7. Preparation for data collection using a fluorescence microscope and a 

heated chip 

7.1. Ensure the fluorescence microscope has a stage heater and 1-Channel 

Precision High Stability temperature controller in place. 

7.2. Ensure the fluorescence microscope has a filter cube to excite and collect 

fluorescence from each fluorophore. Excite and collect the FAM fluorescence 

generated during IPC DNA amplification through a GFP filter (excitation BP 

470/40 nm, emission BP 520/50 nm). Excite and collect the HEX 

fluorescence generated during HIV-1 DNA amplification through a HEX filter 

(excitation BP 530/30 nm, emission BP 575/40 nm).  

7.3. Use the microscope script editing software to create an automated algorithm 

to replicate data-collection on the thermal cycler.  
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7.3.1. 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.  

7.3.2. 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.  

7.3.3. 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.  

7.3.4. Repeat this process 59 times with an initial delay of 20 seconds 

instead of 60 (close shutter, wait 20 seconds, switch to GFP filter cube, 

set exposure to 200 ms, snap, close shutter, save, switch to HEX filter 

cube, set exposure to 200 ms, snap). 

7.4. Create a chip that will hold qRPA reactions. 

7.4.1. For experiments using the microscope, use the file JoVE_qRPA_base.ai 

to cut a 40 mm x 15 mm rectangular base from a sheet of 1/8” thick 

black acrylic using a laser cutter set to 100% power, 10% speed.  
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7.4.2. Use the file JoVE_qRPA_well.ai to cut reaction well consisting 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.  

7.4.3. Attach up to three wells to a single base using superglue gel.  

7.4.4. 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 JoVE_AxioVision_Script.ziscript.  

8.1.1. Set the stage heater to 48 ⁰C and preheat the reaction chip on the 

stage heater for about 20 min. A temperature setting of 48 ⁰C maintains 

a temperature of 39 ⁰C in the reaction well (data not shown).  

8.1.2. 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 described in Section 4.5.1. For each sample, mix an enzyme pellet, master 

mix, and HIV-1 DNA template in a microcentrifuge tube. Add 2.5 µl of 

magnesium acetate to the first reaction and briefly vortex. 
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8.3. Quickly transport the microcentrifuge tube containing the qRPA sample to 

the fluorescence microscope.  

8.3.1. 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.  

8.3.2. 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 7. 

The script generates one JPEG image using the FAM filter cube and one 

JPEG image using the HEX filter cube every 20 seconds. 

8.4. After the script is completed, transfer these images out of the temporary 

storage folder before running additional samples.  

8.4.1. Create two folders: one for each fluorophore (i.e., ‘HEX’ and ‘FAM’). 

Store both folders 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.).  

8.4.2. 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.  
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8.5. Repeat Sections 8.2-8.4 for qRPA reactions with 0, 10, 102, 103, 104, and 105 

HIV-1 DNA copies.  

8.6. After collecting the data for all qRPA samples in an experiment, load the 

script “JoVE_real_time_intensity_to_excel.m.” When prompted by the script, 

select the parent folder containing the 2 fluorophore folders, which in turn 

contain the images for each concentration in subfolders.  

Note: The script will automatically generate a spreadsheet 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.  

8.7. Use the default scatter plot function in the spreadsheet program to plot cells 

b2:h61 of the ‘HEX’ and ‘FAM’ sheets to visualize real-time fluorescence and 

generate plots similar to those in Figure 13a, Figure 13b, Figure 16a, and 

Figure 16b.  

Note: The spreadsheet generated in Section 8.6 may also be used in the 

scripts “JoVE_qRPA_standard_curve.m” and 

“JoVE_qRPA_validation_and_quantification.m”.  
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7.4. 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. 

IPC candidates are longer than the target (HIV-1) DNA to prevent IPC formation 

from out-competing HIV-1 amplicon formation. As shown in Figure A 2, 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 16a), while the longer candidate 

consistently amplified when a total of 104 and 105 copies were present (Figure 16b). 

Thus, the longer candidate was chosen to be the IPC for HIV-1 qRPA experiments. 

 

Figure 16: Screening of IPC candidates. (A) The short IPC candidate exhibited little amplification during real-time RPA, 

while (B) the longer IPC candidate amplified consistently when a total of 104 and 105 copies were present. doi:10.3791/52620 
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Real-time qRPA may be performed using the target of interest alone or using 

both the target and the IPC. Figure 13 shows an experiment on the thermal cycler 

using both HIV-1 DNA and the C. parvum IPC. In this experiment, 2.6 x 104 copies of 

IPC DNA were added to each reaction, a concentration close to the IPC limit of 

detection, to avoid affecting the limit of detection of HIV-1 target DNA. As 

demonstrated in Figure 13a, 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 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 13b, 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.  

With the goal of developing a field-operable fluorescence reader with qRPA 

reactions, qRPA experiments may be performed on an upright fluorescence 

microscope with a stage heater and 1-Channel Precision High Stability temperature 

controller. Figure 17a and Figure 17b 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 script determines the cycle threshold 
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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 17c, 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.  

 

Figure 17: 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 JoVE_standard_curve.m scripts that yields a high r2 

coefficient. doi:10.3791/52620 
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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 14 shows 

the data from five experiments and an exponential standard curve generated using 

the script “JoVE_qRPA_standard_curve.m”, relating the initial HIV-1 target 

concentration to the time at which detectable amplification began. Figure 14 used 5 

separate experiments, each containing 2 qRPA reactions at each template 

concentration to build a standard curve. Note that the 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 

script “JoVE_qRPA_validation_and_quantification.m” script. Table 7 shows the 

quantification results for five additional experiments using the standard curve in 

Figure 14. 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). 

7.5. Discussion 

In order to obtain meaningful quantification data using the MATLAB 

algorithm, the user must select appropriate input values when prompted. After 

initiating each script in Sections 5 and 6, all input variables are automatically 
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solicited in the command window and outputs are automatically generated. In 

Section 5.7 the user is prompted to select a slope threshold. The value of the slope 

threshold affects the square of the correlation coefficient (r2) of the fit. When using 

raw fluorescence data exported from a thermal cycler, values between 2.0 and 5.0 

tend to yield a high r2 coefficient. In Section 5.8 the user must designate the number 

of standard deviations above the background to set the positive threshold. To score 

a sample as positive or negative, the script automatically determines the difference 

Δsample between the maximum and minimum fluorescence for each sample using the 

raw fluorescence data exported from the thermal cycler. It calculates the average 

difference Δbackground and standard deviation σbackground for all no-target control 

samples. A sample is considered positive if Δsample is more than z × σbackground above 

Δbackground. In Section 5.10 the user decides whether to use the default threshold or 

set a new threshold. If the user wishes to set a new threshold, determine the new 

threshold experimentally by performing 3 experiments each containing 12 RPA 

reactions without any HIV-1 DNA present. Set the threshold at the average increase 

in fluorescence intensity from these experiments plus three standard deviations. 

After completing Section 6, the script JoVE_qRPA_validation_and_quantification.m 

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 
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standard curve with known sample concentrations, the script will also return an 

additional table similar to that of Table 7. 

In order to develop a real-time RPA assay that provides accurate 

quantification, experimental consistency is crucial. For example, use the same 

primer and probe aliquots for both the standard curve and validation experiments. 

Also avoid 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 

standard curve and validation experiments are stored in the same manner. RPA 

enzyme pellets and reagents from the same lot are 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 must always be 

prepared before loading reactions to avoid any amplification at sub-optimal 

temperatures that could influence quantification. 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 
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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 17a and Figure 17b), which demonstrate 

baseline variability, peaks, and troughs. These features are absent from the 

fluorescence data collected on the thermal cycler (Figure 13a and Figure 13b). 

Ultimately, data collection on the microscope is for proof-of-principle purposes only 

and 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 

scripts to process raw fluorescence data (stored in a spreadsheet file) 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 must be used, and data from wells that do not contain RPA reactions 

must 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 must be in cells c2:c61, and data for 

increasing template concentrations must be in cells d2:d61, e2:e61, etc. If there are 

multiple replicates of each concentration in an experiment, the 2nd replicate dilution 
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series must be ordered left to right from no target control (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  used in section 1.2 with 2 replicates 

for each sample, fluorescence data for the 1st replicate of each sample in the dilution 

series must be saved in cells c2:h61 and fluorescence data for the 2nd replicate of 

each sample in the dilution series must be saved in cells i2:n61. For the plate layout 

used in section 1.2, this is the default formatting when exporting data from the 

thermal cycler software to a spreadsheet. 

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 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 [29,63]. The HIV-1 DNA assay described 

meets these criteria and is most accurate at low concentrations, as shown in Table 7. 

Therefore, with the inclusion of a reverse transcriptase step, these results suggest 

that an HIV-1 RT-RPA assay may have the potential to measure HIV-1 viral load in 

clinical samples. When developing a qRPA assay, adjusting the algorithm 

parameters may tune the sensitivity and linear dynamic range depending on clinical 

needs. Figure 15 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. Furthermore, it may be possible to increase the resolution 
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and accuracy of quantification by incubating reactions at a lower temperature or 

using less magnesium acetate, thereby decreasing the rate of amplification. 

This proof of concept qRPA assay can be used to quantify the concentration 

of samples containing HIV-1 DNA. The qRPA assay described 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 8 

Equipment-Free Incubation of 

Recombinase Polymerase 

Amplification Reactions  

Using Body Heatf 

fThe contents of this chapter have been published in the following journal article:  Crannell 

ZA*, Rohrman B*, and Richards-Kortum R (2014) Equipment-Free Incubation of 

Recombinase Polymerase Amplification Reactions Using Body Heat. PLoS ONE 9(11): 

e112146. doi:10.1371/journal.pone.0112146. (*ZC and BR contributed equally.) 

8.1. 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 



 111 
 

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 

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. 

8.2. 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 [115–117]. PCR is also highly specific and can be used to 

differentiate between similar organisms by detection of specific nucleic acid 
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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, 

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 [118]. 

A number of platforms have been developed to amplify nucleic acids at a 

single temperature, thus alleviating the need for thermal cycling equipment [28,75–

77,101]. 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 [119]. 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 

[34,35]. 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 
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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 [77,100,120]. Lateral flow strips may be 

used for detection of amplified RPA products in low resource settings. In addition, 

RPA operates at a wide range of  temperatures [77]. 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  [120]. Others have shown that even without 

adjusting the biochemistry of reactions, RPA retains reliable functionality between 

31 and 43 degrees Celsius [121].  Although the possibility of incubating RPA  

reactions using body heat has been mentioned in previous work [101,102], 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 [23], and the 

HIV-1 DNA RPA assay used here has been well-characterized elsewhere [31]. 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 
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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 

block to demonstrate that body heat may be harnessed to enable isothermal 

amplification of HIV-1 DNA. 

8.3. Methods 

8.3.1. Ethics statement 

Ten normal, healthy volunteers were recruited for this study in accordance 

with protocol 14-211E, approved specifically for this study by the Rice University 

Internal Review Board. Informed, written consent was given by all volunteers in 

accordance with the protocol. 

8.3.2. 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 
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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 

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. 

8.3.3. 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 18). 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 18: 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. doi:10.1371/journal.pone.0112146.g001 

8.3.4. 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. 



 117 
 

8.3.5. 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 [31]. 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]-TGCTATTATGTCTACTATTCTTTCCCCTGC[dSpacer] 

CTGTACCCCCCAATCCCC[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 [105]. 

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 [36]. 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 [1]. 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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8.3.6. 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 19 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 19a), taped to the abdomen under clothing (Figure 19b), 

placed in a rear trouser pocket (Figure 19c), and held in a closed fist (Figure 19d) 

had average temperatures of 34.8 ± 0.6, 31.3 ± 1.7, 33.1 ± 0.5, and 33.4 ± 2.7 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 [121]. 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. 

Several methods were tested for securing tubes to the body to allow 

convenient incubation of RPA reactions in the axilla. Figure 20 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 20a), a bandage (Figure 20b), and an elastic sweatband (Figure 20c) 

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 
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± 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 19: 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. 

doi:10.1371/journal.pone.0112146.g002 

The effect of ambient conditions on incubation temperature was assessed 

when tubes were secured in the axilla with cotton fabric. Figure 21 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 21a), in a cold room at 10 degrees Celsius (Figure 
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21b), at room temperature (Figure 21c), and in the Houston summer sun (Figure 

21d) 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 20: 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. doi:10.1371/journal.pone.0112146.g003 

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 8). 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 
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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 9). 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 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. 

 

Figure 21: 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. doi:10.1371/journal.pone.0112146.g004 

 

Table 8: Performance of body heat versus a heat block for incubating RPA reactions at room temperature. 

 

Table 9: Performance of body heat versus a heat block for incubating RPA reactions in a cold room. 

8.4. 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. 
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Temperature 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 [100]. 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 [122].  

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); 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), 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 9 

Inhibition of Recombinase Polymerase 

Amplification by Background DNA: A 

Lateral Flow-Based Method for 

Enriching Target DNAg 

gThe contents of this chapter have been published in the following journal article: Rohrman 

B, and Richards-Kortum R (2015) Inhibition of Recombinase Polymerase Amplification by 

Background DNA: A Lateral Flow-Based Method for Enriching Target DNA. Analytical 

Chemistry 87(3): 1963-1967. doi: 10.1021/ac504365v. Reprinted with permission from 

Analytical Chemistry. Copyright 2015 American Chemical Society.  

9.1. Abstract 

Recombinase polymerase amplification (RPA) may be used to detect a 

variety of pathogens, often after minimal sample preparation. However, previous 

work has shown that whole blood inhibits RPA. In this paper, we show that the 
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concentrations of background DNA found in whole blood prevent the amplification 

of target DNA by RPA. First, using an HIV-1 RPA assay with known concentrations of 

non-specific background DNA, we show that RPA tolerates more background DNA 

when higher HIV-1 target concentrations are present. Then, using three additional 

assays, we demonstrate that the maximum amount of background DNA that may be 

tolerated in RPA reactions depends on the assay sequences. We also show that 

changing the RPA reaction conditions has little effect on the ability of RPA to 

function when high concentrations of background DNA are present. Finally, we 

develop and characterize a lateral flow-based method for enriching the target DNA 

concentration relative to the background DNA concentration. This sample 

processing method enables RPA of 4 log10 copies of HIV-1 DNA in a background of 0 

to 14 µg background DNA. Without lateral flow sample enrichment, the maximum 

amount of background DNA tolerated is 2 µg when 6 log10 copies of HIV-1 DNA are 

present. This method requires no heating or other external equipment, may be 

integrated with upstream DNA extraction and purification processes, is compatible 

with the components of lysed blood, and has the potential to detect HIV-1 DNA in 

infant whole blood with high proviral loads. 

9.2. Introduction 

Nucleic acid tests (NATs) are the gold standard for diagnosis of many 

infectious diseases. For example, because infants may harbor maternal antibodies 

against HIV for more than a year after birth, early infant diagnosis requires 
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detection of proviral DNA or viral RNA [121]. NATs usually require three main 

steps: sample preparation, amplification, and detection. Because these steps 

typically require trained operators and expensive, electrically-powered equipment, 

NATs are often unavailable in low resource settings where the infectious disease 

burden is high [124]. 

To increase accessibility to NATs, much research has focused on developing 

methods for sample preparation, amplification, and detection that are appropriate 

for resource-limited settings. In this paper, we present a sample preparation 

method that enables recombinase polymerase amplification (RPA) of DNA from 

whole blood samples. RPA is an isothermal technique that may serve an alternative 

to polymerase chain reaction (PCR) for amplifying nucleic acids [99]. While PCR 

requires a thermal cycler and several hours to produce a result, RPA may produce a 

result in less than 30 minutes using only a fixed-temperature heater or heat from 

the human body [6].  In addition, RPA products may be detected rapidly using 

lateral flow strips [31,101,102,104]. A variety of RPA assays have been developed to 

detect pathogens in food and clinical samples [31,101–104,110]. These assays have 

the potential to serve as point-of-care diagnostics in low resource settings. 

Although some sample types only require minimal processing before RPA, 

whole blood and nucleic acids purified from whole blood are incompatible with 

RPA. Previous work has shown that RPA remains active in the presence of many 

known PCR inhibitors, including neat serum, heparin (0.5 U), hemoglobin (50 g/L), 

and ethanol (4% v/v) [102]. Two commercially available RPA tests from TwistDx 
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only require lysis of cells before performing amplification [125,126]. Other work has 

shown that pathogens may be detected directly in urine with no sample preparation 

[100]. However, whole blood completely inhibits RPA [102], and RPA assays that 

target nucleic acids purified from whole blood or samples containing blood suffer 

from low sensitivity [103,127]. The incompatibility of RPA and blood is a significant 

drawback because blood is the preferred sample matrix for many diagnostic tests. 

In this paper, we show that the concentrations of background DNA found in 

whole blood prevent the amplification of target DNA by RPA. For blood sample 

volumes typically used for diagnostic tests (50 – 1000 µL), the concentration of 

genomic DNA ranges from 20 to 100 ng/µL, corresponding to a total DNA content of 

1 to 100 µg [128–131]. Using an HIV-1 RPA assay, we first demonstrate RPA 

inhibition in the presence of several target DNA concentrations with various 

concentrations of background DNA. We then characterize the inhibition of three 

other RPA assays by background DNA. Next, we show that RPA fails to function in 

the presence of background DNA even after attempting to optimize the RPA reaction 

conditions. Finally, we develop and characterize a lateral-flow based method for 

enriching the target DNA concentration relative to the background DNA 

concentration. 
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9.3. Materials and Methods 

9.3.1. Inhibition of an HIV-1 RPA assay by background DNA 

The inhibition of RPA by background DNA was first characterized using an 

assay to detect HIV-1 DNA. Reactions were assembled as recommended by the 

manufacturer (TwistAmp nfo kit, TwistDx, United Kingdom) using primer and probe 

oligonucleotides purchased from Integrated DNA Technologies (Novato, USA). 

Primer and probe sequences were published previously [31]. Each 50 µL reaction 

contained 29.5 µL rehydration buffer, 2.1 µL biotin-labeled forward primer [10 µM], 

2.1 µL reverse primer [10 µM], 0.6 µL FAM-labeled nfo probe [10 µM], 3.2 µL water, 

one enzyme pellet, 2.5 µL magnesium acetate, and 10 µL of sample. Samples 

contained 0, 0.1, 0.2, 0.5, 1, 2, or 5 µg sheared salmon sperm DNA (AM2980, Ambion, 

USA) as background DNA and 0, 50, 103, or 106 copies of the plasmid pHIV-IRES-

eYFPΔEnvΔVifΔVpr, a generous gift from R. Sutton, as target DNA [105]. Reactions 

were incubated in a heat block for 20 minutes at 37 °C. 

In some experiments, RPA products were analyzed via electrophoresis on a 

2% agarose gel after purification (QIAquick PCR Purification Kit, Qiagen, USA). In 

other experiments, RPA products were detected using commercially-available 

lateral flow strips (MGHD 1, TwistDx, United Kingdom). For detection on lateral flow 

strips, two microliters of RPA products were diluted into 98 µL of the supplied 

running buffer. Ten microliters were dispensed on the sample pad of the strip, and 

the strip was placed into 100 µL running buffer in a 96-well plate. After 3 minutes of 
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incubation, strips were scanned using a flatbed scanner. The signal-to-background 

ratio (SBR) of each strip was calculated in MATLAB as described previously [1]. The 

SBR threshold for a positive strip was defined as three standard deviations above 

the average SBR of 28 no-target-control strips. 

9.3.2. Inhibition of other RPA assays by background DNA 

The inhibition of RPA by background DNA was then characterized for three 

additional assays, which were designed to detect Plasmodium falciparum, 

Entamoeba histolytica, and Giardia duodenalis DNA. The sequences of the primers 

and probe for these assays have been published previously [102,132,133]. A 1388 

bp double-stranded synthetic DNA segment of the 18S rRNA gene (accession 

number M19173) served as the target for the P. falciparum assay.  A 135 bp PCR 

product amplified from the E. histolytica SSU rRNA gene served as the target for the 

E. histolytica assay. A 250 bp double-stranded synthetic DNA segment of the G. 

duodenalis assemblage A beta giardin gene served as the target for the G. duodenalis 

assay. For all assays tested, samples contained 1000 copies of target DNA and 0, 0.1, 

0.2, 0.5, 1, 2, or 5 µg sheared salmon sperm DNA. RPA samples were incubated for 

30 minutes, and lateral flow detection was performed as described previously. 

9.3.3. Attempts to restore RPA activity in the presence of background DNA 

The reaction conditions for RPA were modified with the goal of restoring 

RPA activity in the presence of background DNA. The original HIV-1 assay was 

performed with an incubation time of 20 minutes, a magnesium acetate 
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concentration of 14 mM, primer concentrations of 420 nM, and a probe 

concentration of 120 nM.  To test the effects of these parameters, the following 

reaction conditions were compared in independent experiments using 1000 copies 

of HIV-1 DNA and 0, 0.2, 0.5, 1, or 2 µg of sheared salmon sperm DNA: incubation 

times of 20, 40, and 60 minutes; magnesium acetate concentrations of 14, 22.4, and 

33.6 mM; primer concentrations of 200, 420, and 600 nM; and probe concentrations 

of 50, 100, 150, 200, and 250 nM. RPA products were detected on lateral flow strips 

as described previously. 

9.3.4. Lateral flow-based method for sequence-specific enrichment of 

target DNA 

A sequence-specific lateral flow capture strategy was developed to enrich the 

concentration of HIV-1 target DNA relative to the concentration of background DNA 

(Figure 22). The lateral flow strips were designed to bind target DNA in the sample 

using capture oligonucleotides impregnated in the strip. After the target DNA is 

immobilized, several wash steps reduce the concentration of background DNA. Then 

the capture region of the strip is excised and placed in a 96-well plate. The DNA is 

denatured during a brief incubation and then added to RPA reactions. 

All materials for lateral flow strips were cut using a 60-watt laser cutter 

(Universal Laser Systems, USA). Strips (3 mm wide) were cut from nitrocellulose 

cards (Hi-Flow 135, Millipore, USA), sample pads (0.5 cm x 1 cm) were cut from 

glass fiber sheets (GFCP203000, Millipore, USA), and absorbent pads (0.75 cm x 1 
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cm) were cut from cellulose sheets (CFSP223000, Millipore, USA). Two microliters 

of capture oligonucleotide [0.1 mM] were dispensed near the end of each strip. The 

34 bp capture sequence was the same sequence as the reverse primer for RPA. After 

drying at room temperature for 30 minutes, strips were exposed to UV light (UVP 

HL-2000 HybriLinker) at 125 mJ/cm2 to crosslink the oligonucleotides to the 

nitrocellulose. Strips were then blocked in 100 µg/mL sheared salmon sperm DNA 

on a rotisserie for 30 minutes, followed by one hour of drying at room temperature. 

Strips were then washed twice in 1X SSC  (0.15 M sodium chloride, 0.015 M sodium 

citrate) for 15 minutes before drying at room temperature for one hour. 

 

Figure 22: Lateral flow-based enrichment of target DNA. Capture oligonucleotides are shown in red, target DNA is shown 

in green, and background DNA is shown in yellow. Target DNA binds to the capture oligonucleotides, background DNA is 

washed away, the capture region is excised, and target DNA is eluted. doi: 10.1021/ac504365v 

To enrich the target DNA on lateral flow strips, samples containing target 

HIV-1 DNA and background DNA were diluted in a 20 µL volume with a final 
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concentration of 6X SSC (0.9 M sodium chloride, 0.09 M sodium citrate). Each 20 µL 

sample was dispensed onto the sample pad of a lateral flow strip. After 10 minutes 

of incubation at room temperature, 30 µL wash buffer (1X SSC) were dispensed onto 

the sample pad. This step was performed a total of 3 times. After the last 10-minute 

incubation, the region of the strip containing the capture oligonucleotides (about a 

third of the strip) was excised, halved, and transferred to a well of a 96-well plate 

using a clean razor blade. Twenty microliters of 0.15 M sodium hydroxide were 

dispensed into each well containing strip fragments. After 10 minutes of incubation 

at room temperature, 10 µL of eluate from each well were added to an RPA reaction 

for amplification and detection on lateral flow strips as described above. 

This enrichment method was tested using samples with and without 

background DNA. Samples without background DNA contained 0, 102, 103, 104, or 

105 copies of HIV-1 plasmid DNA. In some samples, 10 µL of blood lysed by 3 freeze-

thaw cycles were added to determine whether blood components interfered with 

the enrichment method. Samples with background DNA contained 103 or 104 copies 

of HIV-1 plasmid DNA and 0, 1, 2, 4, 6, 8, 10, 12, or 14 µg sheared salmon sperm 

DNA. 

9.4. Results 

When the HIV-1 assay was performed with varying amounts of target and 

background DNA, the maximum amount of background DNA tolerated by the 

reactions depended on the target DNA concentration. RPA was completely inhibited 
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by 0.5 µg background DNA when 50 copies of HIV-1 target DNA were present (Table 

10).  However, when 103 or 106 copies of HIV-1 target DNA were present, RPA was 

completely inhibited by 2 or 5 µg background DNA, respectively. Gel electrophoresis 

results confirm that amplification is entirely inhibited by high concentrations of 

background DNA (Figure A 5). These results show that RPA tolerates more 

background DNA when higher HIV-1 target concentrations are present. 

BackgroundDNA 
(µg) 

50  copies 10
3
 copies 10

6
 copies 

0 + + + 

0.1 + + + 
0.2 + + + 
0.5 - + + 
1 - + + 

2 - - + 
5 - - - 

Table 10: RPA inhibition depends on target DNA concentration. doi: 10.1021/ac504365v 

Experiments using three additional RPA assays showed that the assay 

sequences also affect the maximum concentration of background DNA that may be 

tolerated by the reaction. When 103 copies of target DNA were present, 2 µg 

background DNA completely inhibited both the HIV-1 and P. falciparum assays 

(Table 10 and Table 11). However, the E. histolytica and G. duodenalis assays were 

completely inhibited by 1 and 0.5 µg background DNA, respectively, when the same 

amount of target DNA was present. Thus, the maximum amount of background DNA 

that may be tolerated by RPA reactions is assay-dependent. 
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Despite modifying the HIV-1 RPA assay in an attempt to restore RPA in the 

presence of background DNA, RPA reactions were inhibited by nearly the same 

concentrations of background DNA. Using the same HIV-1 target concentration, 

reactions with different incubation times (Table A 2), magnesium acetate 

concentrations (Table A 3), and primer concentrations (Table A 4) were all inhibited 

completely at 1 or 2 µg background DNA.  Reactions with probe concentrations 

ranging from 100 to 250 nM were also completely inhibited by 1 or 2 µg background 

DNA, while reactions with a probe concentration of 50 nM were completely 

inhibited by 0.5 µg background DNA (Table A 5). These results show that 

modification of the RPA reaction conditions over this range does not rescue RPA 

from inhibition by background DNA. 

Background DNA (µg) E. histolytica G. duodenalis P. falciparum 

0 + + + 

0.1 + + + 
0.2 + + + 
0.5 + - + 
1 - - + 

2 - - - 

5 - - - 

Table 11: RPA inhibition is assay-dependent. doi: 10.1021/ac504365v 

To avoid inhibition of RPA by background DNA, a lateral flow-based method 

was developed to enrich the concentration of HIV-1 target DNA relative to the 

concentration of background DNA. When HIV-1 DNA was captured without any 

background DNA present, the limit of detection was 103 copies (Table 12). The 

addition of 10 µL of lysed blood to the samples had no effect on the limit of 
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detection, demonstrating that DNA may be captured on lateral flow strips even in 

the presence of blood components. When the enrichment method was performed 

with samples containing both HIV-1 DNA and background DNA, all samples 

containing 103 copies were negative, while all samples containing 104 copies were 

positive (data not shown). The signal-to-background (SBR) of samples with 104 

copies HIV-1 DNA decreased with increasing background DNA concentration but 

remained above the threshold for positive samples, even for 14 µg background DNA 

(Figure 23). Without lateral flow sample enrichment, the maximum amount of 

background DNA tolerated was 2 µg when 6 log10 copies of HIV-1 DNA were present. 

These results suggest that the enrichment method described here may enable RPA-

based detection of DNA samples with high concentrations of background DNA. 

 

Figure 23: Detection of 104 HIV-1 DNA copies after lateral flow-based enrichment. All samples were positive. As 

background DNA increases, the SBR decreases but remains above the threshold for positive samples (1.05), shown by the 

black dashed line. Error bars represent the standard deviation for three experiments. doi: 10.1021/ac504365v 
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Sample 
0  

copies 
10

2

 
copies 

10
3

 
copies 

10
4

 
copies 

10
5

 
copies 

Buffer - - + + + 

Blood - - + + + 

Table 12: Lateral flow capture of DNA in buffer and blood. doi: 10.1021/ac504365v 

9.5. Discussion 

The clinical range of proviral HIV-1 DNA concentrations found in infant 

whole blood varies from approximately 1.3 – 5.6 log10 copies/mL and depends on 

age, treatment status of the infant, and treatment status of the mother [93,134–136].  

A 0.1 mL blood sample from an infant with HIV-1 would have 2 – 10 µg background 

DNA and 0.3 – 4.6 log10 HIV-1 proviral DNA copies/mL. The sample processing 

method introduced in this paper enables RPA of 4 log10 copies of HIV-1 DNA in 0 to 

14 µg background DNA. Therefore, this method may enable detection of HIV-1 DNA 

in infant samples with high proviral loads, although further improvements are 

necessary for detecting lower proviral loads. In addition to detecting clinically 

meaningful DNA concentrations, this method may be suitable for use at the point of 

care. The method requires no heating or other external equipment, may be 

integrated with upstream DNA extraction and purification processes, and tolerates 

sample impurities found in blood. Because of these advantages, this method is 

promising for enriching target DNA from blood samples for RPA assays. 

However, this method suffers from several disadvantages that must be 

addressed in future work. The main problem is that the assay cannot detect the 
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entire clinical range of proviral loads found in infant blood samples. The lack of 

sensitivity is likely due to the fact that capturing double-stranded DNA with a single-

stranded capture oligonucleotide is energetically unfavorable. The limit of detection 

may be improved in future versions of the assay by using capture oligonucleotides 

comprised of RNA or LNA (locked nucleic acid), which have a greater affinity for 

DNA. Another issue is that the target enrichment process increases assay time by 50 

minutes and requires five user steps. This drawback may be mitigated by 

incorporating the assay into a two-dimensional paper network (2DPN) [40]. Once 

these shortcomings are addressed, this assay may serve as a clinically useful tool for 

sample preparation before RPA. 

Here, we demonstrated that RPA is inhibited by concentrations of DNA found 

in blood volumes commonly used for diagnostic tests. While inhibition depends on 

target DNA concentration, background DNA concentration, and the sequences used 

in the assay, inhibition is frequently observed at lower background concentrations 

than are typically found in whole blood. These factors should be considered when 

developing RPA assays designed for use with samples with high background DNA 

concentrations. The lateral flow-based method for enriching target DNA presented 

in this paper offers one approach for avoiding inhibition of RPA by background DNA. 
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Chapter 10 

Sample Preparation of  

DNA from Blood Samples for RPA 

10.1. Introduction 

As discussed in the previous chapter, RPA is inhibited by high concentrations 

of background DNA typically found in volumes of blood used for diagnostic tests. 

Attempts to modify the reaction conditions such that RPA still operates in the 

presence of high background DNA were unsuccessful. To avoid inhibition of RPA by 

background DNA, a lateral flow-based method for enriching target DNA was 

introduced. Here, several other target enrichment approaches are presented. In 

addition, performing two rounds of RPA and including a melting step before RPA are 

discussed as strategies for mitigating inhibition by background DNA. 
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10.2. Target Enrichment Using Magnetic Microbeads 

One target enrichment method was based on capture of target DNA using 

magnetic microbeads decorated with capture oligonucleotides (Figure 24). First, 

magnetic microparticles coated in streptavidin were incubated with biotinylated 

capture oligos. Then, the sample containing target DNA and background DNA was 

incubated with the functionalized microparticles. Next, background DNA was 

removed by isolating the microparticles with a magnet and removing the 

supernatant. The target DNA was then eluted from the beads, and the beads were 

isolated using a magnet. The resulting supernatant contained the target DNA. 

 

Figure 24: Target enrichment using magnetic microbeads. 

For each experiment, 200 µL microbeads (Dynabeads, Life Technologies, 

USA) were mixed with 800 µL binding and washing (BW) buffer (5 mM tris HCl, 0.5 

mM EDTA, 1 M NaCl) and isolated for 1 min. using a 12-tube magnetic stand. After 

discarding the supernatant, the beads were washed with 200 µL BW buffer and 

magnetically isolated for 1 min. three times. After resuspending the beads in 200 µL 

BW buffer, 10 µL of capture oligonucleotide (0.1 mM, 500 pmol) were added. The 
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beads were then rotated using a rotisserie for 30 min. at room temperature, 

followed by magnetic isolation for 3 min. After discarding the supernatant, the 

beads were washed with 200 µL BW buffer and magnetically isolated for 1 min. 

three times. The beads were then resuspended in 200 µL 6X SSC (0.9 M sodium 

chloride, 0.09 M sodium citrate) and split into four 50 µL volumes. Ten-microliter 

samples containing target DNA and background DNA were added to each 50 µL 

aliquot. After vortexing the beads for 1 hr on speed 4, the beads were washed with 

50 µL 6X SSC and magnetically isolated for 1 min. three times. Finally, the beads 

were resuspended in 50 µL water and heated in a block heater for 10 min. Ten 

microliters was then used as a sample in RPA as described in the last chapter or in 

real-time qPCR using a TaqMan probe to target the gag gene. 

First, the assay was optimized to achieve the lowest limit of detection using 

0, 103, 104, or 105 of the plasmid pHIV-IRES-eYFPΔEnvΔVifΔVpr, a generous gift 

from R. Sutton, as target DNA [105]. Some experiments were performed with 1 µg 

sheared salmon sperm DNA added to the sample as background. The target DNA 

was captured directly as described above, or indirectly by binding the target and 

capture oligo before adding magnetic beads. The indirect capture method was also 

tested using a 5-minute melting step at 95°C before adding beads. The microbead 

volume was optimized by comparing 25, 50, and 75 µL volumes. The effect of 

blocking was also evaluated by comparing M-270 Streptavidin Dynabeads (no 

blocking) and M-280 Streptavidin Dynabeads (blocked with bovine serum albumin). 

The sequence length of the capture oligo was optimized by comparing beads with a 
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24 bp, 34 bp, and 68 bp sequences. The elution conditions were also optimized by 

comparing samples eluted in 50 µL water at 98 °C for 10 min, in 20 µL sodium 

hydroxide [0.15 M] at room temperature for 10 min, and in 50 µL 1X SSC at 95 °C for 

1 min. Table 13 shows the optimal parameters for the assay. 

Assay Parameter Conditions Tested Optimal 
Condition 

Order of binding Direct capture, indirect capture Direct capture 
Binding kinetics With melting, without melting Without melting 
Capture sequence length 24, 34, 68 bp 34 bp 
Microbead volume 25, 50, 75 µL (no difference) 
Buffer composition With Tween, without Tween Without Tween 
Bead preparation With blocking, without blocking Without Blocking 
Elution conditions Water, NaOH, 1X SSC NaOH 

Table 13: Optimized parameters for the magnetic enrichment assay 

Results of magnetic enrichment experiments showed that the limit of 

detection when no background DNA was present was 103 copies HIV plasmid DNA 

(Table 14). When 1 – 5 µg background DNA were present, the LOD was 104 or 105 

copies HIV DNA, and the SBR of positive lateral flow strips was quite low, such that 

the test line was barely visible (data not shown). A 0.1 mL blood sample from an 

infant with HIV-1 would contain 2 – 10 µg background DNA and 0.3 – 4.6 log10 

copies HIV DNA [91,97–103]. Therefore, this method would only enable the 

detection of very high proviral loads. 
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10.3. Target Enrichment Using Nitrocellulose 

To improve the efficiency of target capture, binding in nitrocellulose was 

explored because nitrocellulose has a greater surface area than magnetic 

microparticles in solution (Figure 25).  First, capture oligonucleotides were 

immobilized on nictrocellulose discs. Then, the sample containing target DNA and 

background DNA was incubated in a well with the nitrocellulose disc. Next, the 

background DNA was removed by discarding the supernatant and washing the disc 

three times. The target DNA was then eluted from the nitrocellulose. The resulting 

supernatant contained the target DNA. 

Background  
DNA (µg) 

0 copies  
HIV DNA 

103 copies  
HIV DNA 

104 copies  
HIV DNA 

105 copies  
HIV DNA 

0 - + + + 
1 - - + + 
2 - - - + 
5 - - + + 

Table 14: Performance of magnetic enrichment method. 

 

 

Figure 25: Target enrichment in nitrocellulose. 
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For each experiment, 0.5 mm diameter discs were cut from a nitrocellulose 

card (Hi-Flow 135, Millipore, USA) using a 60-watt later cutter (Universal Laser 

Systems, USA). Two microliters of the capture oligonucleotide [0.1 mM] were 

dispensed onto each disc and dried at room temperature for 30 min. The capture 

sequence was the same sequence as the reverse primer for RPA. After crosslinking 

the capture oligo to the nitrocellulose at 125 mJ/cm2 (UVP HL-2000, HybriLinker, 

USA), discs were blocked in 100 µg/mL salmon sperm DNA for 30 min. at room 

temperature on a rotisserie. After drying the discs at room temperature for 30 min, 

the discs were washed in 1X SSC for 15 min. at room temperature on a rotisserie. 

Each disc was then placed in a well of a 96-well plate. Ten microliters of sample 

were mixed with 10 µL 6X SSC, dispensed onto each disc, incubated for 1 hr at room 

temperature. To wash the discs, fifty microliters of 1X SSC was dispensed and 

subsequently removed. This step was repeated three times. To elute DNA, 20 µL 

sodium hydroxide [0.15 M] was added to each disc. After incubating for 10 min. at 

room temperature, 10 µL of the supernatant was used for RPA. 

Results showed that the performance of the nitrocellulose-based method was 

similar to the performance of the magnetic bead-based method. The LOD for 

samples without background DNA and for samples with 1 µg background DNA was 

103 copies HIV plasmid DNA (Table 15). For samples with 2 and 5 µg background 

DNA, the LOD was 104 copies HIV DNA. Because the upper limit of the clinical range 

for infants with HIV is about 4.6 log10 copies HIV DNA in a 0.1 mL sample [91,97–

103], this method would only enable the detection of very high proviral loads. Thus, 
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this method was adopted for use in a lateral flow format in order to enhance the 

binding kinetics and to enable closer contact between the sample and the capture 

oligonucleotides. The results using this method are discussed in the previous 

chapter. 

Background  
DNA (µg) 

0 copies  
HIV DNA 

103 copies  
HIV DNA 

104 copies  
HIV DNA 

105 copies  
HIV DNA 

0 - + + + 
1 - + + + 
2 - - + + 
5 - - + + 

Table 15: Performance of nitrocellulose enrichment method. 

10.4. Performing Two Rounds of RPA to Mitigate Inhibition by 

Background DNA 

The results discussed in the previous chapter showed that inhibition of RPA 

by background DNA depends on the target DNA concentration. In other words, RPA 

tolerates more background DNA when higher HIV-1 target concentrations are 

present. Consider the fact that RPA results are negative for samples with 103 copies 

target DNA but positive for samples with 106 copies target DNA when 2 µg 

background DNA are present (Table 10). These results could be explained by 

postulating that both samples are amplified by the same factor. If the amplification 

factor was 105, the RPA reactions that initially contained 103 and 106 copies would 

produce 108 and 1011 copies, respectively. If the limit of detection of the lateral flow 

strips was 1010 copies, the sample that initially contained 103 copies would be 
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negative, and the sample that initially contained 106 copies would be positive. 

Therefore, high background DNA concentrations may reduce the amplification 

factor in RPA reactions but not inhibit RPA entirely. 

To test this hypothesis, RPA products were diluted in 200 µL water by a 

factor of 10 or 100 and subject to a second round of RPA. The dilution factor was 

included to reduce the concentration of background DNA in the sample while 

ensuring that the RPA products remained above the limit of detection for the second 

round of RPA. Table 16 shows the results when 1000 copies of target DNA and 

various concentrations of background DNA were subjected to one round of RPA or 

two rounds of RPA with a dilution factor of 100. The sample with 2 µg background 

DNA was negative after one round of RPA but positive after two rounds. In addition, 

the signal-to-background ratios (SBRs) of the lateral flow strips were higher for 

positive samples after two rounds of RPA (data not shown). Table 17 shows the 

results when 50 copies of target DNA and various concentrations of background 

DNA were subjected to one round of RPA or two rounds of RPA with a dilution 

factor of 100. Two additional samples were positive after two rounds of RPA, and 

the SBRs were higher for positive samples after two rounds (data not shown). These 

data suggest that this method improves the detection of target DNA in high 

concentrations of DNA, but some samples remain negative. Thus, this method 

mitigates inhibition by background DNA but does not entirely avoid inhibition. In 

addition, this method would be difficult to implement in low resource settings 

because performing two rounds of RPA doubles the cost and time of the assay. 
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10.5. Inclusion of a Melting Step before RPA to Mitigate 

Inhibition by Background DNA 

In one experiment, a melting step was included to promote binding of the 

RPA primers before amplification began. Denaturation of the DNA in the sample 

would allow the primers to bind to the target passively instead of requiring the 

recombinase enzymes to facilitate binding. Through this mechanism, a melting step 

may mitigate inhibition by background DNA. First, the 10 µL sample containing 50 

copies HIV DNA and various concentrations of background DNA was mixed with 4.2 

µL forward and reverse RPA primers and heated to 95 °C for 5 min. After cooling at 

room temperature for 7 min, the remaining components of the RPA reaction were 

added, and amplification was performed for 20 min. Results showed that 0.5 µg was 

the maximum amount of background DNA tolerated by the reaction (data not 

shown). Therefore, the inclusion of a melting step had little effect on inhibition of 

RPA by background DNA. 

Background  
DNA (µg) 

One Round 
 of RPA 

Two Rounds 
 of RPA 

0.2 + + 
0.5 + + 
1 + + 
2 - + 
5 - - 

Table 16: Two rounds of RPA, 1000 copies target DNA 
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10.6. Discussion 

The sequence-specific capture methods introduced here for enriching target 

DNA concentration relative to background DNA concentration only work 

consistently for high target DNA concentrations. For the magnetic enrichment 

method and both nitrocellulose enrichment methods, the limit of detection when no 

background DNA was present was 103 copies of HIV plasmid DNA. When 

background DNA was present, the LOD was 104 or 105 copies of HIV DNA for all 

three methods. The upper limit of the clinical range for infants with HIV is about 4.6 

log10 copies of HIV DNA in a 0.1 mL sample [91,97–103], so these methods may only 

detect high proviral loads. In addition, the inclusion of a melting step or second 

round of RPA did not significantly improve the performance of RPA in the presence 

of background DNA. 

Background  
DNA (µg) 

One Round 
 of RPA 

Two Rounds 
 of RPA 

0.1 + + 
0.2 + + 
0.5 - + 

1 - - 
2 - - 
5 - + 

Table 17: Two rounds of RPA, 50 copies target DNA. 

The high limit of detection for these enrichment methods is likely due to the 

low affinity of the double-stranded DNA target for the single-stranded capture 

oligonucleotides. Table 18 shows the performance of the lateral flow enrichment 
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method when 199bp synthetic single-stranded DNA (ssDNA) and 199bp synthetic 

double-stranded DNA (dsDNA) with the same sequence were used as target DNA. 

The LOD for ssDNA was 102 copies, while the LOD for dsDNA was 104 copies. In 

addition, the SBR of positive lateral flow strips for ssDNA samples was much higher 

than for dsDNA samples (data not shown). These results demonstrate the low 

affinity of the capture DNA for the target DNA, which causes poor capture efficiency 

of the target on lateral flow strips.   

 

 

 

Table 18: Capture of dsDNA versus ssDNA. 

As further evidence of low capture efficiency, Table 19 shows the 

performance of strips with and without capture oligonucleotides. The LOD for strips 

with capture oligonucleotides would be much higher than for strips without capture 

DNA if the capture efficiency was high. However, Table 19 shows that the 

performance is similar regardless of whether the capture DNA is present. Therefore, 

the low affinity of single stranded capture DNA for double-stranded target DNA 

causes low capture efficiency on lateral flow strips. 

 

Target DNA 
copies 

dsDNA ssDNA 

102 - + 
103 - + 
104 + + 
105 + + 
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Target DNA copies 
No  

Capture DNA 

With 
Capture DNA 

0 - - 
500 - + 
103 + - 
104 + + 
105 + + 

Table 19: Performance with and without capture DNA. 

These limitations must be addressed in order to develop a useful diagnostic 

assay for HIV-1 based on RPA. One strategy is to use RNA or LNA (locked nucleic 

acid) to capture double-stranded target DNA because these species have a higher 

affinity for dsDNA and thus a higher capture efficiency. Another approach may be to 

design an assay that targets viral RNA instead of proviral DNA. The affinity of single-

stranded DNA for RNA is quite high. In addition, viral RNA is found in plasma, which 

has little background DNA. Plasma may be separated from the cellular components 

of blood before RPA, which would avoid the inhibition RPA by background DNA. 

This may simplify the detection of nucleic acids by RPA for use as a diagnostic assay 

for early infant diagnosis. 
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Chapter 11 

Conclusion 

In summary, two low-cost, isothermal nucleic acid assays were developed for 

HIV-1 diagnosis and management in low resource settings. In one assay, HIV-1 viral 

RNA is amplified using nucleic acid sequence based amplification (NASBA) and 

detected using a custom lateral flow test. In the other assay, HIV-1 proviral DNA is 

amplified using recombinase polymerase amplification (RPA) and detected via real-time 

monitoring of fluorescent probes or with commercially available lateral flow strips. 

The lateral flow test for detecting NASBA products employs immobilized DNA 

capture oligonucleotides, gold nanoparticle probes, and gold enhancement solution for 

visual detection. When the lateral flow test was evaluated using a synthetic RNA target, 

the resolution of quantification was 0.5 log10 copies/mL, and the linear range extended 

2.5 orders of magnitude. When coupled with NASBA, the lateral flow test had a limit of 
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detection (LOD) of 50 copies of HIV-1 RNA, suggesting that a diagnostic assay based on 

these technologies may detect viral loads spanning the entire clinical range. 

The diagnostic assay for detecting HIV-1 viral RNA consisted of sample 

preparation using magnetic microbeads, amplification using NASBA, and detection using 

the lateral flow test. When evaluated using pediatric plasma samples in a clinical pilot 

study, the sensitivity and specificity of the assay were 61% and 88%, respectively, and 

the limit-of-detection was 10,000 HIV copies/mL plasma. The genetic diversity of 

circulating strains may have caused low sensitivity, and amplicon contamination may 

have caused low specificity. This assay costs $16 USD using commercially available 

reagents and only requires a simple heat block for operation. 

With the goal of improving the sensitivity and specificity, a separate assay was 

developed to detect HIV-1 proviral DNA using recombinase polymerase amplification 

(RPA). This assay was first integrated into a paper and plastic microfluidic device that 

stores lyophilized enzymes, facilitates mixing of reaction components, and supports RPA 

in five steps of operation. Using commercially available lateral flow strips as a detection 

method, experiments showed that the device is capable of amplifying 10 copies of 

plasmid HIV-1 DNA to detectable levels in 15 minutes. Because the device is 

inexpensive, small, light-weight, and easy to assemble, this platform may potentially be 

used as part of a point-of-care diagnostic test. 

To develop an assay for measuring viral load, the RPA assay was adapted for 

real-time quantification of HIV-1 nucleic acids. The assay includes an internal positive 

control and a MATLAB algorithm that analyzes real-time fluorescence data to quantify 
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HIV-1 DNA. The concentration of HIV-1 DNA in samples and the onset of detectable 

amplification are correlated by an exponential standard curve.  On average, the assay is 

capable of predicting sample concentrations within one order of magnitude of the correct 

concentration. In future work, this assay may be combined with a reverse transcriptase 

step for quantifying HIV-1 RNA and adapted for use in a point-of-care diagnostic system. 

To enable heating of RPA reactions in low resource settings, a method was 

developed for incubating RPA reactions using human body heat. Experiments 

demonstrated that RPA reactions may be incubated at four body locations and secured to 

the body using three commonly available materials. When RPA reactions were heated in 

the axilla and secured with cotton fabric at room temperature and at 10 °C RPA, all 

reactions with 10 copies of HIV-1 DNA and 95% of reactions with 100 copies of HIV-1 

DNA tested positive. Incubation of reactions using body heat may enable RPA at the 

point of care, as this method requires no external heating equipment. 

Finally, a method was developed for processing DNA from blood samples before 

RPA. Experiments showed that RPA is inhibited by concentrations of background DNA 

found in blood volumes commonly used for diagnostic tests. Inhibition depends on target 

DNA concentration, background DNA concentration, experimental parameters, and assay 

sequences. To circumvent this problem, several sequence-specific capture methods were 

developed for enriching target DNA concentration relative to background DNA 

concentration. Using magnetic beads, nitrocellulose discs, and lateral flow strips, the 

LOD when no background DNA was present was 10
3
 copies of HIV-1 DNA. When 

background DNA was present, the LOD for all three methods was 10
4
 or 10

5
 copies of 
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HIV DNA. These methods may be capable of detecting high proviral loads in 0.1 mL 

infant blood samples but require improvements to detect lower proviral loads. This 

method requires no heating or external equipment, tolerates blood components, and may 

be integrated with upstream DNA extraction and purification processes. 

This thesis discusses new technologies that may enable the development of point-

of-care HIV-1 assays; however, work remains to be done. Table 20 outlines the progress 

toward this goal and specifies the chapter that addresses each requirement for developing 

qualitative and quantitative NATs for HIV-1. Future work should focus on developing a 

sample preparation method that is compatible with RPA. A promising strategy may be to 

extract HIV-1 viral RNA from plasma, which contains low concentrations of interfering 

background nucleic acids. Other work may include modification of the qRPA assay to 

enable quantification of HIV-1 RNA; integration of the HIV-1 viral load RPA assay into 

a microdevice; and development of a portable analyzer that heats and interrogates viral 

load samples. Using these innovations and the work presented in this thesis, HIV-1 tests 

for early infant diagnosis and viral load monitoring may be developed, increasing access 

to live-saving treatment in low resource settings. 

Requirement 
Qualitative NAT 
for Early Infant 

Diagnosis 

Quantitative NAT 
for Viral Load 

Monitoring 

Chapter 

Sample preparation     4, 9, 10 
Amplification     4, 5, 6, 7 

Detection     3, 4, 5, 6, 7 
Integration     5 

Heating     8 
Quantification   N/A   6, 7 

Table 20: Completed and remaining work required to develop HIV-1 assays for low resource settings. 
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Appendix A 

 

Figure A 1: Detection of NASBA products in three additional experiments (A–C). To the left, scanned images of LFA 

strips are shown at the appropriate dilution for the SBRs to fall within the linear range of the assay. The total number 

of gag RNA copies added to each NASBA reaction are shown next to each image. Note that although the contrast was 

adjusted for scanned images, raw images were used for signal-to-background calculations. To the right, the SBRs for 

the LFA strips are shown. ‘NTC’ = ‘no target control.’ An asterisk (*) denotes that 740 ng of total nucleic acid purified 

from lymphoblasts was added to the sample. doi:10.1371/journal.pone.0045611.s001 
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Table A 1. 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. 

 

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 S6 background DNA. The range of predicted 

concentrations is indicated by error bars for each pair of duplicates. 

 

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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Figure A 5: Inhibition of RPA depends on target DNA concentration. Numbers indicate the amount of background DNA in 

micrograms, M1 and M2 indicate DNA markers, the yellow arrow indicates the 200 bp bands, and the green arrows indicate 

the expected RPA products. Reactions contained (A) 50 copies, (B) 103 copies, or (C) 106 copies HIV-1 plasmid DNA, except for 

lane ‘C,’ which contained no DNA. 

Background DNA (µg) 20 min. 40 min. 60 min. 
0  +  +  +  

0.2  +  +  +  
0.5  +  +  +  
1  +  -  +  
2  -  -  -  

Table A 2: Incubation time has little effect on RPA inhibition. 

Background DNA (µg) 14 mM 22.4 mM 33.6 mM 
0 + + + 

0.2  +  +  +  
0.5  +  +  +  
1  +  +  -  
2  -  -  -  

Table A 3: Magnesium concentration has little effect on RPA inhibition. 
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Background DNA 
(µg) 200 nM 420 nM 600 nM 

0 + + + 
0.2 + + + 
0.5 + + + 
1 - + + 
2 - - - 

Table A 4: Primer concentration has little effect on RPA inhibition. 

Background 
DNA (µg) 50 nM 100 nM 150 nM 200 nM 250 nM 

0 + + + + + 
0.2 + + + + + 
0.5 - + + + + 
1 - + + + - 
2 - - - - - 

Table A 5: Probe concentration has little effect on RPA inhibition. 

 




