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ABSTRACT 

Isothermal Nucleic Acid Assays for the Detection of HIV Drug 

Resistance and Sickle Cell Disease in Low-Resource Settings 

by 

Mary Elizabeth Natoli 

HIV drug resistance has emerged as a major global challenge, with a disproportionate 

impact in low- and middle-income countries. Sickle cell disease (SCD), a group of inherited blood 

disorders, affects 300,000 births worldwide each year and causes red blood cells to sickle, leading 

to painful vaso-occlusion and anemia. The molecular basis of these two conditions is similar: both 

are caused by one or more nucleic acid point mutations. The goal of this thesis work was to develop 

two low-cost strategies to improve early detection of these conditions in low-resource settings. 

The first part of this work describes the development of a method to discriminate M184V, 

the most common HIV-1 drug resistance mutation, from wild type HIV DNA, and to detect the 

products in a paper-based enzyme-linked immunosorbent assay (ELISA) format. First, a section 

of HIV-1 reverse transcriptase is isothermally amplified using a recombinase polymerase 

amplification (RPA) assay. Next, an oligonucleotide ligation assay (OLA) is used to selectively 

label the mutant and wild type amplified sequences. Finally, a lateral flow ELISA differentiates 

between OLA-labeled products with or without M184V. The method described shows 100% 

sensitivity when tested with samples that contained 200 copies of mutant DNA and 800 copies of 

wild type DNA prior to amplification.  



 

 

The second part of this thesis work describes the development of a rapid, low-cost nucleic 

acid test that selectively amplifies the point mutation in the β-globin gene that causes the formation 

of sickle hemoglobin in one round of isothermal amplification and in an enclosed tube. When 

tested with a set of 91 clinical samples, the assay demonstrated 100% sensitivity for both the βA 

globin and βS globin alleles, and 94.7% and 97.1% specificity for the βA globin allele and βS globin 

allele, respectively. Finally, sample-to-answer genotyping of genomic DNA is demonstrated from 

capillary blood in <30 minutes.  

The detection strategies developed in this work may be adapted to other disease-causing 

point mutations. Overall, this thesis covers the progress made toward several technologies to detect 

point mutations using isothermal amplification, and contributes to the growing field of scientific 

knowledge on point mutation detection in resource-limited settings. 
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Chapter 1 

Introduction 

1.1. Objectives and Specific Aims 

The objective of this research is to develop a strategy to detect single nucleotide 

polymorphisms at the point of care for disease management in low-resource settings. The specific 

aims are as follows: 

Specific Aim 1: Identify 1) the most common HIV drug resistance mutation, M184V, and 

2) the sickle cell anemia mutation coding for production of hemoglobin S, in a way that could be 

easily translated to the point of care. 

Specific Aim 2: Develop a detection strategy to visualize the products of isothermal 

amplification and mutation detection. 

Specific Aim 3: Assess the sensitivity and specificity of the assay developed for sickle cell 

disease in a pilot study in Houston, TX. 
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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 drug resistance, sickle cell 

anemia, and nucleic-acid based strategies to detect single-nucleotide polymorphisms. Parts of this 

chapter were previously published in Lab on a Chip [1]. 

Chapter 3 describes the integration of an oligonucleotide ligation assay with a paper-based 

ELISA for the detection of the HIV drug resistance mutation M184V. Chapter 3 was presented at 

the 2017 International Workshop on HIV Drug Resistance and Treatment Strategies in 

Johannesburg, South Africa, and is published in Analytical Biochemistry [2]. 

Chapter 4 describes the development of a one-step, hybridization-based nucleic acid 

amplification test to identify point mutations in a target strand of DNA for the application of sickle 

cell anemia detection. Chapter 4 also describes the results of a pilot clinical study in which genomic 

DNA extracted from blood samples of 105 sickle cell anemia patients and healthy volunteers was 

tested in the assay. Parts of Chapter 4 were presented at the 2019 IEEE EMBS Special Topic 

Conference on Healthcare Innovation & Point-of-Care Technologies in Bethesda, Maryland and 

Chapter 4 is currently in preparation for publication in Analytical Chemistry. 

Chapter 5 evaluates several additional strategies that were explored to address the 

challenges of the detection of HIV drug resistance and sickle cell anemia at the point of care.  
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Chapter 6 provides a summary of the conclusions of this work and the future direction for 

this research.



  

18 

 

Chapter 2 

Background and Motivation 

Parts of this chapter were previously published in the journal article: Majors 

CE, Smith CA, Natoli ME, Kundrod KA, Richards-Kortum, R. Lab on a Chip 

(2017) 17, 3351. Point-of-care diagnostics to improve maternal and neonatal 

health in low-resource settings. doi: 10.1039/c7lc00374a  

2.1. HIV drug resistance overview 

Since the discovery of HIV in 1983, 70 million people have been infected and 35 million 

have died [3]. The majority of these deaths have occurred in sub-Saharan Africa. However, the 

number of deaths each year due to HIV has been decreasing, from a high of 2.3 million in 2006 to 

the current 1.1 million in 2015 [3,4]. Adult HIV diagnostics have been one of the greatest public 

health successes of the past 20 years, largely because of the introduction of lateral flow antibody 

tests. These point-of-care (POC) tests allowed HIV testing for recently infected adults in less than 

an hour, offering high diagnostic sensitivity and specificity and reducing some of the loss to 
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follow-up often seen in low-income countries, since patients do not have to return to a clinic to 

receive the results of the assay. Patients on antiretroviral therapy (ART) are now predicted to have 

near-normal life expectancy, and effective treatment of HIV to achieve viral load suppression is 

increasingly recognized as an important strategy for individual benefit and to prevent new 

infections at the population level [5–7]. However, the success of ART is threatened by the 

emerging problem of acquired and transmitted drug resistance [8].  

Technological innovation in the field of POC HIV diagnostics is still urgently needed, 

particularly with enclosed sample-to-answer viral load tests and with POC genotypic resistance 

tests. HIV-1 has a high rate of mutation, and the WHO reports that levels of HIV drug resistance 

in countries scaling up ART have been slowly increasing. In some areas, including East Africa, 

resistance rates to non-nucleoside re- verse transcriptase inhibitors (NRTIs) are above 10%. 

Furthermore, between 10% and 30% of people receiving a first- line ART regimen will develop 

virological failure (VF) at some point during their treatment [9]. Where resistance testing is not 

available, WHO guidelines recommend reliance on viral load monitoring to inform treatment 

switches. Specifically, an immediate adherence intervention is recommended when virological 

failure is detected, followed by a repeated viral load test three months later [6]. If the second viral 

load test confirms VF, a switch to second-line ART is recommended. Despite this 

recommendation, in practice, HIV care providers often do not switch patients immediately, due to 

concerns that VF resulted from non-adherence [10]. Excluding non-adherence as a cause of high 

viral load is challenging; existing adherence measurement tools rely on self-reporting measures 

which are inaccurate. Therefore, POC genotypic resistance tests are urgently needed to determine 

the cause of VF and empower healthcare providers to make informed treatment decisions. 

Meanwhile, viral load testing platforms should continue to be made cheaper and more accessible. 
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Innovative and cost-effective diagnostic assays may bridge the treatment gap between neonates 

and adults, reduce the time between infection and treatment of HIV, and control the spread of drug 

resistance [11]. 

Although survival is markedly improved with ART even in the absence of viral load 

monitoring, long-term management of people on ART is essential to ensure successful viral 

suppression at the population level [3]. HIV viral load monitoring requires more resources than 

adult diagnostics, because antibody levels, which are detected by rapid tests, decline after initial 

infection and do not remain an accurate indicator of disease progression. Viral load testing requires 

nucleic acid amplification, and therefore still relies on expensive equipment and trained personnel. 

A viral load test amplifies a small amount of virus in a patient’s blood to detectable levels and 

quantifies it. VF is defined as a viral load exceeding 1000 copies/mL for two consecutive viral 

load measurements within a 3-month interval, with adherence support, after at least 6 months of 

starting a new ART regimen [6]. VF could indicate non-adherence to the treatment regimen, which 

allows virus to proliferate, or the emergence of drug resistance either due to poor adherence or 

despite proper adherence to treatment. Follow-on tests to determine the cause of VF and inform 

future treatment are recommended where available. In high-resource settings, viral load 

monitoring as well as Sanger sequencing to identify the presence of drug resistance mutations are 

readily available. However, of the 35 million people currently living with HIV, roughly 23 million 

live in sub-Saharan Africa, where access to these essential tools is limited (Figure 2.1) [12]. No 

commercially available methods to identify resistance mutations are suitable for the POC. A test 

to reliably indicate the cause of high viral load in low resource settings is urgently needed. 
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Figure 2.1. Number of adults and children estimated to be living with HIV, 2016. World Health Organization 

2017 

2.1.1. Burden of HIV drug resistance 

HIV-1 genetic variability results from the high rate of HIV-1 reverse transcriptase (RT) 

processing errors, recombination when more than one viral variant infects the same cell, and the 

accumulation of proviral variants during the course of infection [13]. Overall, HIV-1 accrues 

nearly one nucleotide mutation per replication cycle [14]. This ability to rapidly generate new 

variants allows the virus to evade the immune system and develop resistance to ART. Drug 

resistance can either be acquired when the virus successfully replicates in the presence of ART 
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(acquired drug resistance [ADR]), or transmitted from person to person (transmitted drug 

resistance [TDR]).  

The selection of drug-resistant variants, once present, depends on the extent to which viral 

replication continues during incompletely suppressive therapy, the ease of acquisition of a 

particular drug resistance mutation (DRM), and the effect of DRMs on drug susceptibility and 

virus replication. For some ARTs, multiple DRMS are necessary to reduce susceptibility, while 

for others a single DRM is sufficient. Figure 2.2 illustrates the relative genetic barriers and 

potencies of representative drugs from each of the six ART classes. 

 

Figure 2.2: ARV potency versus genetic barrier to resistance. Abbreviations: ARV: antiretroviral; VL: viral 

load; ABC: abacavir; ATV/r: boosted atazanavir; DRV/r: boosted darunavir; DTG: dolutegravir; EFV: 

efavirenz; FTC: emtricitabine; EVG: elvitegravir; T20: enfuvirtide; ETR: etravirine; 3TC: lamivudine; 

LPV/r: boosted lopinavir; MVC: maraviroc; NVP: nevirapine; RAL: raltegravir; RPV: rilpivirine; and TDF: 

tenofovir. ARVs in black font are nucleoside or nucleotide reverse transcriptase inhibitors (NRTIs), those in 



 23 

purple font are non-NRTIs (NNRTIs), those in blue font are protease inhibitors (PIs), those in red font are 

integrase strand transfer inhibitors (INSTIs), and those in green font are entry inhibitors. ARVs appearing 

together in the same ellipse should be considered to have roughly equivalent potencies and genetic barriers to 

resistance. Used with permission from Clutter et al, 2016. 

The World Health Organization reports that the levels of HIV drug resistance in countries 

scaling up ART have been slowly increasing. In some areas, including East Africa, resistance rates 

to non-nucleoside reverse transcriptase inhibitors (NRTIs) are above 10% [8]. Furthermore, 

between 10% and 30% of people receiving a first-line ART regimen will develop VF at some point 

during their treatment [15–17]. The majority of these patients are expected to already have or 

acquire drug resistant viruses. In a recent study on individuals with first-line VF, 73% had one or 

more major NRTI DRM and one or more major non-nucleoside reverse transcriptase inhibitor 

(NNRTI) DRM. TDR levels were reported to be above five percent in about 25% of recent surveys 

conducted in sub-Saharan Africa and southeast Asia, and over 50% of those conducted in the Latin 

America/Caribbean region [18–22]. 

2.1.2. Technologies for HIV Drug Resistance Testing 

In high-resource settings, patients with elevated HIV-1 viral loads on therapy have access 

to HIV drug resistance testing, which is performed both at the time of diagnosis or treatment 

initiation, and after any instance of VF. Without initial resistance testing, a transmitted DRM could 

decrease in prevalence so that it could no longer be detected by genotypic testing, which cannot 

detect variants present at levels below 20% of the plasma virus population [14].  

The two main types of resistance testing are phenotypic and genotypic (Table 2.1). 

Phenotypic testing measures viral replication in cell culture in the presence of serial dilutions of 

ART. This typically involves comparing the replication of an unknown virus at increasing ARV 
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concentrations to that of a wild-type control virus to determine how susceptible the virus is to the 

ART. Two phenotypic assays are available: Phenosense (Monogram Biosciences) and 

Antivirogram (Virco) [14]. The PhenoSense assay is more sensitive and reproducible than the 

Antivirogram.  

Genotypic assays are used more frequently than phenotypic assays because they are less 

expensive, have a shorter turnaround time and are better at detecting evolving resistance [23]. In 

contrast to phenotypic testing, genotypic resistance testing directly detects known drug resistance 

mutations in the enzymatic targets of ART: protease, reverse transcriptase, integrase and 

glycoprotein (gp)41. This is accomplished by direct polymerase chain reaction (PCR) 

dideoxynucleotide (Sanger) sequencing.  

Sanger sequencing was developed in 1977 and has been the most popular technique 

since.[24] The method requires a single-stranded DNA template, a DNA polymerase, a DNA 

primer, normal deoxynucleosidetriphosphates (dNTPs), and dideoxynucleosidetriphosphates 

(ddNTPs), which are modified nucleotides that lack the 3’ OH group required for a phosphodiester 

bond to form between two nucleotides. The addition of a ddNTP thus terminates the extension of 

a DNA strand. A sample is divided into four sequencing reactions, where each reaction contains 

the DNA polymerase all four standard dNTPs (dATP, dGTP, dCTP, dTTP) and only one of the 

four ddNTPs (ddATP, ddGTP, ddCTP, ddTTP). Samples are heated and cooled sequentially to 

allow multiple rounds of DNA extension. The DNA fragments that are formed are then analyzed 

by gel electrophoresis or by automated sequencing machines if radioactively or fluorescently 

labeled ddNTPs are used. Sanger sequencing requires reliable electricity, significant hands-on 

time, and expensive laboratory equipment, and is only suitable for large centralized laboratories.  
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The result of genotypic testing is a nucleotide sequence encompassing HIV-1 protease and 

the 5’ polymerase coding region of HIV-1 reverse transcriptase, a region that contains the vast 

majority of NRTI- and NNRTI-resistance mutations. The sensitivity of these benchtop tests ranges 

from 100 to 1000 plasma HIV-1 RNA copies per mL, depending on the assay [25]. Once 

sequenced, the nucleotide sequence of the amplicon is translated to its amino acid sequence, which 

is compared with a consensus wild-type amino acid sequence. The differences between the 

sequenced and reference viruses will indicate a list of mutations. These mutations are denoted by 

the one-letter code for the wild-type reference amino acid, followed by the amino acid position, 

followed by the one-letter code for the amino acid mutation found in the sequence. For example, 

“M184V” indicates that the 184th amino acid is a valine (V) instead of the wild-type methionine 

(M). When more than one amino acid is detected at a certain position, the notation “X/Y” is given 

to indicate that viruses with both X and Y were detected at that position. The results of a genotypic 

test are then run through an algorithm to identify the mutations that are known to be associated 

with ART resistance.  

Two systems are commercially available for genotypic resistance testing and 

interpretation: the TRUGENE HIV-1 Genotyping Assay (Siemens, USA) and the Celera ViroSeq 

HIV-1 Genotyping System [14]. The ViroSeq system costs $200,000, and the TRUGENE system 

costs $90,000, while running a test for both systems costs an additional ~$150 cost per sample 

[26]. In high resource settings, this is considered cost-effective at the time of diagnosis or treatment 

initiation, and at VF [13]. However, in low- and middle-income countries, Sanger sequencing is 

usually infeasible at any point due to the high infrastructure and cost requirements. 

In the absence of resistance testing, routine virological monitoring is used to curb the 

spread of resistance, as it provides the opportunity for adherence counseling or regimen 
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modification before resistance becomes widespread. Most ART regimens used for first-line 

therapy are sufficient to completely block HIV-1 replication and maintain long-term virological 

suppression. Thus, most cases of VF and drug resistance arise from incomplete adherence, which 

exposes a patient’s virus to the incompletely suppressive ARV levels capable of exerting drug 

selective pressure [13]. 

Where resistance testing is not available, current WHO guidelines recommend an 

immediate adherence intervention when VF is detected, followed by a repeated viral load test three 

months later [6]. If the second viral load test confirms VF, a switch to second-line ART is 

recommended. Despite this recommendation, in practice, HIV care providers often do not switch 

patients immediately, due to concerns that VF resulted from non-adherence. Currently, excluding 

non-adherence as a cause of high viral load is challenging; existing adherence measurement tools 

rely on self-reporting measures, which are inadequate [10]. Further, strategies to improve 

adherence can take time and are often context-specific, requiring multi-dimensional interventions. 

A recent study found that factors including delayed clinic attendance, magnitude and trend of viral 

load, and patients’ immune status appeared to influence healthcare workers’ decisions regarding 

when to switch regimens [10].  

Technology Description Advantages Limitations Cost 

per test 

Commercially 

available assays 

Phenotypic 

testing 

Measures viral 

replication in the 

presence of serial 

dilutions of ART 

Provides a 

direct 

observation 

of how well a 

drug inhibits 

a virus 

2 week 

turnaround time 

~$900 

[27] 

Phenosense® GT 

(Monogram 

Biosciences), 

Antivirogram 

(Virco) 
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Genotypic 

testing 

Performs Sanger 

sequencing (chain 

termination with 

dideoxynucleotides) and 

compares result to a 

wild type reference 

sequence 

Directly 

reports 

known drug 

resistance 

mutations; <1 

week 

turnaround 

time 

Not interpretable 

with new drugs 

or newer 

mutations 

selected by older 

drugs; results 

require 

interpretation 

~$400 

[27]  

Phenosense® GT 

(Monogram 

Biosciences), 

TRUGENE HIV-1 

Genotyping Assay 

(Siemens, USA) 

ViroSeq HIV-1 

Genotyping 

System (Celera) 

Next-

generation 

sequencing 

(NGS) 

“Sequencing by 

synthesis” –measures 

pyrophosphate released 

upon incorporation of a 

nucleotide while 
synthesizing a 

complementary strand 

to a single-stranded 

DNA template 

Low cost, 

high-

throughput 

Cannot sequence 

DNA sequences 

longer than ~500 

nucleotides 

~$100 

[28] 

MiniSeq 

(Illumina); Sequel 

(Pacific 

Biosciences); 

Ion Torrent S5, 
S5XL (Thermo 

Fisher Scientific) 

Viral load 

monitoring 

Reverse transcription 

polymerase chain 

reaction (RT-PCR) 

amplification and real-

time fluorescence 

detection to quantify 

amount of virus in a 

sample 

Low cost Reliable 

electricity 

required; high 

equipment costs; 

Unsuitable for 

distinguishing 

between non-

adherence and 

resistance   

$24.90-

$44.07 

[29] 

SAMBA 

(Diagnostics for 

the Real World 

Ltd), Xpert® HIV-

1 Viral Load Test 

(Cepheid), 

AlereTM q system 

(AlereTM), 

cobas® LiatTM 

System (Roche) 

 

Table 2.1. Currently available technologies for HIV drug resistance testing. 

2.1.3. Requirements and recommendations for a POC resistance test 

Recently, a statistical study conducted by a group of experts in the areas of drug resistance, 

assay development, and public health identified a set of six DRMs whose identification would be 

most useful for POC genotypic resistance testing in LMICs [9]. The set consists of two major 

NRTI-associated DRMs: M184V and K65R, and four major NNRTI-associated DRMs: K103N, 

Y181C, G190A, and V106M. In ART-naïve individuals, one or more of these six DRMs was 
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present in 61.2% of viruses with intermediate or high-level TDR. In individuals on a first-line 

NRTI/NNRTI-containing regimen with intermediate or high-level ADR, one or more of the six 

DRMs was found in 98.8% of virus sequences.  

Calculations showed that using this set of six DRMs, 98.8% sensitivity could be achieved 

for detecting ADR, and 61.2% sensitivity could be achieved for detecting TDR in ART-naïve 

individuals. The detection of one or more of these DRMs could be an indication for a regimen 

switch or closer virological monitoring, depending on the resources available or country policy. 

As a result of conversations with our clinical collaborator, we have chosen to begin initial testing 

on the set of four: K103N, V106M, Y181C, and M184V, with the potential to include K65R and 

G190A in future work. 

In addition to targeting some or all of the above DRMs, a POC assay should meet the WHO 

ASSURED requirements: Affordable, sensitive, specific, user-friendly, rapid, equipment-free, and 

deliverable [30]. 

2.1.4. Emerging technologies for POC resistance testing 

Platforms that are more economical than standard genotypic sequencing could expand 

access to critical genotypic drug resistance testing in low-resource settings. Due to the high costs 

of sequencing as well as the unreliability of detecting drug resistance at levels below 20% of the 

circulating virus population, other sequencing tools are being developed. These include next-

generation sequencing (NGS) methods and point-mutation assays.  

NGS techniques including 454 pyrosequencing, Illumina, and ion torrent sequencers are 

able to achieve an estimated per-sample cost of just 1-20 USD by processing several hundred 
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samples at a time, with fewer viral variants sequenced per test [13].  However, NGS techniques 

still require the processing of batched samples within centralized laboratories.  

POC assays are likely to be the most useful option to detect key DRMs in even the most 

remote settings. These assays have potential to detect very low levels of resistance and operate at 

a low cost without significant user input. The two main challenges of POC approaches are the 

extreme genetic variability of HIV-1 and the difficulty of multiplexing to detect all of the relevant 

mutations [31]. One approach currently being studied with the goal of POC implementation uses 

an oligonucleotide ligation assay (OLA). A recent study has incorporated PCR-amplified HIV 

DNA, OLA, and a lateral flow-based readout [32]. However, OLA requires thermal cycling, which 

is too expensive for many low-resource settings.  

Another strategy used recently has been the multiplex allele-specific assay. In this assay, 

allele-specific primers were designed to target drug resistance mutations at 20 loci of HIV-1 

subtype B, and later were modified to accommodate subtype C. This method was able to detect 

variant allele fractions lower than that of standard sequencing, from 1.56% to 12.5% [33]. 

However, it requires nested PCR, which again relies on thermal cycling. POC genotypic resistance 

testing is difficult to accomplish without electricity; no work to date has shown identification of 

HIV drug resistance mutations using equipment that is suitable for POC use. 

An inexpensive POC genotypic resistance test that discriminates between patients who 

require adherence interventions from those who require a therapy switch to a second-line regimen 

would greatly improve HIV care [34]. Such a test would provide confidence and empower care 

providers to make timely treatment decisions, conserve first-line regimens by detecting non-

adherence before viral resistance develops, and help reduce transmission of resistant virus [10]. 
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Same-day treatment decisions would eliminate the risk of loss to follow-up, minimize the risk of 

specimen mishandling, and allow adherence support strategies to be informed by definitive results 

of genotypic resistance testing. Finally, it would allow treatment decisions to be made by less-

trained healthcare workers using an algorithm, saving the expertise of the better-trained clinicians 

to be used for more complicated healthcare issues. 

This work aims to develop a device that would contribute to the above goals by identifying 

HIV drug resistance mutations at the POC. This research will be accomplished by developing an 

isothermal method to identify four specific mutations, developing a detection method to visualize 

the tagged genetic material, and finally by assessing the sensitivity and specificity of the assay in 

the field. 

2.2. Sickle cell disease overview 

Sickle cell disease (SCD) is an inherited hemoglobin disorder characterized by severe 

anemia, chronic organ damage, and increased susceptibility to infections. SCD is highly prevalent 

in low- and middle-income countries (LMICs), with over 75% of affected births occurring in sub-

Saharan Africa (Figure 2.3) [35]. Unfortunately, an estimated 50-80% of the 300,000 children born 

annually with SCD in LMICs die of severe anemia or bacterial infections before 5 years of age, 

often without having received a diagnosis [36,37]. In contrast, over 95% of affected newborns 

born in high-income countries (HICs) survive into adulthood [38,39].  
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Figure 2.3. Number of newborns with sickle cell anemia in each country in 2015. Piel et. al, NEJM, 2017. 

Early diagnosis followed by preventive health care that includes vaccines and prophylactic 

penicillin reduces the mortality due to SCD in young children  and is cost-effective [40–42]. 

However, attempts to implement universal screening in LMICs have been unsuccessful due to the 

complexity and high cost of conventional diagnostic methods like isoelectric focusing (IEF) and 

high-performance liquid chromatography (HPLC). Furthermore, because of the time and 

coordination required to transport samples and complete testing, pilot programs to screen infants 

for SCD in LMICs have reported difficulty locating affected infants after discharge from the 

hospital [43,44] or have reported long delays to diagnosis [45]. There is an urgent need for 

inexpensive, easy-to-use diagnostic platforms that can rapidly deliver clear results so that treatment 

can be initiated immediately at the point of care. 

2.2.1. Existing technologies for diagnosis of sickle cell disease 

The complexity of conventional diagnostic tools for SCD is a major impediment to 

universal newborn screening in LMICs. Platforms that do not require complex equipment and can 



 32 

deliver a SCD diagnosis within minutes are being developed. Solubility testing identifies samples 

containing HbS, but cannot distinguish trait from disease [46]. SickleSCAN (BioMedomics, North 

Carolina, USA) relies on polyclonal antibodies to detect hemoglobin A and the most common 

hemoglobin variants (HbS, HbC) on a lateral flow strip [47]. However, SickleSCAN has not yet 

been validated in the presence of fetal hemoglobin, the most prevalent hemoglobin in infants and 

a frequent inhibitor of antibody-based tests. Additionally, an independent evaluation indicated that 

SickleSCAN results were less accurate in clinical settings [48]. HemotypeSC (Silver Lake 

Research Corporation, California, USA), a test which circumvents those challenges using 

monoclonal antibodies, recently reported promising results in an international multi-center 

evaluation [49].  Our lab has also made important steps toward making a lateral flow test for 

hemoglobinopathies [50]. 

Another significant impediment to SCD diagnosis is interference by transfused HbA in 

patients who have recently received a blood transfusion [51,52]. Transfused patients who are 

homozygous for the S allele (HbSS), which requires medical attention, are often misdiagnosed as 

having sickle cell trait (HbAS), which typically requires no medical intervention [47,53,54]. This 

issue is pervasive: in a validation study of SickleSCAN in Tanzania, 19.1% of study participants 

reported receiving a blood transfusion within the prior 3 months, and 57% of children with both 

HbA and HbS identified had received a transfusion recently [53]. Because the conventional 

diagnostic tools also identified these patients as HbAS, this study was not able to determine which 

patients had an underlying diagnosis of SCD. All protein-based assays have this limitation: 

validation studies of SickleSCAN and HemotypeSC have excluded patients with a blood 

transfusion in the prior 2-3 months [47,55]. 
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2.2.2. Nucleic acid based diagnostics for sickle cell disease 

To address this gap, this thesis works toward developing a low-cost, nucleic-acid based 

point-of-care SCD diagnostic test to detect the genetic mutations responsible for the production of 

HbS and HbC in neonates and children who have recently received blood transfusions. This 

approach will circumvent the issues encountered by red blood cell transfusion by targeting the 

genetic basis of the disease, which is not affected by transfusion. Nucleic acid genotyping would 

allow immediate testing as opposed to the current standard of requesting a follow-up test in 3-4 

months [51]. Because early diagnosis accompanied by penicillin prophylaxis and family education 

has been shown to reduce the mortality in the first five years of life from 25% to 3% [42], this 

intervention could result in a significant decrease in under-five mortality attributable to SCD.  

In contrast to antibody-based assays, a DNA-based assay is easily adapted to other single-

nucleotide polymorphisms. This is important because many rare hemoglobin variants have become 

geographically concentrated in documented patterns due to global migration patterns [56]. 

Therefore, expanding our selective isothermal amplification assay to other clinically relevant 

globin variants (e.g. D, E, or O) will be significantly less expensive and time-consuming than 

developing new antibodies to recognize these variants. 

DNA analysis provides the most reliable approach to diagnose hemoglobin disorders, and 

is the only possible method to confirm SCD diagnosis in patients who have recently received blood 

transfusions – a common occurrence in the at-risk population. For example, in a pediatric SCD 

cohort at Kamuzu Central Hospital in Malawi, where neither neonatal screening nor standardized 

methods for SCD diagnosis currently exist, 74% of patients had a history of blood transfusion, 

with most having been transfused within the last year [57]. A nucleic acid amplification test 
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(NAAT) that effectively differentiates patients with the genotypes relevant to SCD management 

would overcome the limitations of antibody-based approaches. 

SCD is caused by one or more point mutations in the  globin gene, which encodes for the 

 chains of the hemoglobin tetramer. We propose to directly detect the point mutations that give 

rise to the most common variant forms of  globin, S(Glu6Val) and C(Glu6Lys). By targeting genomic 

DNA, this test will be accurate for children and neonates that have recently undergone blood 

transfusions. To address this challenge, we introduce an integrated platform to detect point 

mutations using selective isothermal amplification. In addition to detection of SCD, this versatile 

platform will be easily adapted for the detection of other mutations and single-nucleotide 

polymorphisms (SNPs) at the point of care in low-resource settings, including those encoding for 

rare globin variants, drug resistance mutations, and cancer-causing mutations. 

Molecular techniques have previously been employed to detect  globin gene mutations, 

though only in high-resource settings. Most of these approaches have used polymerase chain 

reaction (PCR) amplification in combination with allele-specific amplification using one of several 

strategies. For example, Mishra and colleagues demonstrated a multiplexed PCR approach based 

on the use of an amplification refractory mutation system (ARMS) to detect the four common 

mutations associated with -thalassemia [58] for the application of prenatal diagnosis. Further, 

Latorra and colleagues were able to improve discrimination ability of PCR primers by 

incorporating locked nucleic acids (LNAs), designed with a modified methylene bridge to increase 

affinity for the complementary strand, and applied their technology to selective  globin 

amplification [59,60]. Unfortunately, all existing approaches based on PCR require expensive 

laboratory equipment, extensive sample preparation to remove PCR inhibitors found in whole 
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blood samples, and, often, analysis by gel electrophoresis. Therefore, most are currently unsuitable 

for implementation in low-resource settings. 

2.3. Single-nucleotide specificity with isothermal techniques 

Isothermal amplification methods have many advantages for NAAT in low-resource 

settings, as they reduce the instrument complexity associated with traditional thermocycling 

approaches. Our lab has extensive experience developing technologies using recombinase 

polymerase amplification (RPA) [61–66], an isothermal amplification technology with a short 

amplification time (20 min), low temperature requirement (37°C), and high analytical sensitivity 

(<10 copies/reaction) [61]. RPA is a promising technology compared with other isothermal 

amplification approaches, which have complex primer design requirements (LAMP) and lack of 

literature and commercial support (NEAR, HDA, NASBA). RPA requires only a single-

temperature heat block.  

Despite the many advantages of RPA, single-nucleotide specificity with isothermal 

amplification is challenging due to nonspecific binding at low temperatures, and a lack of 

specificity of most polymerases. Recent reports have suggested that RPA is poorly suited for 

discriminating point mutations, indicating that RPA is able to amplify targets with up to nine 

primer-template mismatches [67]. 

To circumvent the challenges of isothermal amplification, ligase-mediated detection in 

combination with isothermal amplification has been used for detection of SNPs. Lazaro and 

colleagues recently reported the use of RPA-based amplification of allele-specific ligation 

products [68]. In this approach, allele-specific ligation is used to discriminate mutant and wild type 
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alleles; the resulting ligation products are then amplified using RPA and detected in a hybridization 

array format designed to capture a barcode included in the ligation tail. However, while this 

approach is specific and allows for multiplexing, it requires separate thermal steps at widely 

different temperatures for probe annealing, ligation, and enzyme deactivation, which increases 

instrumentation requirements and limits its utility at the point of care. 

More recently, several successful efforts to achieve single-nucleotide specificity in a purely 

isothermal system have been reported in the literature. A selective isothermal amplification 

strategy was demonstrated using primers that incorporate peptide nucleic acid-locked nucleic acids 

(PNA-LNA) with loop-mediated isothermal amplification (LAMP) [69]. PNA-LNA mediated 

LAMP was used to detect the KRAS point mutation in cancer cell samples that were diluted to a 

0.1% mutant-to-wild type ratio. While this approach is promising for use in low-resource settings, 

LAMP is associated with a number of challenges including non-specific amplification [70] and 

challenging primer design [71]. More recently, Ng et al. demonstrated successful discrimination 

of point mutations using RPA. Using allele-specific primers with an ARMS mutation in 

combination with two rounds of isothermal amplification, selective amplification of drug resistant 

Mycobacterium tuberculosis was achieved [72]. However, this approach requires two rounds of 

amplification, which doubles the sample-to-answer time, the hands-on time required from 

laboratory personnel, and the reagent cost. Additionally, the use of an intercalating dye as the 

reporter for positive amplification is risky as it is prone to identifying false positives. 

Finally, a recent report indicated successful identification of the MTHFR A1298C 

polymorphism associated with congenital heart disease using probe-based RPA [73]. In this 

approach, the polymorphism was designed to be detected by the oligonucleotide probe, and both 

alleles could be detected in the same assay using two probes with different fluorophores. 
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Unfortunately, this method is highly dependent on the design requirements of the probe. 

Specifically, the target DNA must have a region surrounding the point mutation where two 

thymine residues are within five bases of each other, and where the fluorophore and quencher can 

be attached, which is not possible for a SCD application and is not likely for many others. 
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Chapter 3 

Paper-based detection of HIV-1 drug resistance 

using isothermal amplification and an 

oligonucleotide ligation assay 

The contents of this chapter have been published in the following journal 

article: Natoli ME, Rohrman BA, Richards-Kortum RR (2018): Paper-based 

detection of HIV-1 drug resistance using isothermal amplification and an 

oligonucleotide ligation assay. Analytical Biochemistry 544: 64-71. doi: 

10.1016/j.ab.2017.12.008 

3.1. Abstract 

Regular HIV-1 viral load monitoring is the standard of care to assess antiretroviral therapy 

effectiveness in resource-rich settings. Persistently elevated viral loads indicate virologic failure 

(VF), which warrants HIV drug resistance testing (HIVDRT) to allow individualized regimen 

switches. However, in settings lacking access to HIVDRT, clinical decisions are often made based 
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on symptoms, leading to unnecessary therapy switches and increased costs of care. This work 

presents a proof-of-concept assay to detect  M184V, the most common drug resistance mutation 

after first-line antiretroviral therapy failure, in a paper format. The first step isothermally amplifies 

a section of HIV-1 reverse transcriptase containing M184V using a recombinase polymerase 

amplification (RPA) assay. Then, an oligonucleotide ligation assay (OLA) is used to selectively 

label the mutant and wild type amplified sequences. Finally, a lateral flow enzyme-linked 

immunosorbent assay (ELISA) differentiates between OLA-labeled products with or without 

M184V. Our method shows 100% specificity and 100% sensitivity when tested with samples that 

contained 200 copies of mutant DNA and 800 copies of wild type DNA prior to amplification. 

When integrated with sample preparation, this method may detect HIV-1 drug resistance at a low 

cost and at a rural hospital laboratory. 

3.2. Introduction 

The number of deaths each year due to HIV has been decreasing, from a high of 2.3 million 

in 2006 to the current 1.1 million in 2015 [3,4]. Largely because of the introduction of lateral flow 

antibody tests, patients on antiretroviral therapy (ART) are now predicted to have near-normal life 

expectancy, and effective treatment of HIV to achieve viral load suppression is increasingly 

recognized as an important strategy for individual benefit and to prevent new infections at the 

population level [7,34,74]. However, the World Health Organization (WHO) reports that the 

success of ART is threatened by the emerging problem of acquired and transmitted drug resistance 

[8]. In some areas, including East Africa, resistance rates to non-nucleoside reverse transcriptase 

inhibitors (NRTIs) are above 10% [6]. Furthermore, between 10% and 30% of people receiving a 
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first-line ART regimen will develop virological failure (VF) (viral load >1000 copies/mL) at some 

point during their treatment [7–9]. 

In high-resource settings, patients undergo phenotypic or genotypic HIV drug resistance 

testing at the time of diagnosis or treatment initiation, and after any instance of VF. However, these 

methods cost a minimum of $200 per sample and require extensive infrastructure, making 

resistance testing infeasible for many of the same low-resource settings that experience the greatest 

burden of HIV. Where resistance testing is not available, current WHO guidelines recommend an 

immediate adherence intervention when VF is detected, followed by a repeated viral load test three 

months later [10]. If the second viral load test confirms VF, a switch to second-line ART is 

recommended. Despite this recommendation, in practice, HIV care providers often do not switch 

patients immediately, due to concerns that VF resulted from non-adherence. Currently, excluding 

non-adherence as a cause of high viral load is challenging; existing adherence measurement tools 

rely on self-reporting measures, which are inadequate [11]. 

Two thirds of the 35 million people living with HIV/AIDS worldwide reside in sub-

Saharan Africa, where access to resistance testing and even viral load monitoring is limited [12]. 

Lack of infrastructure in such areas and the high cost of treatment monitoring have resulted in a 

reliance on clinical monitoring only, or clinical monitoring in combination with CD4 monitoring 

[3]. These measures do not identify treatment failure with high sensitivity or specificity, and 

clinical and immunologic monitoring of treatment can result in delayed or unnecessary therapy 

switches to more expensive second line drugs [13]. Point-of-care (POC) or near-point-of-care 

assays are likely to be the most useful option to detect key DRMs in the most remote settings 

because they have the potential to detect low levels of resistance and operate at a low cost [17]. 

An inexpensive POC device that discriminates between patients who require adherence 
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interventions from those who require a therapy switch to a second-line regimen could increase 

access to crucial resistance testing [4]. 

Such a test requires five main steps: (1) sample preparation to isolate nucleic acids from a 

patient sample of whole blood, (2) conversion of viral RNA to cDNA, (3) amplification of cDNA 

to detectable levels, (4) discrimination of wild type and mutant viral sequences, which differ by 

only a single nucleotide, and (5) visual readout of the test results. A number of technologies have 

been recently implemented to amplify nucleic acids at a single temperature, thus eliminating the 

need for thermal cycling equipment. One such technology, recombinase polymerase amplification 

(RPA), offers significant advantages for both instrumentation and assay development and has been 

used recently in low-cost diagnostics for several infectious diseases, including HIV [18–22]. For 

example, RPA tolerates impure samples, amplifies DNA to detectable levels in as few as 5 minutes, 

and uses RPA reagents that are available in a lyophilized form that can be transported to the POC 

without requiring cold chain storage [18]. In addition, RPA operates at a wide range of 

temperatures [23,24]. By including a reverse transcriptase enzyme, RPA is also able to reverse 

transcribe and amplify RNA targets. Thus, RPA is a good candidate technology for the 

amplification step of a POC HIV drug resistance assay. 

To discriminate amplified wild type and mutant DNA sequences, short oligonucleotide 

probes can be employed in an oligonucleotide ligation assay (OLA) [15,16,25–28]. In an OLA, a 

common oligonucleotide (oligo) probe complementary to the region adjacent to the mutation is 

ligated to a wild type- or mutant-specific probe, resulting in a dual-labeled oligo that can be 

detected in an enzyme-linked immunosorbent assay (ELISA). Because ligation only occurs when 

the probes and amplified sequence are perfectly matched, OLA accurately detects single nucleotide 

differences [27].  
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The final step of an HIV drug resistance detection assay is differential detection of wild 

type and mutant OLA products. Traditional ELISA has been used to detect and discriminate 

between differently-tagged OLA products [30]. Although this provides quantitative results, 96-

well assays require infrastructure, expensive machinery, and personnel not available in many low-

resource settings. Recently, ELISAs have been implemented in a paper format [31,32]. These tests 

can be performed rapidly with small volumes of sample and have a limit of detection approaching 

that of standard ELISA. A recent study implemented a paper-based readout of the OLA for 

detecting HIV drug resistance in 45 minutes [16]. Advances in lateral flow network design have 

allowed for sequential reagent delivery without the need for pipettes. Reagents are added to glass 

fiber pads, the device is folded, and capillary action delivers the reagents sequentially to the test 

region without further user input [32]. Another study has shown the feasibility of pre-drying 

reagents in paper networks for up to three months [33]. Paper-based tests are inexpensive, 

disposable, and easy to operate and interpret. In addition, several materials have already been well 

characterized for lateral flow techniques. Therefore, a paper-based ELISA that implements lateral 

flow detection of OLA products would be appropriate for a rapid, low-cost HIV drug resistance 

test. 

In this paper, we demonstrate proof-of-concept for a modular assay that includes RPA-

based isothermal amplification of the region of HIV-1 DNA that may contain four single 

nucleotide mutations associated with drug resistance, ligation of tagged oligonucleotide probes 

complementary to the amplified sequence (OLA), and sensitive and specific detection of the 

ligated products via a paper-based lateral flow ELISA with visual readout. The assay currently 

detects the most common drug resistance mutation, M184V, and can be adapted to detect other 

high-impact mutations. 
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3.3. Materials and Methods 

3.3.1. Preparation of synthetic HIV-1 DNA  

Synthetic gBlock stocks (Integrated DNA Technologies) of a 420-bp region (HXB2 

reference nucleotide positions: 2761 to 3180) of the pol gene were used to obtain template DNA 

for the assay. Two separate stocks were used, one encoding the sequence for wild type HIV-1 and 

other encoding the sequence that includes the M184V drug resistance mutation. A 396-bp section 

of each gBlock was amplified by PCR to obtain additional stock DNA and determine concentration 

standards (Fig. 1). 55.4 ng of gBlock DNA was added to 50 μL reaction mixtures containing 250 

μM of forward (5’- CTAAAGTCTCTTGAATTATTC-3’) and reverse primers (5’-

TTGTCTCAGCTCCTCTATTT-3’), 100μM dNTPs, 5X Phusion buffer HF, and 1 U of Phusion 

HF DNA Polymerase (New England Biolabs). Cycling conditions consisted of a denaturation step 

of 60 seconds at 98°C, 40 cycles of 15 seconds at 98°C, 30 seconds at 48°C, and 30 seconds at 

72°C, followed by an extension step of 5 minutes at 72°C. Each reaction was purified using a 

QIAquick PCR Purification kit (Qiagen) using the microcentrifuge instructions and eluted in 50 

μL of Millipore water. PCR products were visualized by electrophoresis on 2% agarose gels in 

TAE buffer, and gel extracted using a QIAquick Gel Extraction kit (Qiagen) with the 

microcentrifuge instructions. The concentration of the purified DNA was determined by measuring 

the OD280 with the NanoDrop, and the DNA copy number was calculated. Serial dilutions were 

made in T[0.1]E buffer (10 mM Tris pH 8, 0.1 mM EDTA) to obtain working concentrations in 

the range of 1-106 copies per 10 μL and were stored at 4°C in Lo-Bind Eppendorf tubes. For 

experiments studying mixtures of wild type and mutant DNA, these wild type and mutant stocks 
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were combined in a 4:1 ratio for each concentration, and the same stock solution was used for all 

experiments. 

3.3.2. Amplification by recombinase polymerase amplification (RPA) 

3.3.2.1. RPA assay design 

We chose to amplify a sequence that contains several major drug resistance mutations so 

that the resulting amplicons could be used for OLA detection of more than one mutation. We 

designed and screened eight sets of potential forward and reverse primers (Table S-1) and selected 

the pair that had the best amplification efficiency. The selected primers amplify a 338-base-pair 

region (nt 2810 to 3147) of the pol gene that contains the resistance mutations M184V, K103N, 

Y181C, and V106M (Fig. 1).  

 

Figure 3.1. A representation of the DNA preparation and amplification scheme. The entire block is a 420-bp 

section of the HIV pol gene (nt 2761 to 3180) that was purchased from Integrated DNA Technologies. The green 

arrows indicate the sections targeted by PCR primers for DNA standard preparation. The blue arrows indicate 

the sections targeted by RPA primers for the integrated assay. The RPA assay amplifies a region that contains 

several major drug resistance mutations, K103N, V106M, Y181C, and M184V (wild type codons denoted with 

red lines). 
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3.3.2.2. RPA methods 

RPA reactions were assembled according to the manufacturer’s instructions (TwistAmp 

Basic kit, TwistDx, United Kingdom). Each 50 μL reaction contained 29.5 μL rehydration buffer, 

2.4 μL forward primer (5’-GACCCTTCAAGTTAATCCTTATGGTGTAGGGCG-3’) [10 μM], 

2.4 μL reverse primer (5’-TTCTATGCTGCCCTATTTCTAAGTCAGATCCTAC-3’) [10 μM], 

3.2 μL water, one dehydrated enzyme pellet, 2.5 μL magnesium acetate, and 10 μL of either HIV-

1 DNA template or deionized water for negative controls. All primer oligonucleotides were 

purchased from Integrated DNA Technologies (Novato, USA). RPA reactions were incubated in 

a heat block at 37°C for 45 minutes. Following amplification by RPA, each reaction was purified 

using a QIAquick PCR Purification kit (Qiagen) using the microcentrifuge instructions and eluted 

in 50 μL of Millipore water for visualization by gel electrophoresis, or 30 μL of Millipore water 

for increased concentration if continuing the assay. 50 μL elutions were run on a 2% agarose gel 

with ethidium bromide staining to check for successful amplification and the size of the amplicons. 

3.3.3. Drug resistance discrimination by oligonucleotide ligation assay (OLA) 

3.3.3.1. OLA assay design 

To discriminate between amplified wild type and mutant sequences, we implemented an 

oligonucleotide ligation assay (OLA). Figure 3.2 shows a schematic of the OLA; two reporter 

probes, specific to either the wild type or mutant sequence and labeled at the 5’ end with reporter 

molecules (digoxigenin or fluorescein amidite [6-FAM]), are annealed to the target sequence. The 

reporter probes differ only by a single nucleotide at the 3’ end, which is the site of the drug 

resistance mutation. A 5’-phosphorylated and 3’-biotinylated common probe anneals to the target 

sequence at the next nucleobase. Ligation of the two probes occurs when there is perfectly 
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complementary base pairing between the 3’ end of the reporter probe and the target DNA sequence. 

The result is a single oligonucleotide having a biotin group at the 3’ end and either a digoxigenin 

or FAM group at the 5’ end. Ligation does not occur if the reporter probe does not match the target 

sequence [25].  

 

Figure 3.2. Oligonucleotide ligation assay. Schematic of oligonucleotide probe ligation over a site of interest. 

3.3.3.2. OLA methods 

Oligonucleotides used in the ligation assay were chosen based on previous work [26]. The 

sequences are: WT (5’-dig-AGACATAGTTATCTATCAATACA-3’), mutant (5’-f-

AGACATAGTTATCTATCAATACG-3’), and common (5’-p-

TGGATGATTTGTATGTAGGATC-bio-3’) (dig = digoxigenin, f = 6-FAM [fluorescein amidite], 

p = phosphate, bio = biotin). For the ligation assay, 2 μL of RPA-amplified product, 3 μL of 10X 

Taq DNA ligase buffer (New England Biolabs [200mM Tris-HCl, 250mM potassium acetate, 

100mM magnesium acetate, 10mM NAD 1, 100mM DTT, 1% Triton X-100, pH 7.6]), 3 μL of 
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each oligonucleotide probe [10 μM], 1.2 μL of Taq DNA ligase (New England Biolabs), and 14.8 

μL of Milli-Q® water were added to each reaction for a total reaction volume of 30 μL. 40 cycles 

of 93°C for 30 seconds and 33°C for 30 seconds were performed. Following the OLA, each 

reaction was purified using a Qiaquick Nucleotide Removal Kit (Qiagen) in order to remove free 

nucleotides while retaining the ligated products. The ligation product was eluted in the final step 

using 30 μL of Milli-Q® water. For use in the lateral flow portion of the assay, 20 μL of phosphate 

buffered saline (PBS) with 0.05% Tween 20® (PBST) was added to the 30 μL of purified OLA  

product in order to promote fluid flow, and the sample was vortexed to mix.  

Purified OLA products were visualized on a 10% denaturing PAGE gel with SYBR gold 

staining. Synthetic ligation products purchased from Integrated DNA Technologies (IDT) were 

run in adjacent lanes for a size comparison (WT: 5’-dig-

AGACATAGTTATCTATCAATACATGGATGATTTGTATGTAGGATC-bio-3’; M184V: 5’-

FAM- AGACATAGTTATCTATCAATACGTGGATGATTTGTATGTAGGATC-bio-3’). In 

one experiment to verify the specificity of the OLA and ensure that the common probe would not 

ligate with a reporter probe that was not perfectly matched to the target DNA, only one reporter 

oligo was added to each reaction. The missing volume was replaced with an equivalent volume of 

water. For this experiment, OLA was performed as described above, but instead of including both 

mutant and wild type probe, the four samples included, respectively: WT target and WT probe, 

WT target and mutant probe, mutant target and WT probe, mutant target and mutant probe. If the 

assay is specific, a product should be produced when the target matches the included probe, and 

not when the target and included probe are mismatched. Products were visualized as above.  
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3.3.4. Detection of labeled products by lateral flow assay (LFA) 

3.3.4.1. Fabrication of LF strips 

All materials were cut using a 60-watt CO2 laser cutter (Universal Laser Systems). A 

nitrocellulose membrane (Millipore, Billerica, MA) was cut in a forked shape (Figure 3.3). 0.2 μL 

each of goat polyclonal antibody to FITC (Abcam, ab19224) and a sheep antibody to digoxigenin 

(Abcam, ab64509) were spotted onto the detection region of the nitrocellulose membrane at a 

concentration of 1 mg/mL and 2 mg/mL respectively. Membranes were incubated at 37°C for 1 

hour, then soaked in a blocking solution (5% sucrose, 2% BSA, 0.25% PVP, 0.1% Tween 20® in 

PBS, filtered through a 0.22 μm filter) on a shaker for 30 minutes at room temperature. The 

membranes were then incubated at 37°C for 90 minutes.  

To construct the devices, a rectangular piece of adhesive acetate (Blick Art Materials) was 

used as a base for the device (Figure 3.3B, v), and the paper was first removed to reveal the 

adhesive side. A template of the same material with cutouts for the other device components was 

adhered on the left, paper side up (Figure 3.3B, ii), while an identical template made of regular 

acetate (Blick Art Materials) was adhered on the right (Figure 3.3B, iv). With the templates in 

place, five glass fiber pads of varying sizes (Ahlstrom 8951, Helsinki, Finland) were placed onto 

the adhesive base using tweezers (Figure 3.3B, iii). Glass fiber pad size was chosen according to 

the volume the pad would need to hold. A cellulose wicking pad (Millipore, Billerica, MA), 

designed to pull fluid towards it through the device, was also adhered to the base (Figure 3.3B, i). 

The nitrocellulose membrane, once dry, was handled by the forked side only with tweezers and 

was adhered to the right side of the device with its paper side up (Figure 3.3B, vi).  
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3.3.4.2. Assay design 

To detect OLA products with minimal user input and at the POC, we adapted traditional 

ELISA detection to a paper LFA format, shown in Figure 3.3A, based on the design original 

published by Yager et al [88]. Based on the fluid wicking properties of paper, capillary action pulls 

reagents toward a wicking pad, allowing sequential flow of reagents and thus sequential binding 

to take place. First, anti-FAM and anti-digoxigenin antibodies are dried into nitrocellulose. When 

an OLA product flows over this spot, these antibodies selectively bind the reporter molecules FAM 

and digoxigenin on the 5’ end of each ligated product. Since the FAM moiety is attached to the 

mutant oligo probe but not to the wild type probe, the anti-FAM spot captures OLA products 

containing mutant DNA, while products that contain only wild type DNA continue to flow over it. 

The anti-digoxigenin spot captures OLA products containing wild type DNA. A forked design in 

the nitrocellulose paper allows the OLA product to split and flow separately over each spot, 

eliminating the possibility that aggregation will reduce sequential flow. 

After flowing a wash step of PBST through the device, a streptavidin-horseradish 

peroxidase conjugate (SA-HRP-40) is flowed in order to detect the bound OLA product. 

Streptavidin-HRP will bind to the biotin moiety on the 3’ end of any OLA product that has bound 

to a detection spot. Following a second wash step of PBST, a mixture of the substrate 3,3’-

diaminobenzidine (DAB) and sodium percarbonate flows over the complex. Hydrogen peroxide 

provided by sodium percarbonate reacts with the colorimetric substrate DAB, creating a visible 

brown coloration at the capture antibody spot.  
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3.3.4.3. Assay methods 

To activate the assay, the following reagents were added to the glass fiber pads as depicted 

in Figure 3B. From right to left, 30 μL of DAB solution (sodium percarbonate at a concentration 

of 0.5% w/v added fresh to a 0.5 mg/mL solution of 3,3’-diaminobenzidine [Sigma Aldrich, Saint 

Louis, MO] in water), 25 μL of PBST, 20 μL of streptavidin-HRP-40 conjugate solution ([Abcam, 

ab7403] diluted 1:1500 in PBST), and 15 μL of PBST were added. 50 μL of purified ligated 

product were added to the left-most rectangular glass fiber pad. The backing of the adhesive acetate 

on the left half of the device was removed to reveal the adhesive, and the device was folded and 

sealed. This brought the nitrocellulose membrane in contact with the glass fiber pads containing 

reagents, and induced reagent flow towards and over the detection zone (Figure 3.3C). A clear 

signal was visible after 45 minutes, and strips were imaged once dry.  

3.3.5. Image capture and quantification 

Assay membranes were imaged with a flatbed scanner (Epson) in 24-bit RGB mode at a 

resolution of 600 dpi. The signal-to-background ratio (SBR) of detection spots to background was 

calculated using a custom MATLAB script adapted from Grant et al [31]. A fixed size square 

region of interest (ROI) was placed by the user over each capture region in an image. A rectangular 

ROI was placed over the portion of the strip between the capture region and wicking pad to obtain 

a background reading. To determine the signal, the complement of the image was first computed 

such that higher pixel intensity corresponded to a higher signal. The test signals were defined by 

calculating the mean of the maximum pixel intensity for each row of the test ROIs. The background 

signal was calculated identically using the background ROI. LFA results are expressed using the 

SBR. 
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Figure 3.3. Lateral flow ELISA design. (A) A side view of the detection zone of the ELISA format for this 

lateral flow assay. OLA products are captured and detected by an enzyme-substrate mechanism. (B) Image of 

the lateral flow ELISA to discriminate HIV-1 mutant and wild type OLA products. After reagents are added, 

the adhesive backing on the left is removed and the device is folded and sealed along the folding axis to 

initiate flow and sequential delivery of reagents. The device parts indicated are: (i) cellulose wicking pad; (ii) 

adhesive acetate (paper side up); (iii) glass fiber pads; (iv) acetate; (v) adhesive acetate (paper backing 

removed and adhesive side up); (vi) nitrocellulose. (C) Image of the lateral flow design once folded. Starting 

with the OLA product contained in the glass fiber pad closest to the wicking pad, reagents flow sequentially 

across the detection zone. 

3.3.6. Integrated assay experimental design 

To assess the specificity of the integrated assay, samples containing 105 copies of wild type 

only DNA or M184V mutant only DNA were added as input to the RPA reaction and run through 
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the integrated assay as described above. This was to ensure that no amplified wild type DNA would 

bind to the mutant detection spot, and no mutant DNA would bind to the wild type detection spot. 

Deionized water was used as a sample in a negative control RPA reaction to ensure that reagents 

associated with RPA and OLA would not result in false positive signals. Reactions were run in 

triplicate. Once the lateral flow strips were dry, the devices were scanned and analyzed as 

described above. A positive signal was defined objectively as a SBR greater than three standard 

deviations above the average negative control SBR. To determine the limit of detection of the 

assay when tested with 80% wild type and 20% mutant DNA, 10, 102, 103, 104, or 105 copies of 

the mixed DNA were added to the RPA reaction and the assay was run and analyzed in the same 

way. Because all three steps of the assay could contribute to its sensitivity, we found it best to 

consider the assay as a system and describe the input in number of copies in the pre-amplified 

sample, which would be closest to a clinical specimen. The output of the system is described as 

SBR. Reactions were run in triplicate. 

3.4. Results 

3.4.1. RPA assay performance 

Gel electrophoresis of purified RPA products shows the amplification of a 338 bp sequence 

(Figure 3.4), as expected using primers 4DR-F5 and 4DR-F7. Amplification is similar for both 

wild type and M184V HIV DNA, and a lower limit of 100 copies of target DNA is detectable via 

gel electrophoresis.  
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Figure 3.4. Purified RPA product from varying starting copy numbers run on a 2% agarose gel with 

ethidium bromide staining. L1 = 100 bp DNA ladder (New England Biolabs); L2 = Low Molecular Weight 

DNA ladder (New England Biolabs). Arrow indicates the 338-bp product; left side labels indicate fragment 

lengths in base pairs. 

3.4.2. OLA performance  

Successful ligation of the common oligonucleotide probe (22 nt) to either the mutant-

specific or the wild type-specific oligonucleotide (23 nt) should result in a 45-nt product. Figure 

3.5 shows the presence of such a product when matching target and probe sequences are present 

in the mixture, and the absence of such a product when the matching target and probe sequences 

are not both present.  
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Figure 3.5. OLA products (lanes 4-7) and the synthetic expected sequences (lanes 9 and 10) run on a 10% 

denaturing PAGE gel with SYBR gold staining. L1 = Low Molecular Weight DNA Ladder (New England 

Biolabs); L2 = 10 bp DNA Ladder (New England Biolabs); left side labels indicate fragment lengths in base 

pairs. 

The 45-bp ligated product in lanes 4 and 7 is similar in size to that of synthetic products 

(Integrated DNA Technologies) in lanes 9 and 10. Slight differences in migration between the 

mutant and wild type ligated products and probes despite their equal length are likely due to the 

reporter molecules FAM and digoxigenin differentially affecting migration behavior. 

3.4.3. Lateral flow assay specificity 

 When the OLA product is transferred to the lateral flow assay, results show no 

nonspecific binding with wild type only and mutant only samples, down to a limit of detection of 
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1000 pre-amplification copies of DNA for wild type samples (Figure 3.6A) and mutant samples 

(Figure 3.6B). A representative set of lateral flow strips is shown in Figure 3.7.  

 

Figure 3.6. Results of the lateral flow assay for three separate experiments using wild type or M184V DNA. 

The threshold for a positive signal is defined as a signal-to-background ratio (SBR) greater than three 

standard deviations above the average SBR of all no-target samples. (A) Average SBRs of the lateral flow 

ELISA when varying copy numbers of wild type DNA are used as input to the RPA reaction (n=3). Error 

bars show one standard deviation. (B) Average SBRs of the lateral flow ELISA when varying copy numbers 

of DNA containing the M184V mutation are used as input to the RPA reaction (n=3, *n=2). Error bars show 

one standard deviation. 

(

B) 
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Figure 3.7. Specificity of the lateral flow assay. Scanned image of the detection regions of a representative set 

of lateral flow strips (105 pre-amplification copies of DNA). 

3.4.4. Lateral flow assay limit of detection with a mixture of WT and mutant sequences 

When tested with a mixture of 80% WT DNA and 20% mutant DNA, a threshold that 

corresponds to standard HIV drug resistance genotyping sensitivity by PCR and Sanger 

sequencing [34], the lateral flow assay was found to have a limit of detection of 103 total pre-

amplification copies (800 WT and 200 mutant DNA copies). A representative set of strips is shown 

in Figure 3.8A. Figure 3.8B shows that the signal-to-background ratios of each detection spot are 

proportional to the amount of input DNA. A positive signal is defined as having a SBR greater 

than three standard deviations above the average SBR of all no-target samples. 
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Figure 3.8. Products of OLA detected in the lateral flow ELISA format showing a limit of detection of 1000 

total pre-amplification copies. (A) Image of a representative set of lateral flow strips containing varying pre-

amplification copy numbers of 80% WT and 20% mutant DNA. (B) Average SBRs (n=3) with a threshold for 

positivity of 1.203.
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3.5. Discussion 

This paper describes two key steps that each make drug resistance detection more 

accessible: (1) isothermal amplification of a region that contains the major mutations that account 

for resistance to first-line therapies, and (2) lateral flow-based identification of M184V. The assay 

detects the presence of the most common HIV-1 drug resistance mutation, M184V, in a paper 

format following isothermal amplification by RPA. The device can distinguish between wild type 

and mutant DNA with high specificity, and currently has a limit of detection of 1000 copies of 

HIV-1 DNA in the pre-amplified sample at a mutant fraction of 20%. Amplified DNA is used in 

an OLA, and the detection of OLA products is accomplished in a paper LFA that uses inexpensive 

and disposable materials. The LFA requires only a few minutes of hands-on time in adding each 

ELISA reagent to a glass fiber pad, after which flow is powered by capillary action, and results 

are visible in 45 minutes. The assay currently costs $12.70 (Table A-2), less than 10% of the 

current cost of genotyping HIV pol [35]. 

Although an OLA can detect only one mutation at a time, the fragment of HIV pol 

amplified in this work contains several other high-profile mutations including K103N, Y181C, 

and V106M. Cross sectional data suggests that the four mutations M184V, K103N, Y181C, and 

V106M would identify at least 90% of patients with resistance on a first-line regimen [29]. Thus, 

detecting these drug resistance mutations would allow immediate management for the majority of 

patients, which would reduce the failure time, onward transmission of HIV, and the costs of follow-

up visits. 

This paper builds on previous work that has reported on PCR in combination with OLA 

(PCR-OLA) [32,82]. The assay reported here does not require a plate reader typically used to 
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perform ELISAs; instead, reagents are applied to glass fiber pads and ELISA is performed in a 

paper and plastic device. While other work has reported paper-based detection of resistance 

mutations [32], this assay does not require manual user steps to transfer the paper to reagents; 

instead, the required reagents are wicked across the paper membrane using lateral flow principles. 

Thus, this paper represents an important step towards a POC test for HIV drug resistance. 

A number of improvements are required to meet clinical performance needs. First, reverse 

transcriptase should be incorporated into amplification as RNA viral load is better correlated with 

therapy response, and the assay should be adapted to detect more than one major mutation 

simultaneously. Since the RPA primers used do not overlap any of the four major mutations, the 

same primers used for these experiments should theoretically be sufficient for a final integrated 

assay that detects multiple mutations. In order to detect additional mutations using OLA, different 

ligation probes would be required [16] along with additional branches of the lateral flow ELISA.   

To reduce user steps and cost, the workflow should be automated and the purification steps 

following amplification and ligation should be eliminated. A recently developed device, the 

Multiplexable Autonomous Disposable Nucleic Acid Amplification Test (MAD NAAT) contains 

separate regions for sample preparation, amplification, and detection, illustrating the potential for 

a fully integrated device. Using multiple modules, a similar strategy could be employed for the 

HIV device described here [93]. The purification steps are designed to remove primers, 

nucleotides, enzymes, salts, and other impurities from the amplified or ligated sample. One way 

to eliminate purification following the OLA may be to use oligo probes bound in paper that are 

complementary to the existing probes to capture excess oligo probe prior to the detection spot. The 

exclusion of either purification step would also decrease the total cost of the assay by $2 (Table 

A-2). Since the fixed costs of RPA and the purification steps are the most expensive parts of the 
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assay, eliminating the purification steps would also have the most significant impact on assay cost. 

Alternatively, an on-chip version of both purification steps could potentially be incorporated into 

the paper network using a high-salt binding buffer, wash step, and low-salt elution buffer.  

To reduce the thermal requirements of this assay, the OLA should also be optimized so the 

use of a battery-powered or exothermic heater might be feasible. Ideally, sample preparation 

should be incorporated in the assay, and the possibility of performing both amplification and 

ligation in a single, isothermal step should be explored. Several groups are currently working on 

POC sample preparation for nucleic acid amplification tests [93–97]. Finally, based on previous 

work [21,37], the amplification step has the potential to be performed in paper. 

3.6. Conclusions 

While much work remains to enable use of the integrated assay to detect HIV resistance 

mutations in clinical samples, this paper demonstrates proof-of-concept for a strategy that is 

feasible to use in a rural hospital laboratory. This assay represents a first step towards drug 

resistance screening at the POC and could be adapted for other infectious diseases. If implemented 

with a sample preparation method, this device could be part of a complete, sample-to-answer HIV-

1 resistance assay that would make resistance testing more accessible to low-resource settings. 

Supplementary Data 

Sequences of the forward and reverse primers used to develop the RPA assay and a cost of 

materials table indicating the cost of each reagent or material used in the assay (included in separate 

file).
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Chapter 4 

A point-of-care nucleic acid test to detect sickle 

cell disease in low-resource settings 

This chapter describes the development of a nucleic acid test to identify point 

mutations in a target strand of DNA for the detection of sickle cell anemia, and 

the results of a pilot clinical study in which genomic DNA extracted from patient 

samples was tested in the assay. Parts of Chapter 4 were presented at the 2019 

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

Care Technologies in Bethesda, Maryland and Chapter 4 is currently in 

preparation for submission to Analytical Chemistry. 
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4.1. Abstract 

Sickle cell disease (SCD) is a common, life-threatening disorder caused by a point mutation 

in the β-globin gene. Early diagnosis through newborn screening is known to reduce mortality; 

however, the high cost and complexity of conventional diagnostic methods limit the scope and 

sustainability of newborn screening for SCD in resource-limited areas worldwide. Although 

several point-of-care tests are currently in development, most are antibody-based tests, which 

cannot be used in patients who have recently received a blood transfusion. Here we describe the 

development of a rapid, low-cost nucleic acid test that detects the point mutation that causes the 

formation of sickle hemoglobin (HbS) in one round of isothermal amplification and in an enclosed 

tube. When tested with a set of clinical samples, our assay demonstrated 100% sensitivity for both 

the βA globin and βS globin alleles, and 94.7% and 97.1% specificity for the βA globin allele and 

βS globin allele, respectively (n=91). Finally, we demonstrate sample-to-answer genotyping of 

genomic DNA from capillary blood in <30 minutes at a cost of <5 USD. This study demonstrates 

the potential utility of a point-of-care, sample-to-answer nucleic acid test for SCD that may be 

easily adapted to other disease-causing point mutations in genomic DNA. 

4.2. Introduction 

Sickle cell disease (SCD) comprises a group of inherited blood disorders characterized by 

at least one βS globin allele and a second pathogenic globin variant that results in predominant 

formation of hemoglobin S (HbS) [98]. Abnormal polymerization of HbS distorts red blood cells 

into a sickle shape, causing severe anemia, painful vaso-occlusion, and death. SCD 

disproportionately affects low- and middle-income countries (LMICs), with 75% of affected 
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individuals residing on the African continent.  Despite overwhelming evidence for the efficacy of 

newborn screening programs, the majority of children in sub-Saharan Africa are not tested [36]. 

As a result, an estimated 50-80% of babies born with SCD in Africa die before the age of 5 years, 

and the vast majority die without ever having the correct diagnosis [36]. 

 Although life-saving preventive care and treatments for SCD are available [99], the 

complexity of conventional diagnostic tools for SCD is a major impediment to universal newborn 

screening in LMICs. Current SCD diagnosis methods include electrophoresis, isoelectric focusing 

(IEF), high-performance liquid chromatography (HPLC), and DNA analysis, all of which require 

expensive equipment and trained personnel. The goal of diagnostic methods in high-resource 

settings is to identify the types of hemoglobins that lead to the most severe forms of sickle cell 

disease. Sickle cell disease is inherited in a recessive autosomal pattern; two normal genes indicate 

a genotype of AA (wild-type), one normal and one abnormal gene indicates a genotype of AS 

(sickle cell trait), and two copies of the abnormal gene indicates a genotype of SS (sickle cell 

disease). 

 Several point-of-care devices are in development to address the infrastructure 

challenges and cost of diagnosis, including tests based on red blood cell sickling, hemoglobin 

solubility [46,47] and detection of hemoglobin A or S [49]. However, these tests generally use 

antibodies to detect the presence of hemoglobin variants; antibody-based tests cannot be used in 

patients who have recently received a blood transfusion because blood transfusions contain globin 

proteins from the donor [47,51–55]. Because many patients with SCD require blood transfusions, 

often before they are diagnosed, this is a limitation that contributes to delays in diagnosis [53,57]. 

DNA analysis provides the most reliable approach to diagnose hemoglobin disorders and is the 
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only possible method to confirm SCD diagnosis in patients who have recently received blood 

transfusions [53,57]. 

SCD is caused by one or more point mutations in the β globin gene, which encodes for the 

β chains of the hemoglobin tetramer. Molecular techniques have been previously reported to detect 

β globin gene mutations using polymerase chain reaction (PCR) in combination with allele-

specific amplification using one of several specificity-enhancing strategies, including the 

amplification refractory mutation system (ARMS) [58] and locked nucleic acids (LNAs) [60,100]. 

To reduce instrumentation requirements, recent efforts to detect DNA point mutations for other 

diseases at the point of care have explored LNAs, peptide nucleic acids (PNAs), and nested 

recombinase polymerase amplification (RPA) in combination with ARMS [69,72]. Limitations to 

these approaches include complex primer design or the need for two rounds of amplification, 

which increases the likelihood of false positive results due to laboratory workspace contamination 

with amplified DNA. Finally, sample preparation remains a significant challenge to overcome for 

most point-of-care nucleic acid tests, including those to detect point mutations. Finally, recent 

advances in sample preparation have demonstrated the possibility of extracting genetic material 

from crude samples using paper extraction matrices and simple buffers, working toward true point-

of-care nucleic acid tests [96,101–107]. 

In this paper, we present the first method to directly detect the point mutation that gives 

rise to the most common variant form of β globin, βS(Glu6Val), in a single round of isothermal 

amplification and within 20 minutes (Figure 4.1). First, we describe an allele-specific amplification 

primer incorporating  a strategically-placed LNA to increase affinity for its complementary strand, 

thus selectively amplifying a 115-bp portion of the β globin gene in one round of RPA directly 

from genomic DNA. We then evaluate the ability of this method to detect the presence or absence 
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of the SCD mutation in a set of 105 clinical samples of clinically relevant genotypes AA, SS, SC, 

Sβ+, and Sβ0. Results show that the method achieves >94% sensitivity and specificity for the βA 

and βS alleles and >94% sensitivity and specificity for the AA and SS genotypes. Next, we show 

selective amplification of clinically relevant copy numbers of synthetic DNA templates. Finally, 

we demonstrate sample-to-answer detection of the βS allele using a two-step, isothermal point-of-

care method to release genomic DNA from white blood cells starting with a 45-µL sample of 

capillary blood.  

The assay presented is a combination of two real-time isothermal amplification reactions, 

the first of which is designed to amplify the βA allele, and the second of which is designed to 

amplify the βS allele. Based on the combination of results from these two reactions, patient 

genotype can be assessed. Genomic DNA from patients that are homozygous for the βA allele (AA; 

healthy) will produce a positive result in the βA allele assay, whereas genomic DNA from patients 

homozygous for the βS allele (SS; sickle cell disease) will produce a positive result in the βS allele 

assay. Genomic DNA from patients that are heterozygous for the mutant allele (AS; carriers) will 

show a positive result in both assays. Together, the reactions identify patients with the following 

genotypes relevant to SCD management: AA, AS, SS, with >95% accuracy.  

This DNA-based approach could enable immediate initiation of treatment for infants and 

children with a diagnosis of SCD, including those who have recently received a blood transfusion. 

The versatile platform described could also be easily adapted for the detection of other single-

nucleotide mutations at the point of care in low-resource settings, including those encoding for 

rare globin variants, drug resistance mutations, and cancer-causing mutations. 
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Figure 4.1. Overview of assay design. (A) Variant forms of hemoglobin are produced when a single base 

substitution changes the sixth amino acid in the β chain of hemoglobin. (B) The amplification pattern the 

assay is designed to produce based on patient genotype (green check: amplification; red X: no amplification). 

(C) Schematic showing the overall detection scheme of the proposed assay using an allele-specific forward 

primer with LNA placed one base from the 3’ end of the primer, a fluorescent probe, and a common reverse 

primer. (THF: tetrahydrofuran; LNA: locked nucleic acid) 

4.3. Methods 

4.3.1. Template DNA 

Template DNA to simulate DNA from patients with AA, AS, and SS genotypes was 

acquired. First, two gBlocks of a 499-bp sequence of the HBB gene with and without the point 

mutation leading to SCD were purchased from Integrated DNA Technologies (Coralville, Iowa, 

USA). Second, mixed-gender human genomic DNA was purchased from Promega (G3041). 
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Finally, purified human genomic DNA from individuals with sickle cell trait was acquired from 

The Coriell Institute for Medical Research (NA20838). 

4.3.2. LNA primer screen 

A forward primer and a reverse primer were first selected based on an initial screening with 

candidate primers designed according to RPA specifications. Unmodified oligonucleotide primers 

were purchased from Integrated DNA Technologies (Coralville, Iowa, USA). A fluorogenic probe 

was designed according to RPA exo requirements in order to achieve real-time detection (sequence 

in Table B-2) and was purchased from Biosearch Technologies (Novato, CA). Next, modifications 

were made to the forward primer sequence to enhance specificity, resulting in eight candidate 

allele-specific forward primers that were then screened for their ability to selectively amplify target 

DNA containing a point mutation. Modified primers were purchased from QIAGEN 

(Germantown, MD). Primer sequences for this primer screen are listed in Table B-1. Primers were 

tested in triplicate in standard RPA reactions with 10,000 copies of both matching synthetic gene 

target DNA and the target DNA containing a mutation; results and primer characteristics are 

summarized in Table B-2. Time-to-amplification for reactions with matched and mismatched 

primer and template combinations were compared. Promising primer candidates were advanced to 

the next round of screening, in which the opposite allele-specific primer was ordered and evaluated 

with perfectly matched and mismatched target DNA. The chosen primers, listed in Table B-3, 

amplify a 115-bp segment of the β globin gene encompassing the point mutation that causes the 

formation of sickled hemoglobin (Error! Reference source not found.C).  
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4.3.3. Whole blood samples 

Study protocols were approved by the Rice University (2017-303) and Baylor College of 

Medicine (H-35374 Version 6.2) IRBs. Venous and capillary blood samples of genotype AA were 

obtained from healthy volunteers under a protocol approved by the Rice University IRB (2017-

303). Volunteers provided written informed consent prior to study participation. Venous blood 

samples from patients with varying genotypes seen in a sickle cell anemia clinic were collected 

for clinical purposes; residual clinical samples were deidentified and obtained under an exempt 

protocol approved by the Rice University and Baylor College of Medicine IRBs (H-35374 Version 

6.2). Genotypes, as determined by either IEF or HPLC, were provided with the blood samples. 

Blood samples were collected into EDTA anticoagulant tubes and were stored at 4ºC for up to 4 

weeks prior to testing. 

4.3.4. Extraction of genomic DNA from clinical samples 

Extraction of genomic DNA from whole blood venous and capillary samples was 

performed using the Qiagen DNA Micro Kit (cat no. 56304) according to manufacturer 

instructions. Purified DNA was eluted in either 50 or 100 µL of Buffer AE, and DNA concentration 

was measured using a Nanodrop (ND-1000). DNA was stored at -20ºC until use and was diluted 

to working concentrations in nuclease-free water immediately prior to experiments. 

 

4.3.5. Point-of-care lysis of blood cells in capillary blood samples 

Achromopeptidase (ACP) was purchased from AG Scientific (A-5100). 24U/µL ACP 

solution was first prepared by dissolving solid ACP into a solution of 0.9XTE with 5% trehalose. 
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Next, working concentrations of ACP were prepared in 1X TE buffer and kept on ice for a 

maximum of 8 hours. To lyse cells and release DNA, 45µL of whole blood was combined with 

45µL 0.5U/µL ACP in 1XTE and mixed by pipetting. The solution was incubated at room 

temperature for 5 minutes. Lysed blood was then diluted 1:100 in nuclease-free water prior to input 

in RPA reactions. 

 

4.3.6. Real-time RPA 

TwistAmp exo RPA kits were purchased from TwistDX (cat no. TAEXO02KIT). For 50-

µL reactions performed to characterize the assay using representative samples and then to test 

clinical samples, reactions contained 29.5 µL of rehydration buffer, 1.5 µL of allele-specific 

forward primer (SC_fP-4 or SC_fP4-A, Table S3) [10 µM], 1.5 µL of reverse primer [10 µM], 2.1 

µL of FAM-labeled probe (FAM = 6-carboxyfluorescein) [10 µM], 2.9 µL of water, one supplied 

enzyme pellet, 2.5 µL of magnesium acetate [280 mM], and 10 µL of DNA template in water. 

Samples contained 102, 103, 104, or 105 copies of DNA, depending on the experiment, and reactions 

were prepared in 8-tube strips (Bio-Rad TLS0801). A 2-mm diameter chrome steel bearing ball 

(VXB Ball Bearings, G25) was included in each reaction to provide constant mixing. Mixing balls 

were cleaned prior to use by washing with 1% SDS solution, thoroughly rinsing with water, rinsing 

with ethanol 2X and then air-dried. Balls were dispensed using a microball dispenser purchased 

from TwistDX.  

To prepare each reaction, an enzyme pellet was placed into each tube, and 37.5µL of a 

master mix containing rehydration buffer, primers, and water was pipetted into each tube and 

gently mixed by pipetting. One mixing ball was then added to each tube. MgOAc was added to 

caps (Bio-Rad TCS0803) as per manufacturer recommendations, and reaction tubes were 
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centrifuged, vortexed briefly, and centrifuged again immediately prior to incubation in order to 

introduce the magnesium into the tubes and activate the reactions. A T8-ISO (Axxin Diagnostics, 

Ltd.) was used for real-time detection of amplification in all experiments. Purified genomic DNA 

from each clinical sample was tested at a concentration of 1000 copies, in two separate reactions: 

one with each allele-specific forward primer.   

For reduced-volume (<50 µL) experiments and subsequent 25-µL reactions, the reaction 

volumes above were scaled to the total volume of the reactions being performed and were used to 

make a master mix. Magnesium and an appropriate number of enzyme pellets were added to the 

master mix last, and the solution was gently vortexed to ensure even distribution of enzymes. For 

the sample-to-answer demonstration, the primer, probe, and water volumes used were as 

recommended by the manufacturer, scaled down to 25-µL reactions, i.e. half of the recommended 

volumes per reaction. For all reduced-volume reactions, the master mix and reaction tubes were 

prepared on ice, and preparation was carried out rapidly to slow the start of the reaction. The 

appropriate volume of master mix, scaled down proportionally to 80% v/v of the total desired 

reaction volume, was pipetted into each tube, and the appropriate volume of DNA template (20% 

v/v) was added to the caps. For example, for 25-µL reactions, 20µL master mix was pipetted into 

8-tube strips containing a mixing ball, and 5µL target DNA in water was added to the caps. Lastly, 

the strips were centrifuged, vortexed, and centrifuged again, and the tubes were immediately 

placed into the T8-ISO for detection. 

For the optimized RPA concentrations for characterization and clinical samples, the 

PWM% of the T8-ISO FAM channel was set to 9%. For sample-to-answer demonstration with 

capillary whole blood, the PWM% was set to 17%. In all experiments, tubes were incubated at 
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39ºC for 20 minutes with constant mixing, and detection every 10 seconds on the FAM channel. 

Raw amplification data were exported and analyzed in MATLAB and Microsoft Excel. 

4.3.7. Analysis of real-time data 

Samples were classified as positive or negative in MATLAB based on unprocessed 

fluorescence intensity, reported by the T8-ISO in millivolts (mV), vs. time. A sample was called 

positive if amplification reached 2500 mV in 20 minutes as measured by the T8-ISO and 

considered negative otherwise. All reactions included a positive and negative control. If either 

control was not valid, the other results from that master mix were to be considered invalid; 

however, this was never observed during the course of this study. 

4.4. Results and Discussion 

4.4.1. Point mutation detection by RPA 

We first designed and screened eight primers that met RPA design guidelines and had 

single-nucleotide-specificity assisting modifications to allow selective amplification of template 

with single nucleotide mutations (i.e. ARMS, LNA). Based on research showing that greatest 

specific is achieved at the 3’ end of a primer, all but one of the primers screened were designed 

with the 3’ end located at the βS globin mutation. These primer sequences are described in Table 

B-1. With primers that showed good specificity with one target, we moved on to design and test 

the corresponding allele-specific primer with the opposite target. The primer selected for 

subsequent experiments was designed with the allele-specific nucleotide on the 3’ end of the 

primer, and a single LNA one nucleotide upstream of the 3’ end.  



72 

 

 

To observe the effect of the LNA in the primer, we first amplified purchased DNA 

simulating genotypes AA and SS in triplicate with two versions of the chosen primer: one having 

a normal nucleotide in place of the LNA (Figure 4.2A), and one with the LNA as designed (Figure 

4.2B). Figure 4.2 illustrates the effect of this LNA on assay specificity. As shown in Figure 4.2A, 

no selectivity was observed with the allele-specific primer; both targets amplify with roughly equal 

efficiency despite the mismatch between primer and target that is present in the AA samples. In 

contrast, Figure 4.2B shows that including the LNA modification one nucleotide away from the 3’ 

end and mismatch results in robust selective amplification with only a slight delay in amplification 

compared to the allele-specific primer. 

 

Figure 4.2. Impact of LNA base on assay specificity using 104 copies pre-amplification DNA simulating 

genotypes AA and SS. Primer screen amplification curves with (A) allele-specific primer specific to the 

mutation causing formation of hemoglobin S and (B) allele-specific primer with LNA base added. 

To assess the specificity of the allele-specific primer that would be designed to amplify the 

βA allele and to confirm that a combination of two reactions could predict a patient’s genotype, we 

tested simulated DNA of genotypes AA, SS, and AS in duplicate with both allele-specific with 

both allele-specific versions of the primer. Figure 4.3 shows the amplification results of this 
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experiment using 10,000 copies of simulated patient DNA. Simulated AA DNA produced strong 

amplification only in the βA allele assay; simulated SS DNA produced strong amplification only 

in the βA allele assay, and simulated AS DNA showed amplification in both assays. 

 

Figure 4.3. Performance of each reaction using 104 input copies of target DNA simulating patient genotypes 

with (A) βA globin allele-specific primer and (B) βS globin allele-specific primer. 

4.4.2. Assessing accuracy with patient samples 

Next, we evaluated the sensitivity and specificity of our assay with whole blood samples 

from both sickle cell patients and healthy volunteers. Genomic DNA was extracted and purified 

from 34 AA samples, 57 SS samples, 7 SC samples, 4 Sβ0 samples, and 3 Sβ+ samples, and added 

to each of the two RPA reactions of the assay at a concentration of 1,000 gene copies per reaction. 

A sample was considered positive (e.g., containing the allele complementary to the primer) if 

fluorescence intensity reached 2500 mV in 20 minutes, and considered negative (e.g., not 

containing the allele complementary to the primer) otherwise. Representative amplification curves 

of three separate AA samples and three separate SS samples are shown in Figure 4.4.  
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Figure 4.4. Representative amplification curves of purified genomic DNA from clinical samples with 1000 

copies input into the reaction using (A) A-allele primer and (B) S-allele primer. Three amplification curves 

resulting from samples of each genotype are shown. 

After beginning experiments with clinical samples, initial testing resulted in 5 false 

positives in the βA globin assay and 7 false negatives in the βS globin assay. We performed a series 

of experiments to investigate the cause of these inaccuracies.  

To troubleshoot the 5 false positives, a 262-bp portion of the β globin gene containing the 

mutation of interest was amplified by PCR and Sanger-sequenced by GENEWIZ. All 5 sequencing 

results passed quality control. Sequencing results showed 2/5 of these samples were in fact 

heterozygous for the A and S alleles at the mutation site. These samples were likely contaminated 

by amplicons in the laboratory workspace and as such, these 2 samples were excluded from further 

analysis. 

For the false negatives, all 7 were observed in the same experiment and showed weak 

amplification, so reagent quality was suspected as a cause due to early experiment optimization. 

When retested with a new batch of reagents, all 7 false negatives were resolved as true positives. 

Therefore, the results of the second experiment were used in the main dataset.  
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Because the expected response of the assay to beta thalassemia samples cannot be predicted 

as many mutations and deletions can cause beta thalassemia [108], we excluded Sβ0 and Sβ+ 

samples from the main analysis; we also excluded the SC samples as the assay is not designed to 

detect these. The individual results of these samples are shown in Appendix B in Figure B-1 and 

Table B-4. 

The sensitivity and specificity of the assay were first evaluated by allele (Table 4.1). 

Sensitivity was shown to be 100% for both reactions; specificity was calculated to be 94.7% and 

97.1% in the βA globin and βS globin allele assays, respectively. 

 

Table 4.1. Assay sensitivity, specificity, and accuracy calculated by allele. 

Next, the sensitivity and specific of the assay were evaluated by genotype (Table 4.2). By 

genotype, the combination of the two results was found to be 97.1% sensitive at detecting the 

AA genotype and 94.7% sensitive at detecting the SS genotype, and 100% specific for both. 

Sensitivity Specificity Accuracy

βA allele 
detection

100.0%
(34/34)

94.7%
(54/57)

96.7%
(88/91)

βS allele 
detection

100.0%
(57/57)

97.1% 
(33/34)

98.9% 
(90/91)

A
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Table 4.2. Assay sensitivity, specificity, and accuracy calculated by genotype. 

Table 4.3 shows a confusion matrix of the predicted vs. actual genotypes reported by IEF 

and HPLC. The assay correctly genotyped 87/91 of the AA and SS genotype samples for which it 

is designed, exhibiting an accuracy of 95.6%. No samples tested returned a negative result for both 

assays. 

 

Table 4.3 Confusion matrix of genotypes identified by this assay compared to those obtained by IEF/HPLC 

gold standard for the 91 samples. 

This assay called 7/7 SC samples AS (Figure B-2). This is expected because patients with 

a SC genotype are also heterozygous for the mutant and wild type allele at the position investigated 

by this assay. 

Sensitivity Specificity Accuracy

AA
97.1% 
(33/34)

100.0%
(57/57) 95.6%

(87/91)
SS

94.7%
(54/57)

100.0%
(34/34)

B
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4.4.3. Reduction in assay volume 

Because the largest component of the cost of the assay is the amplification reagents, which 

scale with reaction volume, we investigated a reduction in reaction volume in order to improve the 

accessibility of the assay at the point of care. Recent literature suggests reactions can be reduced 

to as little as 5µL without a significant loss of performance [61]. A range of reaction volumes from 

5 to 50µL were tested. 

 

Figure 4.5. Amplification tested with a total of 1,000 input copies of gBlock DNA using SC_fP-4 and a range 

of reaction volumes from the same MasterMix. The 50µL positive control sample was not taken from the 

MasterMix and was prepared according to manufacturer instructions. 

Experimental results shown in Figure 4.5 indicate that reaction efficiency is not 

significantly affected when the volume is reduced from 50µL to 30µL. Of note, there is a slight 

delay in amplification time between the 50-µL positive control sample and the 50-µL reaction 

taken from the master mix that had enzyme pellets and magnesium mixed in. We hypothesize that 
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this is due to the premature binding that may take place when magnesium and enzymes are present 

in the reaction prior to the reaction beginning at 39ºC. The fluorescence vs. time for volumes 20µL 

and below exhibited significant noise, and we hypothesize that this is due to the large percentage 

of total reaction volume taken up by the mixing ball in these tubes. Based on these results, proof-

of-concept reaction volume of 25µL was selected for further experiments. 

To evaluate the concentration range that would be required for detection in the 25uL assay 

format, the expected number of DNA copies resulting from a point-of-care DNA preparation 

method was calculated under the following assumptions.  Healthy children over 2 and adults are 

said to have a white blood cell count of 4,000 to 11,000 cells/µL blood [109], and individuals with 

sickle cell anemia often have elevated WBC counts [110]. The calculation for the number of 

expected gene copies for a patient with a WBC count of 11,000 cells/µL in an RPA reaction is 

shown below.  

 

11,000
𝑐𝑒𝑙𝑙𝑠

µ𝐿
∗ 50 µ𝐿 𝑤ℎ𝑜𝑙𝑒 𝑏𝑙𝑜𝑜𝑑 ∗ 80% 𝑙𝑦𝑠𝑖𝑠 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 2 

𝑔𝑒𝑛𝑒 𝑐𝑜𝑝𝑖𝑒𝑠

1 𝑐𝑒𝑙𝑙

∗
1

100µ𝐿
𝑙𝑦𝑠𝑖𝑠 𝑣𝑜𝑙𝑢𝑚𝑒 ∗

1 µ𝐿 𝑙𝑦𝑠𝑎𝑡𝑒

100 µ𝐿 𝑤𝑎𝑡𝑒𝑟
= 88 𝑐𝑜𝑝𝑖𝑒𝑠/µ𝐿  

 

Based on the equation above, and assuming a dilution ratio of 1:100 to reduce inhibitors in 

the RPA reaction, the resulting diluted lysate ready for addition to RPA reactions would contain 

between 32-88 copies/µL and therefore would contain 320-880 copies per 50-µL reaction (10µL 

target DNA) or 160-440 copies per 25-µL reaction (5µL target DNA). 

Figure 4.6 shows the amplification of synthetic templates simulating the two most 

clinically relevant genotypes (AA and SS) at a range of input DNA concentrations that 
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encompasses what would be expected from a point-of-care lysis step (102-103 total copies). 

Accordingly, at lowered reaction volumes, clinically relevant DNA concentrations are still able to 

be detected using low-volume reactions, with specificity maintained. 

 

Figure 4.6. Amplification of synthetic templates of different genotypes at different input concentrations, with 

25µL reaction volumes with (A) βA globin primer (SC_fP4-A) and (B) βS globin primer (SC_fP4). 

4.4.4. Point-of-care blood lysis and sample-to-answer detection of genomic DNA 

 Next, we extended existing ACP lysis methods to demonstrate the utility of ACP in 

releasing genomic DNA from white blood cells, and showcase the compatibility of this lysis 

method with RPA amplification for potential sample-to-answer testing [111]. When whole blood 

was incubated with ACP, we found that the lysis method released amplifiable DNA that was 

accurately detected in downstream RPA assays.  

Figure 4.7 shows the amplification of four clinical samples subjected to the two-step lysis 

procedure. Using the absolute threshold of 2500 mV, samples from healthy volunteers with 

genotype AA (022801, 030401) correctly amplify in the βA globin assay, but not in the βS globin 

assay. Sample 030501, with a genotype of SS, amplifies in the βS globin assay, but not the βA 
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globin assay. Sample 030502 amplifies in the βS globin assay with a genotype of Sβ0. Finally, 

samples 022801, 030501, and 030502 were obtained by venous draw, while 030401 is a capillary 

blood sample obtained by finger prick. This indicates that ACP lysis coupled with the allele-

specific amplification assay provides accurate results with both sample types. 

 

Figure 4.7. Amplification results of diluted lysate following a proof-of-concept ACP lysis procedure using (A) 

the βA globin allele-specific primer and (B) the βS globin allele-specific primer. Legends show sample 

genotype by IEF/HPLC followed by sample identification number. 

4.4.5. Cost estimate of assay 

Table 4.4 details the costs associated with one patient test in the sample-to-answer, 

reduced-volume format. The total cost of consumables in each reaction when point-of-care lysis 

and a reduced volume format are both implemented is less than $5, which is approximately double 

the cost of an antibody assay, and considerably cheaper than sequencing [112]. Additionally, the 

assay is able to be run in a T8-ISO, a benchtop instrument that is easily battery-operated and 

deployable in the field. As shown in Table 4.4, the RPA reagents (exo kits) make up the vast 

majority of the overall assay cost. Therefore, reducing the volume further can lower the cost of the 

assay considerably; it is possible that a smaller reaction volume will be possible with the use of a 
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smaller mixing ball (<2mm in diameter). A more detailed cost comparison based on volume is 

presented Table B-5, and the cost of the assay is plotted as a function of reaction volume in Figure 

B-3. 

 

Table 4.4. Assay component costs. Costs are calculated based on two reactions: one for the βA allele and one 

for the βS allele. 

4.5. Conclusion 

In conclusion, we demonstrated a novel one-step strategy for rapid isothermal point 

mutation detection that shows >94% sensitivity and specificity with a set of 91 genomic DNA 

samples extracted from healthy and diseased patients. Additionally, we have shown that the 

method is compatible with nucleic acid amplification directly from lysed blood that can be easily 

acquired at the point of care. This method takes less than 30 minutes from blood collection to 

result, will cost less than $5 USD when point-of-care lysis is combined with reduced reaction 

volume, and has a very low risk of workspace contamination because samples remain enclosed 

throughout the amplification and detection portion of the test. 
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This assay has several limitations that should be addressed with future work. First, two 

separate reactions are required. Our initial attempts to multiplex were unsuccessful due to a 

difficult self-dimer region close to the mutation; we were unable to design an allele-specific primer 

in the reverse direction at the mutation. However, if multiplexing could be accomplished, the cost 

of the assay would be reduced by half.  

In addition, the assay currently detects the βS mutation and the absence of the mutation, but 

other hemoglobin variants are not detected with this version. Although SS genotypes cause the 

most common and severe form of sickle cell disease [113,114] and comprise the vast majority of 

disease burden in resource-limited settings like Malawi [57,115], hemoglobin C is another 

common hemoglobin variant that is particularly prevalent in West African populations [116]. The 

assay described here identifies SC samples as AS, yet it is important to discriminate between these 

two genotypes from a clinical perspective because SC has clinical implications that require 

treatment whereas AS does not. Therefore, future work should incorporate detection of the 

mutation causing the formation of hemoglobin C. 

The nucleic acid test described here can be easily adapted to other point mutations, such as 

other clinically relevant rare hemoglobin variants that have become geographically concentrated 

in documented patterns due to global migration patterns (e.g. βD, βE, or βO)  [56]. If developed 

further, the method described here has the potential to streamline diagnosis of SCD patients who 

have recently undergone a blood transfusion, with a comparable cost to protein-based tests after 

further volume reduction. This technology could become a platform for other applications, 

including other known beta thalassemia mutations, drug resistance in highly conserved sequences, 

and cancer mutations.  
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Chapter 5 

Additional strategies to detect mutations at the 

point of care 

5.1. Introduction 

Several additional methods were explored to achieve single-nucleotide specificity in an 

isothermal system, based on approaches other groups have recently taken. For example, the Linnes 

and Ellington labs have characterized strand exchange probes that participate in a toehold-

mediated strand exchange reaction termed one-step strand displacement (OSD) [117–119]. This 

method has been used to show Yes/No detection of a mutant BRAF allele (V600E) related to 

melanoma [119].  

Additionally, oligonucleotide “blockers” have been used in qPCR (Figure 5.1) [120] as 

well as RPA [121] to block amplification of undesired sequences. In these designs, blockers are 

designed complementary to the sequence that should be suppressed while primers are designed 

complementary to the sequence that should be amplified, with a “toehold” region of overlap. This 
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toehold region is carefully designed such that the thermodynamics of the reaction favor single-

nucleotide specificity. 

 

Figure 5.1. Enrichment of rare alleles by blocker displacement amplification (BDA). (a) The blocker (green) 

is designed to be perfectly complementary to a known WT template sequence. The 3ʹ end of the forward 

primer sequence (blue) is identical to the 5ʹ end of the blocker sequence; this 6–14 nt overlap region induces 

molecular competition between the primer and blocker, so that primer and blocker hybridization to the same 

template molecule is mutually exclusive. (b) The 3′ end of the blocker contains a 12–30 nt sequence that is not 

present in the primer. Any sequence variation in the template in this region will manifest a mismatch bubble 

or bulge in the blocker–template duplex, increasing the favourability of the primer to displace the blocker. 

Reprinted from [120]. 

Finally, in a similar approach to the blockers described above, PNA clamps have also been 

reportedly used to “clamp” down on specific regions of target DNA and prevent binding of primers 

where a single-base difference exist [69,122–124]. Peptide nucleic acids (PNAs) are the 

DNA/RNA analogues in which the sugar-phosphate backbone of DNA is replaced by 2-
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aminoethylglycine repeating units. PNA/DNA duplexes are highly sensitive to the existence of a 

mismatched base pair. 

5.2. Methods 

5.2.1. Blocker oligonucleotides in RPA 

The rationale for exploring a blocker-based approach was to address the challenge of 

detecting four HIV drug resistance mutations; with an allele-specific method, a separate reaction 

would be required for each resistance mutation. Second, when mutations are located in close 

proximity to one another, as was the case for the HIV drug resistance mutations described in 

Chapter 3, primer specificity can be a challenge. Furthermore, we also aimed to address the 

sequence variation that was encountered when clinical samples from Stellenbosch University, 

South Africa, were tested using the method described in Chapter 3. Although cDNA from clinical 

samples could be successfully amplified by RPA, the OLA failed to detect M184V predictably. 

We hypothesized that this was due to the sequence variation that is very common and well-

documented in HIV due to high genetic variability, including in close proximity to drug resistance 

mutations [31]. RPA blockers were designed to encompass a larger window of ~20 nucleotides 

(Figure 5.2).  
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Figure 5.2. The design of a blocker-based assay for 4 high-impact HIV drug resistance mutations. 

First, longer primers were designed than are normally recommended for RPA, and 

detection of the common mutation M184V was tested in an RPA Basic reaction (Twist DX, United 

Kingdom). Primers were designed with a region that extended beyond the blocker (m = 15 and 

32), through the base immediately 5’ of the mutation of interest.  

 

Figure 5.3. Design of primer with overhang (m) and blocker with toehold (n). 
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Standard blocker-based reactions were prepared using the TwistAmp Basic Kit (TwistDX 

TABAS03KIT) as follows: 29.5 µL rehydration buffer, 480 nM forward primer, 480 nM reverse 

primer, 4.8 µM blocker oligonucleotide, 2.5 µL MgOAc, and 10µL DNA target or nuclease-free 

water for no-target controls, with nuclease-free water added up to a reaction volume of 50 µL. All 

primers, blockers, and DNA targets were purchased from Integrated DNA Technologies. DNA 

target was one of four 999-bp gene blocks designed with each HIV drug resistance mutation. 

Reactions were prepared according to TwistDX manufacturer instructions by preparing a master 

mix containing primers, rehydration buffer, blocker, and water, and adding the master mix to an 

enzyme pellet. DNA target was added last in a separate area of a biosafety cabinet, and MgOAc 

was added to tube caps and spun down in a microcentrifuge immediately prior to the amplification 

reaction. Reactions were incubated in a heat block at varying temperatures between 37-42°C for 

20-30 minutes. Reactions were then purified using a Qiaquick PCR Purification Kit (Qiagen, USA) 

and run on a 2% agarose gel to visualize amplification products. Oligonucleotide sequences used 

in these blocker experiments are listed in Table 5.1. 

Oligo name Sequence 

BRPA-fP+15 CTTTTAGAAAACAAAATCCAGACATAGTTATCTATCAATAC 

BRPA-fP15+25 AAGACTTCTGGGAAGTTCAATTAGGAATACCACATCCCGC 

rP0 TTCTATGCTGCCCTATTTCTAAGTCAGATCCTAC 

B25 TCCAGACATAGTTATCTATCAATAC/3SpC3/ 

B27 TCCAGACATAGTTATCTATCAATACAT/3SpC3/ 

B29 TCCAGACATAGTTATCTATCAATACATGG/3SpC3/ 

B31 TCCAGACATAGTTATCTATCAATACATGGAT/3SpC3/ 

B33 TTCAATTAGGAATACCACATCCCGCAGGGTTAA/3SpC3/ 

B33-del1 TTCAATTAGGAATACCACATCCCGCAGAGTTAASC/3SpC3/ 

B33-del2 TTCAATTAGGAATACCACATCCCGCAGAGCTAASC/3SpC3/ 

B33-del3 TTCAATTAGGAATACCACATCCCGCAGAGCTGASC/3SpC3/ 
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B33-del8 TTCAATTAGGAATACCACATCCCGCGACTACCCSC/3SpC3/ 

BRPA-rsALK-B24 ATCACCAACAAACATGCCTCTCCT/3SpC3/ 

BRPA-rsALK-B24-RC GSAGGAGAGGCATGTTTGTTGGTGAT/3SpC3/ 

Table 5.1. Oligonucleotide sequences used in blocker experiments. 

First, blocker toehold length was evaluated using primers BRPA-fP+15 and rP0 in 

combination with blockers B25, B27, B29, and B31, which have toehold lengths of n=0, 2, 4, and 

6 nucleotides respectively, to identify an effective toehold length that would successfully suppress 

amplification. Second, the effect of amplification incubation temperature on blocking activity was 

explored by incubating the reactions described above at varying temperatures between 37-42°C. 

To evaluate the effect of mismatches within the toehold region of a blocker, a blocker with 

a toehold of 8 nucleotides was designed. Five versions of the same blocker (B33, B33-del1, B33-

del2, B33-del3, B33-del8) contained 0, 1, 2, 3, and 8 random, intentional mismatches, respectively. 

These blockers were tested with forward primer BRPA-fP+15 and reverse primer rP0 using the 

methods described above. 

In experiments evaluating the effect of an irrelevant C3-capped sequence present in the 

RPA reaction, an off-target blocker, BRPA-rsALK-B24, was designed that was non-

complementary to the target sequence. Forward primer BRPA-fP15+25 and reverse primer rP0 

were included in reactions at standard concentrations. The blocker was included at final reaction 

concentrations of 0 µM, 0.48 µM, 0.96 µM, 1.92 µM, 2.88 µM, 3.84 µM, and 4.8 µM. In further 

iterations of this experiment, the reverse complement of this C3-capped sequence, BRPA-rsALK-

B24-C) was designed and included in the reaction at a concentration of 480nM. 
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Finally, a qPCR reaction was performed according to the methods described in [120], with 

the exception of using as target five gBlocks: four containing the drug resistance mutations K103N, 

V106M, Y181C, M184V, and one containing the wild type HIV sequence, and human genomic 

DNA provided by the Zhang lab as a negative control. 

5.2.2. One-step strand displacement with RPA 

The rationale for attempting a strand-displacement-probe based approach was similar to 

the blocker experiments, to engage a thermodynamically motivated method. This work was based 

on previous successful implementation of OSD in isothermal amplification reactions by Ellington 

et. al. Accordingly, a “fluorophore” oligonucleotide was designed for the HIV drug resistance 

mutation M184V, with the mutation included in the oligo. A “quencher” oligo was designed to be 

complementary to the fluorophore strand according to published guidelines. In proximity to the 

target DNA, the fluorophore strand will separate from the quencher strand and bind to the target 

DNA instead, releasing the quencher strand. However, when there is a mismatch between the target 

DNA and the fluorophore strand, the fluorophore strand will remain bound to the quencher strand 

and not release fluorescence. This mechanism is illustrated in Figure 5.4. 
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Figure 5.4. Depiction of strand-displacement probe reaction setup. 

To anneal the fluorophore and quencher probes, 1µM fluorophore probe and 5µM quencher 

probe were combined in a in 1X NEB isothermal buffer in a total volume of 50µL, and the solution 

was heated for 1 minute at 95ºC, then slow-cooled by 0.1ºC/second to room temperature in a 

thermocycler. RPA reactions were then prepared according to manufacturer instructions with the 

exception of the annealed probe mix being included in the reaction at a final concentration of 

102nM. Target DNA included consisted of water (NTC), 100% WT HIV DNA, 50% WT/50% 

M184V DNA, and 100% M184V DNA. The RPA reactions were incubated at 37ºC for 20 minutes 

in a Bio-Rad CFX96 qPCR thermocycler, with fluorescence on the FAM channel recorded every 

20 seconds. In three subsequent experiments, the ratio of fluorophore to quencher during the initial 

annealing step was varied from 1:5 to 1:4, 1:3, and 1:2. 
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5.3. Results 

5.3.1. Blocker oligonucleotides in RPA 

When testing toehold lengths of the blockers, a clear transition was observed between n = 

4 and n = 6. Therefore, a toehold length of 5 or 6 was considered effective at suppressing 

amplification in this RPA assay (Figure 5.5).  

 

Figure 5.5. Effect of increasing toehold length of blocker. 

As shown in Figure 5.6, although the manufacturer-recommended reaction temperature for 

this kit was 37ºC, a higher incubation temperature seems to encourage amplification and reduce 

blocking activity. 
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Figure 5.6. Effect of amplification temperature on blocker performance. 

Initial results suggested that one mismatch was not destabilizing enough to displace the 

blocker. In response, additional bases in the blocker were changed to be mismatches (Figure 5.7). 

Ultimately, the trend was not linear, and this was not determined to be an effective way to block 

nonspecific amplification.  
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Figure 5.7. Effect of an increasing number of mismatches in the template. 

As shown in Figure 5.8, increasing concentrations of a blocker with a sequence that is not 

complementary to the target DNA resulted in a suppression of amplification product in a linear 

pattern. Therefore, we hypothesized that enzyme could be occupied with the high concentration of 

additional oligo in the reaction, and not available for the amplification reaction. 
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Figure 5.8. Effect of including increasing concentrations of a blocker with a sequence that is not 

complementary to the target DNA. (A) Schematic of design; (B) Results of gel electrophoresis of amplification 

products. 

Next, we included the same C3-capped non-complementary oligo but also an 

oligonucleotide that was complementary to it, hypothesizing that the non-complementary oligo 

would be occupied by its complement and release enzyme to participate in the amplification 

reaction. Figure 5.9 shows the effect of including DNA that was complementary to the off-target 

blocker. In comparing the two gel lanes closest to the right side of the gel, without the reverse 

complement, amplification was suppressed, but with the reverse complement present in the 

reaction, an amplicon is clearly visible on the gel. This supported the theory that high 

concentrations of off-target blocker occupied the RPA enzymes. 
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Figure 5.9. Effect of inclusion of complementary DNA to an off-target blocker. (A) Schematic of design; (B) 

Results of gel electrophoresis of amplification products. 

Finally, we designed and tested the blocker displacement reaction in qPCR according to 

the methods described in [120] to evaluate the concept of using a blocker in a qPCR reaction for 

the application of the four mutations of interest for HIV drug resistance. Results are shown in 

Figure 5.10. 
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Figure 5.10. A normal BDA reaction shown in qPCR. (A) Design of the assay; (B) Resulting real-time 

amplification curves tested with K103N and Blocker 1 (top left), V106M and Blocker 1 (top right), Y181C 

and Blocker 2 (bottom left), and M184V and Blocker 2 (bottom right) (template: synthetic gBlocks). 

Figure 5.10B shows the resulting amplification curves from two BDA assays, the design 

of which is shown in part A. This experiment compares the amplification of mutant template 

(K103N, V106M, Y181C, and M184V) with wild type HIV. A separation of curves is clearly 

visible in all four reactions, indicating that these four mutations could be detected in two BDA 

assays, while human genomic DNA did not amplify, ensuring no cross-reactivity with human 

DNA. 
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5.3.2. One-step strand displacement with RPA 

The fluorophore and quencher probe strategy was employed as a mutation detection 

strategy with the goal of seeing no fluorescence when wild type was present, but an increase 

in fluorescence over the course of the reaction time in the presence of the mutant template. 

Amplification results are shown in Figure 5.11. 

 

Figure 5.11. Amplification results of four different fluorophore:quencher ratios attempted for one-step strand 

displacement amplification. 

 As shown above, initial fluorescence was greater when there was more quencher probe as 

compared to fluorophore probe, and absolute fluorescence was also lower with more quencher. 

However, there was no noticeable difference seen in amplification patterns between NTC, WT, 
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and M184V target inputs. We hypothesize that the quencher and fluorophore probes remained 

bound and that the thermodynamics of RPA were not compatible with this experimental setup. 

Further investigation would be necessary to determine if destabilization could be achieved such 

that an amplification increase could be seen in the mismatched target using strand-displacement 

probes. 

5.4. Discussion 

Although the two methods described in this chapter have shown promise for mutation 

detection using other isothermal amplification strategies, they did not seem promising in use with 

RPA. The most promising methods identified in this thesis utilized allele-specific methods to 

detect point mutations rather than additional oligos. One of the challenges that can make RPA 

difficult to adapt to from other isothermal assays is the exceptionally low reaction temperature 

(37ºC) which allows some nonspecific and unpredictable binding. However, future work may be 

able to improve upon these approaches and achieve compatibility with either RPA or other low-

resource nucleic acid amplification tests. For example, as the blocker displacement method was 

shown to work with qPCR, this could be investigated for use with a low-cost thermal cycler, similar 

to an approach taken in recent work by the Lutz group [32,125]. The method should be tested with 

clinical samples and potentially designed with degenerate bases specific to known sequences in a 

global region to ensure that the blockers can overcome the genetic variability of HIV. Finally, 

additional mutation detection methods that have yet to be explored for this application and could 

be improved upon in the future include peptide nucleic acids [69,122,124,126] and the addition of 

betaine [127].
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Chapter 6 

Conclusions 

6.1. Summary of Results 

The work of this thesis builds on recent advances in molecular point-of-care diagnostic 

development to present two approaches to detect point mutations in low-resource settings. In the 

first approach, isothermally amplified DNA was labeled with an oligonucleotide ligation assay and 

subsequently detected in a paper and plastic enzyme-linked immunosorbent assay. In the second 

approach, amplification, discrimination and detection are achieved in a single step while reactions 

are monitored in a closed-tube nucleic acid amplification setup. 

The RPA-OLA-ELISA test for detecting HIV-1 drug resistance integrates isothermal 

amplification by RPA, mutation discrimination by OLA, and lateral flow detection by a novel 

paper ELISA approach. When the test was evaluated using synthetic DNA target, the limit of 

detection was found to be clinically relevant (100 copies) and the linear range extended at least 4 
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orders of magnitude. The test was 100% sensitive and specific at detecting WT or M184V HIV 

DNA. 

The nucleic acid test developed to detect the beta globin mutation causing sickle cell 

anemia builds on the previous work by simplifying the workflow to achieve amplification, 

mutation discrimination, and amplicon detection in a single step, with real-time fluorescence-based 

monitoring. We first identified a locked nucleic acid position that would allow RPA primers to 

achieve single-nucleotide specificity, and developed two reactions that together would inform 

clinical providers whether DNA encoding for normal hemoglobin (A) and diseased hemoglobin 

(S) are present. When tested with a set of clinical samples, our assay demonstrated 100% 

sensitivity for both the βA globin and βS globin alleles, and 94.7% and 97.1% specificity for the βA 

globin allele and βS globin allele, respectively (n=91). Building off of the nucleic acid test above, 

reduced-volume reactions and lysis strategies were explored in order to simplify the workflow of 

the assay to be more feasible at the point of care. Sample-to-answer genotyping of genomic DNA 

was demonstrated from capillary blood in <30 minutes. This work demonstrates the potential 

utility of a point-of-care, sample-to-answer nucleic acid test for SCD that may be easily adapted 

to other disease-causing point mutations in genomic DNA. 

Finally, we explored several other methods for mutation detection at the point of care and 

evaluated their compatibility with RPA. 

6.2. Future Research Directions 

This thesis discusses new technologies that may enable the development of point-of-care 

nucleic acid tests for point mutations. Future work will focus heavily on improving the sample 
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preparation method introduced in Chapter 4, and integrating sample preparation and amplification 

and detection onto a single platform while minimizing user steps. It will also focus on reducing 

the volume of the RPA reactions to perhaps as low as 5µL and lyophilizing some reaction 

components to reduce the hands-on time required. A pilot study in Malawi is also being planned 

for the optimized assay presented in Chapter 4.  

In addition to detection of SCD, the technologies explored in this body of work will be 

easily adapted for the detection of other point mutations and SNPs at the point of care in low-

resource settings, including those encoding for rare globin variants, drug resistance mutations, and 

cancer-causing mutations. 
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Appendix A 

This appendix contains the sequences of the forward and reverse primers used to develop 

the recombinase polymerase amplification (RPA) assay in Chapter 3, and a cost of materials table 

indicating the cost of each reagent or material used in the assay. 

Candidate Forward Primers Candidate Reverse Primers 

 

4DR-F1: AATTAGGAATACCACATCCCGCAGGGTTAAAAAAG 

(2821 2855) 

4DR-F2: AAGTTCAATTAGGAATACCACATCCCGCAGGG 

(2811 2846) 

4DR-F3: CAATTAGGAATACCACATCCCGCAGGGTTAAA 

(2820 2851) 

4DR-F4: CAATTAGGAATACCACATCCCGCAGGGTTAAAAAAG 

(2820 2855) 

4DR-F5: CTGGGAAGTTCAATTAGGAATACCACATCCCGC 

(2810 2842) 

4DR-F6: TTCAATTAGGAATACCACATCCCGCAGGG 

(2818 2846) 

4DR-F7: AAGTTCAATTAGGAATACCACATCCCGCAGGG 

(2815 2846) 

4DR-F8: TAGGAATACCACATCCCGCAGGGTTAAAAAAG 

(2824 2855) 

 

4DR-R1: CCTATTTCTAAGTCAGATCCTACATACAAATCATC 

(3101 3136) 

4DR-R2: CCCTATT TCTAAGTCAGATCCTACATACAAATCATC 

(3101 3137) 

4DR-R3: CTGCCCTATTTCTAAGTCAG ATCCTACATACAAATC 

(3105 3140) 

4DR-R4: CTGCCCTATTTCTAAGTCAG ATCCTACATAC 

(3110 3140) 

4DR-R5: CTATGCTGCCCTATTTCTAAGTCAGATCCTACATAC 

(3110 3145) 

4DR-R6: CTATGCTGCCCTATTTCTAAGTCAGATCCTAC 

(3114 3145) 

4DR-R7: TTCTATGCTGCCCTATTTCTAAGTCAGATCCTAC 

(3114 3147) 

4DR-R8: TTGTTCTATGCTGCCCTATTTCTAAGTCAGATCC (3114 

3150) 

 

Table A-1. Candidate forward and reverse primers tested in the primer screen. This table lists the 420-bp sequence of 

the HIV genome targeted by the RPA assay and shows that the four major drug resistance mutations are contained 

within the sequence to be amplified. Candidate forward and reverse primers screened are listed. The primer pair chosen 

after the best amplification efficiency was 4DR-F5 and 4DR-R7 (bolded). 
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Table A-2. Cost of materials for the assay. Elements in bold are items that the authors believe could feasibly be 

reduced, which would bring the assay cost under $10. 

Material 
Cost/rxn 
(USD) 

RPA kit 3.781 

OLA purification 2.156 

RPA purification 2.136 

SA-HRP40 2.000 

Taq ligase + buffer 1.478 

Anti-FITC 0.746 

Sticky acetate 0.157 

Acetate 0.076 

Anti-digoxigenin 0.060 

Nitrocellulose paper 0.023 

Oligo WT probe 0.023 

Oligo mutant probe 0.023 

Oligo common probe 0.023 

Cellulose 0.003 

PBST 0.003 

Glass fiber 0.001 

Diaminobenzidine 0.001 
Sodium 
percarbonate 0.000 

    

Total assay cost 12.688 
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Appendix B 

This appendix contains supplemental information for Chapter 4, including primer 

sequences, amplification plots, and a detailed cost analysis of the assay. 

Primer Sequence 

SC_fP4 AGGGCAGTAACGGCAGACTTCTC+CA 

SC_fP_ARMS AGGGCAGTAACGGCAGACTTCTGCT 

SC_fP1 AGGGCAGTAACGGCAGACTTCTGC+A 

SC_fP2 AGGGCAGTAACGGCAGACTTCT+GC+A 

SC_fP3 AGGGCAGTAACGGCAGACTTCTCC+A 

SC_fP7 AGGGCAGTAACGGCAGACTTCTC+C+A 

SC_fP8 AGGGCAGTAACGGCAGACTTCTG+CA 

SC_fP9 AGGGCAGTAACGGCAGACTTCT+C+CA 

SC_fP10 AGGGCAGTAACGGCAGACTTCT+GCA 

Table B-1. Sequences of primers used in primer screen. 



 115 

 

 

 



 116 

 

 

Table B-2 continued on next page 

 

Table B-2. Primer screen of allele-specific primers with various modifications. 
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Oligo name Sequence 

SC_fP4 AGGGCAGTAACGGCAGACTTCTC+CA 

SC_fP4-A AGGGCAGTAACGGCAGACTTCTC+CT 

SC_rP GGGCAGAGCCATCTATTGCTTACATTTGCTTCT 
 

SC_probe 5’-GCTTACATTTGCTTCTGACACAACTGTGT(I-FAM)C(dSp)C(I-

BHQ1)AGCAACCTCAAACAG-SpC3-3’ 

Table B-3. Sequences of oligonucleotides selected for use in this manuscript. ‘+’ before the nucleotide: 

indicates locked nucleic acid; I-FAM: internal FAM; dSp: dSpacer, I-BHQ1: internal Black Hole Quencher 

1; SpC3: C3 spacer; red text: mutation site. 

 

Figure B-1. Amplification curves of beta-thalassemia samples using (A) A primer and (B) S primer. 
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Figure B-2. Amplification curves of SC samples using (A) A primer and (B) S primer.  
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Table B-4. Genotype predictions for beta thalassemia samples in this assay. 

Sample 
ID

Genotype
βA globin 

assay
βS globin 

assay
Genotype 
prediction

062001 SC + + AS

062003 SC + + AS

051632 SC + + AS

071203 SC + + AS

080108 SC + + AS

082202 SC + + AS

090508 SC + + AS

061401 β0 - + SS

061404 Sβ0 - + SS

060603 Sβ0 - + SS

090505 Sβ0 + + AS

092603 Sβ0 - + SS

092604 Sβ0 - + SS

071201 Sβ+ + + AS

082907 Sβ+ - + SS

091902 Sβ+ + + AS
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Table B-5. Cost estimates for reaction volumes of 5µL, 25µL, and 50µL. 

 

Figure B-3. Assay cost as a function of amplification reaction volume. 
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