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Abstract 

 

The Development of a Low-Resource Appropriate Diagnostic for the Detection of 

Malaria DNA 

by 

Michael Scott Cordray 

Despite recent progress, malaria remains one of the most serious global health threats, 

especially since it disproportionately affects low-resource areas.  One of the keys to 

management of the disease is access to effective diagnostics.  Nucleic acid tests (NATs) 

are the most sensitive and specific type of diagnostic for malaria, but require too much 

infrastructure, training, and cost to be widespread in many malaria affected regions.  The 

aim of this thesis was to develop a NAT for malaria that can detect 50 copies/µL or less 

of target DNA in blood and then package that assay into an easy to use and self-contained 

system. 

An assay was investigated to detect small amounts of target DNA using gold nanoparticle 

(AuNP) aggregation.  A method was developed to quantify the results using spectroscopy 

and found a limit of detection (LOD) of 150 amoles of target DNA and a linear dynamic 

range that spans 150 amoles – 15fmoles. The conditions of the assay were optimized and 

a novel method of measuring the assay results was developed, eliminating the need for 

heating and reducing the time to result to 10 minutes (from 2 hours). These changes also 
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dropped the LOD to 50 amoles (approximately 107 copies/µL) and increased the linear 

dynamic range of the assay to 50 amoles - 500 fmoles. 

Since the LOD of the AuNP assay was not low enough to detect clinically relevant 

amounts of target on its own, I investigated recombinase polymerase amplification (RPA) 

and a lateral flow dipstick assay to detect the product.  Blood was found to inhibit the 

RPA reaction and protocols were developed to minimize this inhibition.  A LOD of 15 

copies/µL of target DNA spiked into blood was found. 

Finally, a paper and plastic platform was developed to carry out the RPA reaction and 

lateral flow detection of the amplified products.  A novel set of RPA primers were 

designed which target a sequence found in all of the species of malaria which infect 

humans.  Testing these primers in the paper and plastic device I found an LOD of 5 

copies/µL in aqueous solution, and 200 copies/µL in blood.  
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CHAPTER 1: Introduction 

1.1 Aims 

The overall goal of this project was to develop an assay to detect malaria DNA at a 

clinically relevant limit of detection while keeping the assay portable and easy enough to 

use that it has the potential to be useful in the low resource environments where malaria 

infections are endemic.  The specific aims to accomplish this goal were: 

1. Develop an assay which may detect 50 or fewer copies of target DNA per 

microliter in blood.  I analyzed a variety of assays for the detection of small 

quantities of DNA.  Gold nanoparticle aggregation was initially chosen and 

characterized to determine its limit of detection.  Based on those results, 

recombinase polymerase amplification (RPA) was chosen as an amplification 

system to achieve detectible levels of target, and I switched to a lateral flow assay 

for detection, since that is compatible with RPA and simpler to operate than gold 

nanoparticle aggregation. 

2. Validate the performance of the assay in samples spiked into blood and 

develop blood processing and lysis techniques compatible with the assay 

developed in aim 1.  The performance of RPA and lateral flow detection was 

characterized on synthetic malaria DNA targets spiked into whole blood.  A 

variety of lysis and processing protocols were investigated to prevent the blood 

from inhibiting the amplification reaction. 

3. Package the assay into an easy to use and self-contained system.  A paper and 

plastic device was designed to carry out the RPA reaction and the lateral flow 
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detection.  This system was tested both on targets in aqueous solution and on 

targets in blood, based on the results of aim 2. 

 

1.2 Chapter Summaries 

This dissertation describes the development of techniques to detect malaria DNA, and 

efforts to make these techniques more accessible in low-resource environments.  I have 

organized this work as follows: 

Chapter 1 lists the specific aims that guided this work, and provides an overview of the 

organization of the thesis. 

Chapter 2 describes the state of malaria diagnostics and the need for new diagnostic 

tools.  I discuss the qualities that make diagnostics well suited for use in low resource 

settings and the promise of nucleic acid tests (NATs) to fulfill these criteria.  A variety of 

NATs developed for malaria diagnosis will be analyzed including their limit of detection, 

sensitivity and specificity, cost, and ease of use. 

A version of this chapter has been published as: 

M.S. Cordray, R.R. Richards-Kortum, Emerging Nucleic Acid-Based Tests for Point-of-

Care Detection of Malaria, The American Journal of Tropical Medicine and Hygiene, 87 

(2012) 223-230. 

Chapter 3 describes the development and characterization of a gold nanoparticle 

aggregation based colorimetric assay for the detection of small quantities of a malaria 

DNA sequence.  I optimized the assay by reducing its runtime, eliminating the need for 
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heating and using salt buffers to improve the assay kinetics.  I also developed a 

quantification system for the assay based on the use of a portable spectrophotometer and 

developed a method to use the kinetics of the assay to increase the quantifiable linear 

dynamic range of the assay while dramatically reducing the time to result. 

A version of this chapter has been published as: 

M.S. Cordray, M. Amdahl, R.R. Richards-Kortum, Gold nanoparticle aggregation for 

quantification of oligonucleotides: Optimization and increased dynamic range, Analytical 

biochemistry, 431 (2012) 99-105. 

Chapter 4 describes the development of an isothermal amplification assay to generate 

detectible levels of DNA from clinically relevant concentrations of a DNA target.  At this 

point in the work I switched to using a lateral flow dipstick based assay to detect the 

amplified product, because I found it to be simpler and easier to use than the gold 

aggregation based assay investigated previously.  Blood was found to inhibit the RPA 

reaction, and the causes of this inhibition were investigated.  A protocol was developed to 

amplify DNA targets spiked into whole blood using RPA.  I characterized the limit of 

detection of the amplification and detection assay on samples spiked into whole blood 

and compared image analysis and visual inspection of the lateral flow strips.  I found a 

LOD of 15 copies/µL of target in blood using image analysis of the strips and 20 

copies/µL using visual inspection. 

The text of this chapter is currently in preparation for submission to the Malaria Journal. 

Chapter 5 describes the development of a combined amplification and lateral flow 

detection system.  I designed and prototyped a folding system built out of paper and 
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plastic components which carries out the amplification reaction, dilutes the sample and 

runs the lateral flow detection.  I tested the performance of this system using novel RPA 

primers I designed to be pan-specific to a variety of species of the parasite which causes 

malaria and measured the limit of detection of the paper and plastic system using these 

primers.  I also tested the device using DNA targets spiked into blood, based on the 

results of the previous chapter.  When the targets were spiked into an aqueous solution, 

the device had a LOD of 5 copies/µL, matching the performance of the same reaction 

performed on the benchtop.  When the targets were spiked in blood, I found a LOD of 

200 copies/µL of target. 

The text of this chapter is currently in preparation for submission to the Malaria Journal. 

Chapter 6 provides a summary of the key results obtained in this work, and describes 

recommended next steps for this research.  
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CHAPTER 2: Background and Motivation1 

2.1 Introduction 

Malaria is one of the most serious of the diseases of poverty and is widespread across the 

developing world causing around 630,000 deaths each year.[1-3]  Each year around 75% 

of these victims are children under 5 years of age.[4-6] In many of the areas where 

malaria is endemic, there is a lack of access to effective diagnostics, leading to poor 

surveillance of malaria infections and treatment, poor health outcomes for non-malarial 

fever patients, and a public lack of trust in the health system.[7]  In addition, over-

prescription of cheap antimalarials has led to the development of widespread drug 

resistance, and drugs which remain effective, such as  artemisinin-derived treatments, are 

much more expensive (around $1--$2 per day), leading to an increased need for accurate 

diagnosis before treatment. [8-12]  Thus, there is a growing consensus that there is a need 

for new diagnostics which are more accessible in malaria endemic areas, and which have 

improved performance over existing techniques to help guide the distribution of 

antimalarials, to more effectively target the disease, and to reduce the generation of 

resistant strains.[13] 

A major limitation of malaria diagnosis is that most cases occur in areas with limited 

health care infrastructure.[3, 14-16] To be useful in these circumstances a diagnostic 

should be low cost, require minimal or no external power, be able to be run on portable 

and easy to maintain equipment, be usable without extensive training, not require 

                                                 
1 A version of this chapter was previously published as: 

M.S. Cordray, R.R. Richards-Kortum, Emerging Nucleic Acid-Based Tests for Point-of-Care Detection of 

Malaria, The American Journal of Tropical Medicine and Hygiene, 87 (2012) 223-230. 
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refrigerated reagent storage and deliver accurate and unambiguous results rapidly. The 

WHO has established a set of principles to guide the development of diagnostics for these 

low-resource, point-of-care (POC) settings known as ASSURED. A test should be: 

Affordable; Sensitive; Specific; User-friendly; Rapid and Robust; Equipment-free; and 

Deliverable to end-users.[17]  In addition, the ideal malaria diagnostic should be able to 

determine which species is infecting the patient, determine the level of infection 

(measured as parasitemia, the percentage of infected erythrocytes) and be capable of 

detecting very low level infections. 

Nucleic acid tests (NATs) have been suggested as a way to meet these criteria, and a 

number of NATs are being developed to detect malaria in POC settings. Currently, NATs 

for malaria are used primarily in central health facilities since they tend to be more 

resource intensive.  The focus of this review is on the development of NATs which can 

be implemented in POC settings. For the foreseeable future, many of these NATs will be 

most practical in laboratory settings in these low-resource countries, but there is 

increased focus on adapting NATs into systems which may be directly used at the POC.  

In this article, I review current malaria diagnostics and discuss their benefits and 

drawbacks. I then examine emerging malaria NATs for POC settings, comparing their 

diagnostic performance as well as their potential utility in low-resource settings. 

2.2 Current Malaria Diagnosis 

2.2.1 Blood Film Microscopy  

The most commonly used laboratory diagnostic method for malaria is giemsa stained 

blood microscopy.[18, 19] A blood smear sample can be read by a skilled technician in 

20 minutes and costs about $0.20 per sample including the cost of staining reagents and 
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the technician’s time. Two different staining techniques, the thin and thick smear, are 

used for malaria diagnosis.  The thin smear more accurately preserves malaria 

morphology and allows for easier speciation of the infecting parasite.  A thick blood 

smear is used to quickly observe a larger volume of blood more quickly which increases 

the sensitivity of the diagnosis by around 10 fold; however it is more difficult to speciate 

the infection due to distortions in morphology.[20] A highly trained technician using 

these techniques can reliably detect as few as 50 parasites/µL of blood, with a sensitivity 

and specificity of 95% and 98% (using PCR as a gold standard).[21] 

There is a growing consensus that blood smear microscopy is inadequate as a malaria 

diagnostic. The quality of blood smear examination is highly dependent on the quality of 

the microscope, the quality of the available staining reagents, and the skill of the 

technician.[22, 23] A study comparing the performance of thick and thin smear 

microscopy in ‘expert laboratory’ and ‘field’ conditions tested 3,004 blood smears and 

found that the sensitivity dropped to 10% when samples were examined in rural villages 

in Thailand compared to the same samples reexamined in a laboratory.[23] This change 

was attributed mainly to the difficulty less-trained technicians had recognizing low-level 

infections, and other research has found that microscopy may miss as many as 50% of the 

cases detected by PCR. [23, 24] 

2.2.2 Antigen detection and rapid diagnostic tests 

A recent advance in malaria diagnosis has been the commercialization of lateral flow 

immunoassay rapid diagnostic tests (RDTs). These tests are easy to use because the user 

only needs to spot the patient’s blood onto the base of the strip and wait for the result 

(around 20 minutes).[25, 26] RDTs have a cost of between $0.45 -- $1.40 per test to the 
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end user, with an average cost of around $0.85.[12]  About 20% of the final cost of RDTs 

to the user represent shipping and local storage and transportation costs.[27] RDTs have a 

reported detection limit of >100 parasites/µL and 80%--95% sensitivity and 85% 

specificity using microscopy as a gold standard.[12, 26, 28-34] 

The WHO recently launched a large review of the performance of commercially available 

malaria RDTs and found wide variation between tests from different manufacturers and 

between different lots of the same diagnostic. Variation was found to be especially high 

when parasitemia was below 200 parasites/µL of blood.[35-37] Recent studies have 

shown that there is greater variation than previously believed in the incidence and 

structure of the Plasmodium falciparum histidine-rich protein (PfHRP2) which is the 

target of many RDTs, which may account for some of this variability.[38-40] In addition, 

RDTs degrade and become less sensitive and specific at temperatures commonly found in 

POC clinics.[41] Careful management of RDT procurement, transportation, and storage 

can prevent RDT degradation and they can be an effective tool in malaria diagnosis, but 

good management of RDTs increases the cost and difficulty of using them in POC 

environments.[42]  RDTs can also lead to false positives, due to antigens circulating for 

up to 2 weeks after the infection has ended.[43]    Malaria RDTs also do not currently 

offer the ability to test for the markers of drug resistance or to quantify the level of 

infection.[44]  

2.2.3 Polymerase chain reaction (PCR) 

Nucleic acid based tests (NATs) offer advantages because they can speciate infections 

and test for drug resistance.[43, 45-49] Most NATs for malaria focus on the 18S rRNA 

gene, which contains regions conserved across all Plasmodium species as well as regions 
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specific to each species.[46, 47, 50] Depending on the technology used, tests may target 

either the 18S gene directly or its associated mRNA.  DNA targets offer the advantage of 

being more stable, allowing for long term storage of patient samples before testing.  DNA 

circulating post-infection may lead to false positive diagnosis.[51]  The advantage of 

using RNA as a target for diagnostics is that it is much more abundant in the cell than 

DNA, with up to 1000 rRNA copies of the 18S gene per parasite.[52] 

PCR is more sensitive than either RDTs or microscopy, and has been found to be 

especially effective at identifying low-level infections often missed by other techniques, 

with a limit of detection of 0.5--5 parasites/µL.[53-57] However, PCR- based assays are 

the least feasible to perform at the POC.   PCR is prone to contamination, the nucleic 

acids must be extracted and purified from the patient sample, and reagents must be stored 

cold in order to maintain their function. The reagents for PCR diagnostics can cost 

around $1.50--$4 per test.[58-61] Table 1 presents a summary of the performance of 

current malaria diagnostics. There is a growing consensus that there is a need for new 

malaria diagnostic tools to overcome their limitations, especially in POC settings.[3, 62, 

63]  

Table 1 Summary of diagnostic performance of established malaria diagnostics. 

*Laboratory PCR is generally considered to be the most sensitive of the established diagnostics for 

malaria, and is used as the gold standard when comparing it to other malaria diagnostic techniques. 
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2.3 Emerging Nucleic Acid Tests (NATs) 

NATs have the potential to offer many advantages at the POC, such as low limits of 

detection, the ability to speciate, and to quantify the level of infection. For malaria 

diagnosis, many NATs consist of a separate amplification and detection step, since there 

is not sufficient Plasmodium nucleic acid in a peripheral blood draw for direct detection 

using current detection technologies.[47] Emerging NATs for malaria diagnosis seek to 

be appropriate for the POC through a variety of methods including reducing the cost and 

difficulty of the amplification step and generating a quick and easy to use detection 

schemes. The diagnostic performance of the POC NATs discussed below is summarized 

in Table 2.  

Table 2 Summary of the diagnostic performance of potential POC-appropriate NATs discussed in this 

paper 
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2.3.1 Isothermal amplification 

Isothermal amplification techniques operate at a single temperature, eliminating the need 

for a thermocycler allowing them to be run on simple and portable heating systems. 

Several different isothermal amplification techniques have been developed in recent years 

such as helicase-dependent amplification, rolling circle amplification, and nicking 

enzyme amplification reaction.[64-66] Of the various isothermal amplification 

techniques, two in particular, LAMP and NASBA, have been extensively explored for 

malaria diagnosis.  

Loop mediated isothermal amplification (LAMP) 

The most extensively studied amplification technique for the detection of malaria is loop 

mediated isothermal amplification (LAMP). LAMP uses a complex set of four primers 

which, after the initial binding and amplification steps form a ‘stem-and-loop’ structure, 

which leaves a binding site constantly open for new primers to anneal. LAMP is a highly 

efficient technique capable of achieving 108 fold amplification in as little as an hour.[67] 

LAMP also generates a magnesium pyrophosphate precipitate during amplification, 

which can be used for detection by measuring the turbidity of the solution.[68, 69]  

LAMP was first used for malaria in 2006, on 202 patient samples gathered in Thailand. 

An easy to implement sample preparation method was also investigated during this study, 

boiling the patients’ blood for 10 minutes in order to release the parasite DNA. The 

amplified malaria DNA was monitored with a real-time turbidity measurement to track 

the generation of precipitate. This study used microscopy as a gold standard and 

determined that LAMP had a sensitivity and specificity of 95% and 99%. They were able 
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to detect 10 copies of target, serially diluted from a clinical specimen in a 50µL sample, 

suggesting a detection limit equivalent to 0.2 parasites/µL of blood.[70] 

LAMP primer sets have been designed for each of the four species of malaria, as well as 

a pan-Plasmodium set. These LAMP primers were tested on 121 patient samples gathered 

in rural Thailand. DNA preparation was accomplished by boiling the blood samples for 

10 minutes. The pan-specific reactions returned results in around 25 minutes, while each 

of the species-specific amplifications returned results in around 35 minutes. The limit of 

detection was determined using positive control plasmids and for P. malariae and P. 

ovalae was the equivalent of 0.2 parasites/µL of patient blood, while the limit of 

detection for remaining primer sets was the equivalent of 2 parasites/µL of blood. Using 

microscopy as a gold standard, they found that on average for each of the primer sets, the 

sensitivity and specificity were 98.5% and 94.3%.[71] 

The performance of LAMP using turbidity for detection and boiling for DNA extraction 

was compared to gel electrophoresis and a commercial DNA extraction kit on samples 

from Bangladesh (n = 115). The study found that LAMP using commercial DNA 

extraction and gel electrophoresis had a sensitivity and specificity of 76.1% and 89.6% 

(laboratory PCR used as a gold standard). Although boiling alone did not affect the 

performance of the assay compared to the commercial kit, using boiling and turbidity as a 

detection method together dropped the specificity to 58.3%. This drop in specificity was 

attributed to the non-specific nature of the visual detection, and the increase in non-

targeted DNA from the sample preparation technique.  The authors of this study conclude 

that further optimization of LAMP to reduce non-specific amplification is necessary 

before heating can be used as a POC sample preparation technique, but that overall 
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LAMP remains a promising technique for malaria diagnosis. The reagent cost of LAMP 

was found to be $0.40--$0.70 per test, comparable to the price to the consumer of an 

RDT strip.[72]  It should be noted that extra LAMP reactions would need to be run as 

positive controls, which are included in the price of a single RDT, increasing the cost of 

LAMP.  The cost of LAMP is also increased by the additional resources required for 

implementation. 

A heating system has been developed for LAMP which does not require an external 

power source. The system uses an exothermic reaction, CaO and water, and the heat from 

this reaction is coupled with a phase-change material with a melting temperature of 62°C. 

A prototype was built which maintained the LAMP amplification temperature (62°C--

65°C) for 45 minutes from a single reaction. Using turbidity as a detection method, 

LAMP was carried out on samples spiked with P. falciparum DNA without requiring an 

external power source, maintaining the same limit of detection as LAMP run with a 

conventional laboratory heat source.[73] 

LAMP is a promising method for the POC diagnosis of malaria. LAMP has a low limit of 

detection (0.2 – 2 parasites/µL), a high sensitivity and specificity, ranging from Se = 

76.1%--98.5%, Sp = 89.6%--100%, produces a result in 30 minutes to 2 hours, and 

allows visual readout of the results.[70-72, 74] One major drawback of LAMP is that it is 

prone to contamination and amplification of non-targeted DNA sequences, which lowers 

the specificity of the assay.[71, 74] There is a potential to increase the field specificity of 

LAMP by coupling it with a targeted detection system.[72] 
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Nucleic acid sequence based amplification (NASBA) 

Nucleic acid sequence based amplification (NASBA) is a different isothermal 

amplification method which has recently been applied to malaria diagnosis. The NASBA 

reaction continually cycles between the activity of a reverse transcriptase to copy an 

RNA sequence into a cDNA, and the activity of a T7 RNA polymerase for subsequent 

amplification. NASBA generates a high number of RNA copies per cycle, allowing it to 

generate detectible product in a shorter time frame than other amplification 

techniques.[75] 

NASBA RNA probes were designed for the P. falciparum and P. vivax 18S mRNA and 

tested on 99 samples.[76] The samples were amplified for one hour on a commercial 

thermal cycler which was used to monitor the progress of the NASBA reaction in real-

time. The limit of detection of the assay was determined using serial dilutions of the 

clinical samples and was found to be equivalent to 0.1--0.01 parasites/µL of blood and 

NASBA was found to be quantitative.[76] 

NASBA was further tested on samples from areas of high (rural Kenya, n = 149) and low 

(urban Tanzania, n = 154) malaria prevalence. The NASBA reaction was carried out in an 

RT-PCR system alongside laboratory PCR with microscopy as a gold standard. In the 

sample set from Kenya, the correlation between NASBA and microscopy was 0.80, while 

PCR and microscopy had a correlation of 0.76. In the lower incidence population of 

Tanzania, the correlation of NASBA with microscopy dropped to 0.33, while the 

correlation of PCR with microscopy dropped to 0.25.[45] Since PCR and NASBA are 

more sensitive to low-level infections, the drop in correlation is likely due to infections 
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missed by microscopy, further suggesting that PCR and NASBA are especially useful in 

low prevalence areas where low-level infections are more common.[45, 77] 

NASBA has a high degree of specificity and sensitivity, can produce results in an hour, 

and has the lowest limit of detection of any of the investigated malaria diagnostics, with a 

detection limit of 0.01 parasites/µL of blood as determined by serial dilution of clinical 

samples of known parasitemia. Some of the limitations of NASBA as a POC technique 

are that it is prone to contamination and false positives, and that it requires more 

extensive sample preparation than LAMP. The cost of NASBA reagents have been found 

to be around $5--$20 per test, making it expensive for malaria diagnosis.[78] However, 

since it is the most sensitive to low-level infections, NASBA has the potential to be 

especially useful as a screening tool despite a relatively high cost. 

Recombinase Polymerase Amplification (RPA) 

Recombinase polymerase amplification (RPA) is a recently developed isothermal 

amplification technique.  The RPA reaction operates in a manner similar to conventional 

PCR, but uses the action of enzymes to denature and anneal rather than thermocycling.  

RPA primers bind to polymerase enzymes in the reaction mix.  When a target sequence is 

added to this mix, the primer-polymerase complexes bind to the target, displacing the 

anti-sense strand and forming a D-loop structure.  This creates a pocket that allows for 

the binding of the polymerase, which begins extension as in traditional PCR.[79]  In 

addition, the RPA reaction can be modified (RPA nfo) with labelled primers and a probe 

sequence to generate a secondary product which is detectible on commercial lateral flow 

strips, which allows for an easy to use method to visually detect amplified product.[80-
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82]  RPA runs at a lower temperature (37C) and in a much shorter time frame (<30 

minutes) than other isothermal techniques. 

RPA nfo primers and a probe sequence have been developed to detect P. falciparum.  

These were tested on total genomic DNA extracted for a total of 77 different P. 

falciparum strains.  The reaction was run in 10 minutes at 38C and detected the 

equivalent of 4 parasites/µL worth of DNA using visual inspection of lateral flow 

strips.[83] 

Isothermal amplification techniques such as NASBA, LAMP and RPA are promising for 

malaria diagnosis in POC settings. They eliminate the need for a costly and power 

intensive thermocycler, produce results in a short time, from 10 minutes (RPA) to 1 hour 

(NASBA), and are capable of detecting infections of <5 parasite/µL of blood. The 

sensitivity and specificity of these techniques is comparable to PCR based diagnostics, 

although LAMP is known to lose specificity due to non-targeted amplification. LAMP is 

also capable of operating on samples with minimal pre-processing, and results can be 

monitored with turbidity measurements, making it especially suited for use as a malaria 

POC diagnostic since it has comparable material costs to the commercial price to 

consumers of RDTs.[72]  However, extra amplifications would need to be run to make up 

for the fact that the amplifications do not include a built-in positive control as commercial 

RDTs do.  Although it is the most sensitive to low level infections, NASBA is currently 

too expensive for practical POC use, making it more appropriate for use in regional or 

central health facilities. RPA shows great promise for future development, since it 

amplifies in a very short time frame at easily achieved temperatures and can produce an 

easy to detect visual result.  However, it costs around $7 per test ($4 for reagents, $3 for 
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lateral flow strips), putting it on the expensive end of malaria diagnosis.  One of the 

major drawbacks of isothermal amplification techniques is that so far they have been 

tested only in relatively well equipped laboratories. 

2.3.2 Novel PCR-based detection methods 

Although traditional PCR is an extremely sensitive (97%) and specific (100%) technique 

compared to microscopy, with the ability to amplify low levels of infection, it is limited 

at the POC by a susceptibility to contamination, expensive reagents, and the need for a 

stable power supply and thermocycler.[84-86] There is a growing interest in developing 

novel processing and detection techniques to adapt laboratory PCR into a POC tool. 

Several NATs for malaria at the POC focus on finding ways to couple PCR with novel 

detection systems. Novel detection strategies can be used to increase the utility of an 

amplification reaction by speciating malaria with a single reaction (‘one-pot detection’), 

by reducing the amount of required amplification, or by removing the need for special 

detection systems.[68, 69, 85, 87, 88] Some of these detection techniques may eventually 

be coupled with isothermal amplification techniques to combine the benefits of POC 

amplification and detection. 

A commercial ELISA wellplate assay has been adapted into a NAT for the detection of 

malaria by using capture oligonucleotides instead of antibodies. Following traditional 

PCR amplification biotinylated primers and a horseradish peroxidase (HRP) conjugated 

streptavidin are used with a chromogenic HRP substrate for detection. This technique 

was tested in the field on 300 patients in Thailand, where  researchers were able to 

achieve a sensitivity of 91.4% and a specificity of 95.8% (using microscopy as a gold 
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standard) and a detection limit of 30 parasites/µL, determined by the lowest microscopic 

parasitemia detected by the PCR-ELISA .[89] The PCR-ELISA assay allows high 

throughput screening, is able to detect mixed infections, and has successfully been tested 

in a low-resource setting. However, the major drawback is that it requires the 

infrastructure to support PCR and a microplate spectrophotometer. 

A major focus of research into adapting PCR for the POC is the development of ‘single-

pot’ detection systems that allow for the identification of more than one infecting species 

of malaria from a single amplification reaction. In the PCR ligase detection reaction 

(PCR LDR), DNA probes for each Plasmodium species are designed of different lengths 

to be resolved separately on a gel.[85] On 189 samples from Papua New Guinea, the PCR 

LDR technique had a limit of detection using diluted cultured parasites of 1 parasite/µL, 

with a sensitivity and specificity of 100% and 90%, using expert microscopy as a gold 

standard.[85] Although this technique was able to detect each species of malaria from a 

single amplification, it is unsuited for POC use since it can take hours to resolve the 

different bands, it requires a stable power supply to run the gel, and requires a secondary 

detection step to locate the DNA on the gel. 

The PCR LDR assay was improved by introducing a fluorescent microsphere assay for 

detection (LDR-FMA). Commercial microspheres tagged with a specific sequence 

(Luminex FlexMap probes) are used for detection. Different FlexMap microspheres, 

uniquely labeled with specific fluorophores, recognize species-specific DNA sequences, 

and are then used to quantify the presence of individual plasmodium species.[87] 
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The LDR-FMA was tested on cultured malaria samples and had a concordance of over 

90% with microscopy and a limit of detection of 20 parasites/µL of blood, determined 

based on the lowest parasitemia measured by microscopy that was positive by LDR-

FMA. The detection step was estimated to cost $0.30 per patient, however this does not 

include the cost of the necessary amplification step.[87] The drawback to this technique 

is that it is relatively time consuming and requires a sophisticated BioPlex Array reader 

capable of measuring the difference between the different fluorescent tags used. 

Another approach to developing a fluorescent ‘one-pot’ detection system for malaria used 

a series of FRET-based DNA probes using the commercial LightCycler system. Probes 

are designed to bind to a species-specific region of the 18S DNA and each different probe 

was designed so that it had a unique melting temperature. By using a carefully controlled 

temperature source (an RT-PCR machine) it was possible to differentiate between the 

different probes by measuring their melting temperature. This method was tested on 297 

samples from Thailand and allowed for highly sensitive differentiation, and even allowed 

for separate quantitation of mixed parasite infections in a single reaction.[84] Using 

microscopy as the gold standard, this technique achieved a sensitivity and specificity of 

97% and 100%. The limit of detection was determined using a positive control plasmid 

spiked into uninfected blood samples and was found to be 1 parasite/µL. The major 

drawback of this technique as a POC tool is that it requires sophisticated temperature 

control and fluorescence detection systems. 

The nucleic acid lateral flow immunoassay (NALFIA) is an attempt to create a rapid, 

easy-to-use detection method for DNA targets that is entirely self-contained. NALFIA is 

intended to be coupled with an isothermal amplification method, although so far it has 
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only been tested with laboratory PCR. NALFIA is analogous to the lateral flow 

immunoassay technology used in RDTs, but uses DNA capture and recognition 

sequences as well as antibodies to attach these sequences to the reporter molecule and the 

nitrocellulose. As with RDTs, the reagents can be pre-set on the nitrocellulose strip so 

that a user only needs to apply a sample and wait for a result to develop (around 10 

minutes).[90] 

NALFIA was tested under field conditions in Mbita, Kenya on 650 patient samples. 

Samples were purified with commercial kits and amplified with PCR before being 

spotted on the NALFIA strips. NALFIA was found to have a sensitivity and specificity of 

98% and 99% (PCR as a gold standard). The limit of detection was measured using serial 

dilutions of a Plasmodium culture with a detection limit of 0.3--3 parasites/µL. NALFIA 

is one of the best suited NATs for use in POC settings since it is extremely fast, has high 

sensitivity and specificity, is very simple to use, and the result is determined through 

visual detection. Some of the drawbacks of NALFIA are that it requires a separate 

amplification step, and that it includes antibodies similar to those used in RDTs and 

therefore would likely have many of the same storage requirements that trouble RDTs.  

The major advantages of adapting PCR for POC diagnosis is that it is an extensively 

tested, proven technique (under laboratory conditions) which is capable of detecting 

extremely low level infections with high specificity and sensitivity. The drawback to 

using PCR at the POC is that it requires a large amount of infrastructure; including a 

thermocycler, a steady power supply, and reagent grade water.[84] A variety of novel 

detection methods have been investigated, which when coupled with PCR offer the 

potential for rapid (<1 hour total time), accurate diagnosis with the potential to require 
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less resources, less user intervention, and be more POC accessible than laboratory PCR.  

These detection methods are especially promising for future development, because some 

of them may be coupled with isothermal amplification techniques to create totally self-

contained tests. 

2.4 Conclusions 

There is a growing interest in developing NATs for malaria diagnosis at the POC. The 

greatest advantage of NATs is their ability to detect extremely low level infections which 

are often missed by microscopy and RDTs. The greatest barrier to NAT use in the past 

has been their relatively high cost and the amount of infrastructure required. These 

problems have been addressed in a variety of ways to decrease the cost, increase the ease 

of use, and maintain a high sensitivity and specificity and low limit of detection. The 

degree to which current and emerging malaria diagnostics have been able to meet the 

requirements of an effective POC diagnostic is summarized in Table 3. For the 

foreseeable future, NATs will likely remain more expensive for malaria diagnosis than 

RDTs, but may provide significant performance benefits for certain situations, which 

may outweigh their increased costs.  
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Table 3 Comparison of diagnostic characteristics such as ease-of-use, cost, availability, and other properties 

that are relevant to the test’s ability to be useful at the POC. 

 

*Costs listed for more established techniques (microscopy and RDTs) reflect a more realistic cost to the 

end user including shipping, storage as well as reagent costs.  Costs listed for the techniques under 

development (RT PCR, PCR LDA, PCR ELISA, LAMP, NASBA, RPA, and NALFIA) reflect only the 

cost of the materials required to perform the assay as given by the authors of the cited studies and likely 

underestimate the ultimate end cost to the user. 
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Isothermal amplification techniques can be run in a very short timeframe, require 

minimal infrastructure, and can detect extremely low levels of infection with high 

accuracy. LAMP, in particular, is promising for further development as POC tool because 

it allows for easy detection of the amplified product, is reasonably inexpensive, and it can 

be operated with minimal sample preparation. RPA also shows great promise, and should 

be further studied since it operates in a shorter time frame and at a more easily achievable 

temperature than other isothermal techniques. The greatest drawback for isothermal 

amplification is that, so far, it is relatively untested in realistic field conditions, which 

may significantly impact the performance of these tests.  

POC focused detection strategies for more conventionally amplified targets generally 

focus on reducing the per test cost with methods that allow for extremely high 

throughput, such as ‘single-pot’ speciation. Although these techniques can be extremely 

sensitive, quick and relatively inexpensive, many of them may be difficult to adapt into 

POC tools because of their reliance on extensive infrastructure. NALFIA is the detection 

technique that may be best suited to the POC since it has already been tested under field 

conditions and is quick and simple to use. In addition, future work coupling NALFIA 

with an isothermal amplification system could result in a diagnostic that requires very 

little infrastructure and maintains a very low limit of detection compared with 

microscopy and RDTs. 

Overall, the NATs being developed for the detection of malaria at the POC have 

demonstrated that NATs can be easy to perform while maintaining a low limit of 

detection and high sensitivity and specificity. The use of LAMP as a low cost 

amplification method coupled with low cost detection such as turbidity or a scheme such 
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as the PCR LDA have the potential to create a NAT which is accessible in POC 

environments. The next major step in NAT development will be testing these techniques 

under realistic field conditions in malaria endemic countries. The integration of POC 

appropriate amplification technologies such as LAMP, NASBA and RPA with low-cost 

and easy to use detection systems such as NALFIA will be an important next step in 

realizing this goal. 
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CHAPTER 3: Gold Nanoparticle Aggregation for Malaria Detection2 

3.1 Introduction 

There is a growing interest in developing new nucleic acid based tests to detect and 

quantify infectious diseases at the point-of-care (POC) in low-resource settings.[91, 92]  

To be effective in these settings, tests should have a fast run-time, deliver unambiguous 

results, require minimal infrastructure, be extremely sensitive and specific to small 

quantities of the targeted nucleic acid sequence, and ideally quantify the amount of target 

present.[17]  A number of approaches are being pursued to achieve these goals.[67, 90] 

These techniques often face two major challenges: the amplification of small quantities of 

target; and the detection and quantification of the amplified target.   

Metallic nanoparticles conjugated to nucleic acid probe sequences have been identified as 

a promising method to address the challenge of target detection and quantification of very 

small quantities of nucleic acids due to their unique optical properties.[93-97]  In this 

approach, two different DNA probe sequences (1 and 2) are conjugated to gold 

nanoparticles (AuNPs), which are complementary to adjacent regions of a target 

sequence (1’2’).  When the target is added to a solution containing a mixture of the oligo-

AuNP conjugates, the gold nanoparticles aggregate, causing a strong shift to the red in 

the scattering spectrum of the solution due to the plasmon resonance of the closely linked 

                                                 
2 A version of this chapter was previously published as: 

M.S. Cordray, M. Amdahl, R.R. Richards-Kortum, Gold nanoparticle aggregation for quantification of 

oligonucleotides: Optimization and increased dynamic range, Analytical biochemistry, 431 (2012) 99-105. 
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AuNPs (FIGURE 1).[98-104]  This 

scattering shift can be easily visualized using 

a simple glass waveguide system which 

illuminates scattering by directing light 

through the plane of a standard microscope 

slide.[98, 102]  The aggregation assay is 

specific to the targeted nucleic acid 

sequence, with an ability to detect single 

nucleotide polymorphisms, and produces 

results that are detectible by the naked 

eye.[105, 106]  While the assay has been 

used with a variety of hybridization buffers, 

heating to 37°C during incubation, and a 

wide variation in incubation times (from 1 

hour to 24 hours), it is not clear which 

conditions lead to an optimal limit of 

detection (LOD) or whether results can be 

read quantitatively across a meaningful 

dynamic range.[98, 99, 107-109]  Previous 

studies investigating the dynamic range of 

other DNA-based AuNP aggregation assays 

have found them to be linear over a range of 

Figure 1 A) A schematic showing the basic 

process of the aggregation reaction.  Oligo-AuNP 

conjugates 1 and 2 are bound together into a large 

aggregated network by the target sequence 1’2’.  

B) A schematic of the principles of the side-

illumination waveguide system used to illuminate 

the scattering of the samples. C) Photograph of 

representative samples on the side-illumination 

system, showing the visible red-shift of aggregated 

vs. monodispersed AuNP. D) This shift can also 

be observed in the spectroscopy of the samples. 

monodispersed AuNP. 
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around 1-2 orders of magnitude of target concentration.[109, 110] 

This paper reports a series of studies designed to optimize the aggregation assay for 

decreased LOD, increased dynamic range, minimal run time, and to eliminate the need 

for external heating by varying reaction conditions known to affect metallic nanoparticle 

aggregation such as incubation temperature, incubation duration and salt content of the 

buffer.[108, 111-113]  I compare the limit of detection and dynamic range of the assay 

using three different read out methods: photographic assessment of color, 

spectrophotometric measurement of light scattering at a single time point, and temporal 

variations in the spectrum of scattered light. I also present a new method for dynamic 

measurement of the aggregation process which allows for quantification of the targeted 

nucleic acids.  I find that monitoring dynamic changes in lights scattering increases the 

quantifiable dynamic range of the assay by 2 orders of magnitude without compromising 

the limit of detection, as well as decreases the time before the assay returns a result by 3 

fold. 

3.2 Materials and Methods 

3.2.1 Materials   

DNA probe and target sequences were ordered from Integrated DNA Technologies 

(Coralville, IA), and resuspended in water at 100 M.  50 nm diameter gold nanoparticles 

were obtained from Ted Pella (Redding, CA).  Formamide, dextran sulfate, sodium 

chloride, DNase-free water, PBS, mineral oil, and magnesium chloride were all obtained 

from Sigma Aldrich (Saint Louis, MO).  Quant-It Oligreen was obtained from Invitrogen 



28 

 

(Grand Island, NY).  Aldehyde coated glass slides were obtained from ArrayIT Corp. 

(Sunnyvale, CA). 

3.2.2 Methods 

Conjugating Gold Nanoparticles and Oligonucleotide Sequences 

As an example of a clinically relevant target, I selected the eukaryotic parasite genus 

Plasmodium which causes malaria.  There is a growing interest in developing new 

nucleic acid based diagnostics for malaria in order to target markers of resistance, and to 

increase the sensitivity and specificity over current diagnostic methods.  Oligonucleotide 

probe sequences were designed with the NCBI’s Basic Local Alignment Search Tools 

(BLAST) to be specific to the genus Plasmodium and to not cross react with human 

DNA.  A poly-A tail and PEG spacer were used to increase the flexibility of the 

sequence.  A thiol group was attached to the 5’ end of each DNA probe to allow for 

conjugation with the AuNP.  Sequences for the two probes and target were as follows:  

Probe 1: 5’ – ThioMC6 – A15 – PEG18 – CAT CAA AAG CTG ATA GGT CA – 3’; 

Probe 2: 5’ – ThioMC6 – A15 – PEG18 – GAA ACT CGA TTG ATA CAC ACT A – 3’;  

Target (from Plasmodium 18S gene): 5’ – TAG TGT GTA TCA ATC GAG TTT CTG 

ACC TAT CAG CTT TTG ATG – 3’. 

Oligonucleotide sequences were attached to the gold particles using methods adapted 

from the literature.[99]  In brief, 200 L of 15 M disulfide-oligonucleotide sequences 

were mixed with 5 L of 1M tris(2-carboxyethyl)phosphine (TCEP) for 30 minutes at 

room temperature to reduce the disulfide bond.  800 L of 75 pM 50 nm gold colloid was 

added and the mixture was allowed to sit overnight.  Over the next 48 hours the salt 
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concentration of the solution was raised, in steps of 0.1x, to 0.5x PBS to increase the 

loading of oligonucleotides onto the surface of the AuNP.  To remove excess oligo 

sequences, the oligo-AuNP conjugates were then washed 3 times by centrifuging at 

4000g for 10min and resuspending in 1x PBS.  After each batch of probe conjugation, the 

transmission spectrum of the oligo-AuNP conjugates was measured using a Cary 50 

spectrophotometer; a single extinction peak at 535 nm was taken as evidence that no 

aggregation occurred during the conjugation step. 50nm AuNP were chosen for this study 

because they have been shown to offer a compromise between a strong optical signature 

and stability of the colloids in solution.[98, 106]   When characterizing probe creation, a 

series of experiments were carried out to determine the average number of 

oligonucleotide sequences on each gold particle.  This was accomplished by mixing 1.3M 

β-mercaptoethanol with the AuNP-oligo probes overnight to release the DNA from the 

gold.  The amount of DNA in the supernatant was then quantified using a commercial 

fluorescent oligonucleotide quantification system (Quant-It Oligreen).  I found that on 

average 460 copies of Probe 1 and 530 copies of Probe 2 attached to each of their 

respective AuNPs. 

Aggregation Assay 

To test the performance of the assay, a set of target concentrations were prepared by 

serial dilution ranging from 50 pmoles to 15 amoles of target in steps of half a log.  

Target amounts are expressed as the total number of target DNA strands added to the 

final reaction mixture.  In 5µL of target added to the final mixture, this works out to a 

concentration range of 10µM to 3pM.   A hybridization buffer was prepared consisting of 

20% formamide, 16% dextran sulfate, and 3.75 mM MgCl2.  For each experiment, a 
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working solution was created by mixing 60 L of each probe and 80 L of the 

hybridization buffer.  10 L of this working solution was mixed with 5 L of a target 

solution to give a final reaction mixture.  The standard assay conditions reported most 

commonly in the literature were defined to be a 2 hour incubation in a 370C waterbath 

using the hybridization buffer described above.[98, 105, 107, 108] 

To optimize reaction conditions for decreased time, eliminating heating and maintaining 

or perhaps improving the LOD and dynamic range, I varied the assay runtime, 

temperature and salt concentration in the buffer.  A master solution was prepared for each 

target concentration, and then split into aliquots for each condition.  Temperature of the 

incubation step was varied using a programmable water bath, and the solutions were 

incubated for 2 hours with the hybridization buffer described above.  The time of the 

incubation was varied by creating a master solution for each target concentration and then 

splitting it into separate aliquots for each time point.  These aliquots were then all placed 

simultaneously in a 37°C waterbath and then removed after the chosen incubation time, 

from 10 minutes to 3 hours.  To vary the salt concentration of the assay, different 

hybridization buffers were created with varying added volumes of a 5M stock of NaCl to 

achieve NaCl concentrations in the final solution of 0.3M, 0.6M and 1M.  These samples 

were incubated for 2 hours at 370C.  The need for heating was investigated by running the 

aggregation assay with a 2 hour incubation at 37°C and a 2 hour room temperature 

incubation.  Under each set of conditions I compared the LOD and contrast between 

positive (aggregated) and negative (monodispersed) samples by recording the color of the 

spots with photography and spectrophotometry. 
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Measurement 

Assay results were quantified by spotting 1L of the final reaction mixture onto an 

aldehyde-coated glass slide and capturing a digital photograph of scattered white light 

and by measuring the spectrum of scattered light across the visible spectrum.  

Illumination of the scattering spectrum for both measurements was accomplished by 

placing the slide with the samples on it into a side-illuminated illumination system 

consisting of a Edmund Optics MI-150 light source, fiber optic light spreader, and a 

custom built mount to couple the light into the edge of the slide, using it as a 

waveguide.[102]  To record image data, a dissection microscope (Olympus SZ61) and 

Zeiss Axiovision MRc5 camera were used with the Zeiss Axiovision software with an 

exposure time of 1.25 sec for each image.  To record spectra, an Ocean Optics USB 4000 

portable spectrophotometer was used with a fiber optic probe (400µm core diameter) and 

data were recorded with an exposure time of 100 msec and a boxcar averaging width of 

5. The fiber was clamped into a mount to keep it a uniform distance from the slide and 

normal to the surface of the slide during and between experiments.  The fiber was 

positioned under the center of each spot for data collection.  Preliminary experiments 

testing the repeatability of the system found <5% difference between repeated 

measurements of the same spots.  Images and spectra were recorded immediately after 

spotting each sample on the slide.  Spectral data was processed by subtracting the spectra 

of a solvent blank, and normalizing the subtracted spectra to a peak height of one.  To 

measure light scattering images and spectra dynamically, a 1.5 L drop of mineral oil 

was layered over the 1 L spot of sample to retard drying and images and spectra were 

taken immediately after spotting and then every 2.5 minutes up to 10 minutes. 
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3.3 Results and Discussion 

Using the standard conditions, the aggregation assay was run 5 times for a wide range of 

target concentrations.  Using visual inspection of scattered light photographs to determine 

when the color of the spot changed from green (negative) to orange (positive), the limit of 

detection of the assay was between 150 amole and 500 amole of target in the final 

reaction mixture (FIGURE 2A).  To quantify spectrophotometric data, the ratio of red to 

green scattered light at 605 nm to that at 555 nm was calculated; these wavelengths were 

selected because they correspond to the peak scattering wavelengths of monodispersed 

and aggregated oligo-AuNPs respectively.  Spectroscopy ratios below 0.8 were 

considered to be negative (containing mostly monodispersed AuNP), while samples with 

spectroscopy ratios equal to or greater than this were considered positive (contains 

aggregated gold).  The assay red to green ratio was linearly (R2>0.95) related to the log10 

of the amount of target with a dynamic range spanning 150 amoles of target and 15 

Figure 2 A) Photograph of one run of the aggregation assay using ‘standard’ reaction conditions.  Each 

sample is marked with whether it would be considered positive (aggregated) or negative 

(monodispersed) by visual inspection.  B) Averaged peak spectroscopy ratios (n=5) as a function of 

target concentration.  The spectroscopy ratio is the ration between the amount of scattered light 

recorded at 605nm and 555nm after each of these spectra have been normalized to their respective peak 

value.  The spectroscopic ratios have been labeled for samples in the linear range of this assay.  Note 

that the 150 amole sample can be determined to be positive by spectroscopy, but not by visual 

inspection.  A horizontal line has been plotted on the graph to show the average red/green ratio of the 

no target control sample. Error bars represent 1 standard deviation. 
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fmoles of target (FIGURE 2B).  Together, these results suggest that the oligo-AuNP 

conjugation method and the aggregation process are repeatable, and that using the 

spectroscopy ratio of the two peak wavelengths is a reliable way of quantifying the 

amount of target.  

I then aimed to optimize the reaction conditions of the assay (temperature, time and 

buffer composition) to improve its sensitivity and yield an assay more amenable for POC 

use. These conditions were chosen because of their well-known effects on AuNP 

aggregation.  During these optimization experiments I used three different target 

amounts: 50 fmoles target, which was found to consistently cause complete aggregation; 

500 amoles, an intermediate amount which was found to consistently lead to partial 

aggregation of the oligo-AuNPs; and a negative control containing no target to show the 

effects of the varied conditions on un-aggregated samples. 

I first tested the effect of temperature to determine the effect of carrying out the 

aggregation assay at room temperature.  Other studies have used room temperature 

incubation in this assay format but in this study I sought to specifically isolate its effect 

on the limit of detection of the assay.[105, 108] Increased temperature (a 45°C 

incubation) was also investigated and was found to cause aggregation in all samples 

including the no target control (data not shown).  I hypothesize that this is caused by non-

DNA mediated aggregation of the AuNP.  At 37°C incubation the assay had a LOD of 

500 amoles of target as determined by both spectroscopy and visual inspection (FIGURE 

3A).  Under room temperature incubation conditions, the color difference between 

aggregated and monodispersed AuNPs is too subtle for visual detection, but spectroscopy 
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maintains a limit of detection of 500 amoles.  By using spectroscopy it is possible to 

maintain a low limit of detection even when no heating apparatus is used. 

I then tested the effect of incubation 

time on oligo-AuNP aggregation in 

order to determine the minimum 

aggregation time, since a short time to 

result is critical in POC settings.  The 

aggregation assay begins producing 

results after a relatively short time 

frame (FIGURE 3B).  The 50 fmole 

sample became positive by 

spectroscopy and visual inspection 

after 10 minutes.  The 500 amole 

sample became positive between 20-

30 minutes.  Up to 180 minutes of 

incubation, the no target sample 

remained mostly monodispersed.  

These data suggest that aggregation 

can happen on a short timescale and 

that the assay can produce results at 

the full limit of detection in under an hour, compared to the 2 hours or longer often 

reported for this assay. 

Figure 3 A) The effect of incubation temperature on the 

spectroscopy results of the aggregation assay.  B) The 

effect of different incubation durations.  C) The effect of 

the salt concentration of the reaction buffer.  A dashed 

line has been drawn for the red/green ratio = 0.8 above 

which spectral data was considered positive. 
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Finally, I changed the buffer composition, increasing the concentration of salt ions to 

favor the electrostatic interactions that drive oligonucleotide annealing and to decrease 

the surface charge repulsion experienced by the AuNPs.[108] Using 1M NaCl in the final 

mixture was found to cause aggregation in all target concentrations including the no 

target control (FIGURE 3C).  The use of 0.3M and 0.6M NaCl was found to improve the 

contrast between positive (aggregated) and negative (monodispersed) samples as well as 

to improve the LOD over the standard salt concentration by making it easier to classify 

the 500 amole sample as positive by visual inspection. 

Combining the findings of the previous experiments, the optimal conditions for carrying 

out the aggregation assay were found to be a 30 minute incubation at room temperature, 

in a reaction solution containing 0.6M NaCl.  A shortened time was used since the higher 

salt concentration was found increase the speed at which samples aggregated.  These 

optimized conditions were tested 5 times on the same range of sample dilutions as the 

standard condition experiments (FIGURE 4).  The spectroscopy ratio had a strong linear 

relationship with the log10 of the target concentration over a dynamic range from 50 

amoles to 15 fmoles (R2 = 0.95).  A non-targeted DNA sequence was also tested with the 

optimized conditions over a range of 500 fmoles to 5 amoles.  The assay was found to be 
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negative at all concentrations of the non-targeted sequence, demonstrating the selectivity 

of the process (data not shown).  

Compared to the standard conditions, the optimized conditions decreased the LOD, 

maintained a similar dynamic range and decreased the contrast between positive and 

negative samples.  The increased spectroscopy ratio of the baseline is thought to be due to 

the increased salt in the reaction causing some non-DNA mediated aggregation.  The 

decreased spectroscopy ratio of the high target samples is thought to be due to the 

decreased reaction time not allowing for as much aggregation to occur as in the standard 

assay.  Both sets of conditions have similar linear ranges.  Given 5µL of target input to 

the reaction, the optimized reaction has a limit of detection of 10pM.  The optimized 

conditions maintain the performance and repeatability of the standard aggregation assay, 

Figure 4 Comparison of the spectroscopy ratios of the 

‘standard’ and ‘optimized’ reaction conditions as a function of 

the amount of target.  The table compares the key differences 

between the standard and optimized parameters of the assay.  

Horizontal lines have been plotted on the graph to show the 

average red/green ratio of the no target control samples. 
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while being much more useful as a POC diagnostic technique, since results can be 

obtained in a quarter of the time, and with no heating apparatus required. 

I hypothesized that monitoring dynamic changes in light scattering would offer faster 

results and a greater dynamic range.  Samples spotted onto a microscope slide dry out 

after around 7 minutes, causing irreversible aggregation.  Using a drop of mineral oil to 

cover the sample droplet on the surface of slide was found to delay this drying by up to 

15 minutes.  An aliquot of the reaction mixture was spotted on a slide immediately after 

preparation and covered with oil; spectra were acquired immediately after spotting and at 

2.5, 5, 7.5 and 10 minutes after spotting (FIGURE 5A). The red to green ratio was plotted 

versus time and the time at which the ratio reached 1 was estimated using linear 

interpolation (FIGURE 5B).  A variety of red/green ratio thresholds were investigated 

from 0.8 to 1.3 and a threshold of 1 was found to give the most reliable relationship 

between target concentration and the time to cross the threshold (data not shown). The 

experiment was carried out 5 times and the ratios at each concentration were averaged.  
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There was found to be a strong linear region (R2 > 0.95) for target concentrations with a 

dynamic range of 50 amoles to 500 fmoles (FIGURE 5C).   As samples dried on the 

slide, they were found to aggregate, including the no target controls which achieved a 

red/green ratio of 1 after 9 minutes.  Although the no target controls aggregated, sample 

containing target were found to aggregate significantly faster, allowing for measurement 

of the amount of target in the solution.  This offers an alternative measurement method 

for the aggregation assay, which not only decreases the time to a result from 30 minutes 

to 10 minutes, but also increases by two orders of magnitude the range over which the 

Figure 5 A) Visual results of monitoring aggregation kinetics on the side-illumination system, using oil 

coverings to prevent sample drying. B) Spectroscopy ratios calculated as a function of time.  A dashed line 

has been drawn at 605nm/555nm = 1 and the time each sample took to cross this threshold was calculated.  

C) The average of 5 samples of the kinetics experiment on the side-illumination system.  Error bars 

represent 1 standard deviation.  A horizontal line has been plotted to show the average red/green ratio of the 

no target control samples.  A linear fit line showing the relationship between the log10 of the target amount 

and the time to cross is shown.  The spectroscopic ratios have been labeled for samples in the linear range 

of this assay. 
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assay is linear.  The assay conditions and results explored in this study are summarized in 

Table 4.  

In the dynamically measured spectroscopy data, I observed a marked decrease in the red 

to green ratios of samples containing greater than 500 fmoles of target. I believe that 

above this concentration the abundance of target sequences are saturating the recognition 

sequences on the AuNP-oligos, lowering the odds that a given target strand will bind to 

both recognition sequences in order to bring two AuNPs together.  I believe that this 

effect is more apparent in the dynamically measured data because it operates over a 

shorter time frame and there is less of an opportunity for the diffusion limited aggregation 

reaction to run to completion at higher target concentrations. In order to resolve the target 

concentration of an unknown sample, the target could be diluted by powers of 10 to drop 

the concentration below the 500 fmole cutoff, which causes decreased time to 

aggregation of the assay.  Using the example of malaria, which my DNA sequences are 

specific to, as a clinically relevant target I would expect this assay, with a limit of 

detection of 50 amoles in 5µL, to be able to detect around 6x106 DNA copies/µL.  By 

using an isothermal amplification method suited for the POC, such as LAMP, which has 

                                -                  
            

                                     

                                       

                                   

        

              

                            –                              

                                                                                            

Table 4 Summary of Key Experimental Conditions and Results and Results 
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been shown to yield 108-fold amplification, this assay could potentially detect below 0.5 

parasites/µL the current limit of PCR diagnostics.[67, 72] 

3.4 Conclusions 

I demonstrated a method to use the AuNP aggregation assay developed by Mirkin and 

others to quantify the amount of an oligonucleotide target using the red/green ratio of the 

samples measured by spectroscopy.[99]  I find that using conditions commonly found in 

the literature, the assay has a LOD of 150 amoles of target and a dynamic linear range of 

150 amoles to 15 fmoles.  I optimized the parameters of the assay and was able to 

decrease the runtime of the assay from 2 hours to 30 minutes, and eliminate the need for 

heating.  This optimized reaction lowered the LOD to 50 amoles while maintaining a 

similar dynamic range to the standard assay.  I also present a method for dynamic 

measurement of the aggregation which was found to greatly decrease the assay runtime to 

10 minutes, maintain the 50 amole LOD of the optimized conditions, and double the 

dynamic range of the assay to cover 50 amoles to 500 fmoles of target. This works out to 

a range of 6x106 to 6x1010 copies/µL.  These findings suggest that by dynamic 

measurement of the aggregation assay it is possible to use it as a relatively simple tool to 

detect small quantities of nucleic acids and quantify them over a range of 4 logs.  

Although the LOD is low given that no amplification was used, this is still much higher 

than the number of nucleic acid targets present in clinically relevant samples of malaria 

(RNA: ~5x105 copies/µL; DNA: 50 copies/µL), suggesting that nucleic acid 

amplification would be necessary before this technique could be used for malaria 

detection. 
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CHAPTER 4: Recombinase Polymerase Amplification as a method 

for detecting Malaria Targets in Blood3 

4.1 Introduction 

Despite recent progress, malaria remains one of the most deadly diseases of the 

developing world.[1]  Annually 630,000 people die from malaria, and 480,000 of victims 

are children under 5 years old.[4]  One of the key challenges of managing malaria is that 

it is difficult to monitor the spread of infections in areas where the disease is 

endemic.[34, 114, 115]  Nucleic acid tests (NATs) are the most sensitive and specific 

tests for malaria, but unfortunately these are often the least feasible to implement in the 

parts of the world where malaria is a serious problem.[44, 116, 117]  There is growing 

interest in developing new NATs for malaria which can be used in low-resource 

settings.[118] 

Isothermal amplification techniques offer a promising avenue to make NATs more 

broadly available.  Isothermal techniques remove the need for the expensive thermal 

cycling equipment required for conventional PCR.[67, 75, 119, 120]  Several isothermal 

amplification techniques have been used for detection of Plasmodium, including nucleic 

acid sequence based amplification (NASBA) and loop mediated isothermal amplification 

(LAMP).[70, 72, 74, 77, 121]  In addition, recently Kersting used the isothermal method 

of recombinase polymerase amplification (RPA) to detect Plasmodium targets.[83]  The 

RPA reaction operates in a manner similar to conventional PCR, but uses enzymes rather 

than heat to denature the target strand.  Recombinase enzymes in the reaction bind to the 

                                                 
3 The material in this chapter is being prepared for submission to the Malaria Journal 
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forward and reverse primer oligonucleotides and then the primer-recombinase complexes 

bind the primers to the target strand, displacing the original anti-sense strand and forming 

a D-loop structure.  This provides a pocket that allows the polymerase to bind, which 

then begins replication of the target sequence.  [79]  Compared to other isothermal 

amplification techniques, RPA results in more rapid amplification of the target to 

detectable limits and at a much lower temperature.  In addition, the RPA reaction can be 

modified (RPA nfo) to produce amplicons that can be detected using lateral flow strips, 

giving a simple readout comparable to the many immunochromatographic assay dipstick 

tests already widespread in malaria endemic areas.[82, 122, 123]   

Using RPA, Kersting et al achieved a limit of detection (LOD) of approximately 4 copies 

of target DNA per reaction in 15 minutes from a wide variety of P. falciparum 

strains.[83]  However, a key limitation of their study was the finding that whole blood 

inhibited the RPA nfo reaction, even when it was spiked with approximately 40,000 

copies of target DNA.  Since the malaria DNA is located inside of the Plasmodium 

parasites which grow in red blood cells, before using their test to detect malaria, it would 

be necessary to lyse the blood and then extract the DNA from the sample.  All DNA-

based malaria tests require blood lysis to release DNA, however the need for a nucleic 

acid extraction from blood adds around 15 minutes and 6 extra steps using commercial 

extraction columns as well as the need for a centrifuge and other extraction reagents.  The 

need for lysis and DNA extraction steps can therefore be a major limitation of using RPA 

nfo in low-resource environments. 

The aim of this work is to develop a protocol to amplify a malaria DNA sequence in 

blood with minimal need for DNA extraction.  To accomplish this I analyzed the causes 
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of inhibition by blood on the RPA nfo reaction, and investigated methods to improve the 

performance of the amplification reaction on samples in lysed blood.  Finally I 

characterized the limit of detection of the amplification assay in blood using a simple 

lateral flow readout. 

4.2 Materials and Methods 

4.2.1 Materials 

RPA nfo kits and Milenia Hybridtech 1 lateral flow strips were obtained from TwistDx 

Ltd (Cambridge, UK).  Primers, probe and target were obtained from Integrated DNA 

Technologies (Coralville, IA).  All primers were resuspended in tris-buffered saline 

(TBS) to a concentration of 10 µM.  TBS, tween-20, bovine serum albumin (BSA) and 

hemoglobin from bovine blood were obtained from Sigma-Aldrich (St. Louis, MO).  

Sheared salmon sperm DNA and reagent water were obtained from Thermo Fisher 

Scientific (Grand Island, NY).  Blood draw tubes and equipment were obtained from 

Becton, Dickinson and Company (Franklin Lakes, NJ) 

4.2.2 Methods 

RPA Amplification 

Primer and probe sequences used were previously published by Kersting et al.  They are: 

Forward Primer: 5′-GTGTTCATAACAGACGGGTAGTCATGATTGAGT-3′ 

Reverse Primer: 5’-Biotin – ACATCTGAATACGAATGCCCCCAAAGATACTCC-3’ 

Probe: 5’-FAM – GTGTTTGAATACTACAGCATGGAATAACAA – THF - 

TATGAATAAGCTAATTATT – SpC3-3’ 

The reverse primer is modified with a biotin on the 5’ end.  The probe is modified with a 
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fluorescein group (FAM) on the 5’ end and a C3 spacer on the 3’ end.  The probe is 

further modified by the replacement of an internal base with a tetrahydrofuran residue 

(THF).  The forward and reverse primes generate a primary product which is labelled 

with a biotin.  The probe binds internally to this primary product, and the nfo enzyme 

cleaves the bound probe at the THF, removing the bases to the 3’ end of the THF, 

including the C3 spacer.  With the extension-blocking C3 spacer removed, the remainder 

of the probe operates as a new forward primer, generating a secondary product labelled 

with both FAM and biotin.  This secondary product can be detected on commercial 

lateral flow strips, where it is labelled by anti-FAM conjugated gold, and captured on the 

lateral flow strip at a streptavidin-functionalized test line.  Thus a visible line appears in 

the presence of the amplified products. 

The target sequence used for all experiments is a synthetic 1388bp double stranded DNA 

sequence.  This target is a section of one of the P. falciparum 18S genes 

(Genebank:MS19173), chosen because the 18S gene is highly conserved.  The selected 

target sequence is highly specific to P. falciparum and is present in a large number of the 

known strains of the disease.[83]  For experiments, master stocks of DNA were created in 

tris-buffered saline (TBS), such that when 2µL of the solution was added to 98µL of 

diluent (either TBS or blood depending on the experiment) a final concentration of 200, 

50 or 5 copies/µL of the synthetic target was achieved. 

The RPA nfo reaction was carried out according to the manufacturer’s guidelines.  In 

short, a master mix containing 2.1 µL of each primer, 0.6 µL of probe, 3.2 µL of water 

and 29.5 µL of the hybridization buffer included in the kit was created for each reaction.  

The master mix was created in volume sufficient for all reactions in each experiment and 
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then 37.5 µL were aliquoted into individual reaction tubes containing the reaction pellet 

included with the kit.  10 µL of target was added to this solution, and then 2.5 µL of 280 

mM magnesium acetate (MgAc) was added to the cap of the reaction tube.  The tubes 

were then briefly centrifuged to pull the MgAc from the lid and synchronize the start of 

multiple amplifications and then vortexed to mix the reagents.  The reactions were 

incubated at 37 C for 30 minutes in a VWR digital heat block. 

Lateral Flow Detection and Quantification 

For all experiments, immediately after incubation 2 µL was drawn from each reaction 

tube and diluted into 98 µL of the lateral flow running buffer: TBS containing 0.05% 

tween-20 (TBST).  10 µL of the diluted products was then spotted onto lateral flow strips.   

The lateral flow strips were placed into a well containing 98 µL of TBST and allowed to 

run for 5 minutes.  Strips were then removed from the well and imaged on an Epson 

V500 commercial document scanner at 1200 dpi using the ‘reflective documents’ 

settings. 

For objective determination of positive or negative lateral flow results, the scanned 

images were analyzed using a custom MATLAB script to determine the signal-to-

background ratio (SBR).[124]  SBR is computed by measuring the intensity of the test 

line and dividing it by the intensity of the remaining area of the strip.  The user manually 

outlines the test line and crops out the edges and control line of the strip. 

Blood Draw and Lysis 

To simulate clinical samples, target DNA was spiked into uninfected whole blood.  Blood 

was drawn from normal healthy volunteers via venipuncture under a Rice University 
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Institutional Review Board approved protocol.  Blood was drawn into a vacuum tube 

containing heparin and mixed thoroughly before being stored at 4°C until use.  No blood 

was used more than 5 days after it was drawn.  To generate spiked samples, 98 µL of 

blood was aliquoted into tubes and then 2 µL of the DNA target was added such that the 

final concentration of DNA was 200, 50 or 5 copies/µL.  An additional tube of blood 

containing no synthetic malaria target was used as a no target control.  Spiked blood was 

then lysed by the addition of 10 µL of 5% Triton X-100 to 100µL of blood.  The spiked, 

lysed blood was then input to the RPA reaction as described above with no further 

alteration.   

Impact of Anticoagulant 

To test the effect of anticoagulants on the RPA reaction, blood was drawn from the same 

donor into one of 4 different commercial blood draw vacuum tubes each with a different 

anticoagulant coating.  The anticoagulants chosen were heparin, acid citrate dextrose 

solution A (ACD), EDTA, and NaF.  I tested heparin because of its widespread 

availability, NaF to match Kersting’s blood experiments, and the other two 

anticoagulants due to their compatibility with other DNA based assays.  Blood mixed 

with each type of anticoagulant was then spiked with either 200 or 50 copies/µL of the 

target, lysed, input to the RPA nfo reaction, and the product of these amplifications was 

run on lateral flow strips as described above.  In addition, to test the effect of blood 

without anticoagulant on the RPA reaction, blood from the same donor was drawn by 

finger prick directly into tubes containing lysis reagent.  This blood was spiked with 

target and input to the RPA reaction in the same way as the samples with anticoagulant. 
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Impact of Blood Components 

To test if a particular component of lysed blood was responsible for inhibition of the RPA 

nfo reaction, I assessed the impact of the main components of lysed blood (DNA, plasma 

proteins, and hemoglobin) on the RPA reaction.  Blood was drawn into heparinized tubes 

and then analyzed using a Beckman Coulter Act Diff 2 hemoanalyzer to determine the 

hemoglobin concentration and the concentration of white blood cells, which was used to 

estimate the total amount of background DNA.  To measure the concentration of plasma 

proteins, a sample of blood was centrifuged at 500g for 10 minutes and the absorbance 

was measured at 280 nm.  To match the measured concentrations of these components, 

solutions were created containing 32 µg/mL of sheared salmon sperm DNA, 14 g/dL of 

bovine serum albumin (BSA), and 13 g/dL of bovine hemoglobin (Hb) all dissolved in 

TBS.  As well as testing each of these components alone, a solution was created 

containing all of these together as a potential model for the RPA inhibitors present in 

lysed blood.  To each of these solutions, as well as an aliquot from the original blood 

draw, 200 copies/µL of target DNA was added, the lysis reagent was added to all 

reactions (even those with no blood), and then 10 µL was input to an RPA nfo reaction as 

described above. 

Impact of Blood Volume 

I tested the impact of the volume of blood added to the RPA nfo reaction over a range of 

target concentrations. Blood drawn into heparin tubes was spiked with target to achieve a 

final concentration of either 200, 50, 5 or 0 copies/µL and then lysed.  RPA master mix 

was prepared and aliquoted as described above, and then either 10µL or 2.5µL of the 

spiked blood was input to the reaction.  For the reactions which received 2.5µL of blood, 
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7.5µL of 1x TBS was added to the reaction mix to keep volumes constant.  All reactions 

were then incubated and run on lateral flow strips.  A two factor ANOVA with 

replication was run on Microsoft Excel 2010 (Redmond, WA) and was used to determine 

the significance of the changed input volume. 

Limit of Detection in Blood 

I tested the limit of detection of the RPA nfo reaction on targets in blood.  Based on the 

results of the previously described experiments, blood was drawn into heparin, spiked, 

lysed and then 2.5µL of blood was input to each reaction.  The reaction volume was kept 

constant by the addition of 7.5µL of TBS to the RPA nfo master mix.  I tested a range of 

target concentrations near the minimum detectable concentration to determine the LOD.  

The target concentrations used were 20, 15, 10, 5, and 0 copies of target/µL.  Each 

concentration was run six times as part of six separate RPA experiments, using a fresh 

master mix of RPA reagents and targets each time.  These experiments spanned two 

blood draws from separate donors.  These strips were scanned and the SBR was 

calculated to objectively determine if they were positive or negative.  A strip was graded 

positive if the SBR of the test line was more than three standard deviations above the 

averaged SBR of all six of the no target controls.  To assess how objective SBR 

determination compared to subjective visual determination, the image of each instance of 

each concentration was cropped to remove identifying information and placed in a 

random order in a slideshow which was then sent to five volunteers.  The volunteers were 

blinded to the strips’ identities and were instructed to grade each strip as positive or 

negative, and to consider a strip positive if they could see a test line on the strip, no 

matter how faint. 
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4.3 Results 

The primers and probe were found to produce the expected products, and generated a 

visible test line on the lateral flow strips.   For visual determination of the lateral flow 

results, strips were graded as either positive or negative based on the appearance or 

absence of the test line.  SBR was used to quantify the contrast of the test line to the strip 

background and was used as an objective measurement of the lateral flow result.  When 

the assay was run using targets diluted in aqueous solution, I found a limit of detection 

(LOD) of 5 copies/µL (50 copies total) using both visual and SBR determination. 

(FIGURE 6)  

Triton X-100 was found to lyse red blood cells without inhibition of the RPA nfo 

reaction.  The efficacy of Triton X-100 as a lysis agent was confirmed both by 

centrifugation and by examination of the lysed blood by thin smear microscopy.  The 

centrifuged blood had no separation of cells and plasma, and no intact cells were 

observed during the microscopy.  When positive control samples were run in the presence 
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Figure 6 Performance of primers on lateral flow strips, and use of signal-to-background ratio (SBR) to 

objectively judge strip results.  A) A representative example of LF strips showing visual detection of 

amplified product.  The red arrows printed on the strips show the direction of flow.  B) Use of SBR to 

quantify the results of the lateral flow strips.  The dotted line shows the cutoff between positive and 

negative SBRs.  Error bars represent +/- 1 standard deviation (n=3). 
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of 0.5% Triton X-100 (but no blood) they were found to have no reduction in SBR 

compared to the same positive controls run without the lysis agent (data not shown).  All 

subsequent reactions were carried out in blood lysed by this method. 

I tested the effect of fresh whole blood, with and without a variety of anticoagulants, on 

the RPA reaction. (FIGURE 7)  In all cases, the addition of blood to the sample reduced 

the SBR measured from lateral flow strips to detect amplified product.  The use of 

heparin or ACD as an anticoagulant did not affect results; I found no significant 

difference between SBR for strips corresponding to samples containing blood with no 

anticoagulant and blood drawn into heparin or ACD coated tubes.  All samples were 

positive based on SBR at both concentrations of target tested.  The use of EDTA as an 

anticoagulant resulted in a consistently lower SBR than heparin or ACD, and one of the 

samples spiked with 50 copies/µL of target was negative for blood containing EDTA.  

The use of NaF as an anticoagulant resulted in no detectable product in all but one of the 
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Figure 7 Effects of anti-coagulants on the RPA reaction.  Blood was drawn into different 

anticoagulant tubes, spiked with the target, lysed and then input to the RPA reaction.   

The chart shows the SBR of the lateral flow strips run with the amplified results.  A 

dotted line has been drawn at the SBR cutoff between positive and negative strips, 

defined as 3 standard deviations above the average of all the no target controls run in 

these experiments.  Error bars represent +/- 1 standard deviation (n=3). 
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reactions containing 200 copies/µL of target; I found no significant difference between 

samples run on blood drawn into NaF and no target controls.  I chose to perform the rest 

of the experiments in heparinized blood, due to its widespread availability.   

To identify the components of blood which most affect the limit of detection of RPA 

reactions, I spiked targets with each of the major components of lysed blood (DNA, 

serum proteins, and hemoglobin) and performed RPA reactions.  Addition of each of the 

individual components tested led to reduced SBR on the corresponding lateral flow 

detection strips.  The magnitude of the reduction in SBR for targets mixed with each 

single component was less than that for target mixed with whole blood.  However, when 

target was mixed with all four components together, SBR was reduced to levels within 

10% of that for target mixed with whole blood. (FIGURE 8)   
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Figure 8 Determination of blood component that leads to inhibition of RPA reaction.  All 

sample reactions contain 200 copies/µL of target (except for the no target control).  The 

concentrations of the components were chosen to match those measured in this blood 

sample.  The positive and no target control are both run in solution with no added DNA, 

BSA or Hb.  The graph shows the SBR analysis of the lateral flow strips.  The dotted line 

shows the cutoff between positive and negative strips.  Error bars represent +/- 1 standard 

deviation (n=3). 



52 

 

Since no single component 

of blood alone was 

responsible for inhibition, I 

investigated methods to 

optimize the RPA reaction 

to improve its performance 

in the presence of blood.  

The RPA reactions run 

with 2.5 µL of blood had a 

significantly higher SBR 

than the reactions run with 

10 µL of spiked blood (p<<0.05). (FIGURE 9)  

Based on the previous results, 2.5µL of lysed heparinized blood was used to characterize 

the LOD of RPA on targets in blood.  When strips were quantified by SBR, I found that 

100% of strips were positive for a target concentration of 15 copies/µL (n=6 for each 

concentration).  At 10 and 5 copies/µL, 83% of strips were positive using this cutoff for 

SBR. (FIGURE 10A) 

When the strips run in blood were judged by visual inspection, the lowest concentration 

at which all strips were judged positive by all 5 inspectors was 20 copies/µL.  The 

inspectors returned different grades for only 3 strips, and these strips were 3 of the 4 
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Figure 9 Effect of reducing blood input volume on RPA nfo reaction.  

The concentration of the target input to the reactions was kept constant, 

however some samples received 10uL of spiked blood while others 

received 2.5uL of blood.  The dotted line represents the SBR cutoff 

between positive and negative samples.  Error bars represent +/- 1 

standard deviation (n=3), the dashed error bars are for the 2.5uL series. 
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lowest SBRs of the positive strips in the study.  None of the no target control strips were 

judged positive by visual inspection. (FIGURE 10B)  

4.4 Discussion 

In the absence of blood I found the RPA primers reliably amplify the P. falciparum 

genetic target and give a reliable limit of detection of 50 total copies of DNA (5 

copies/µL).  Although this limit is higher than the 4 total copies previously reported, I 

have eliminated the constant agitation used during amplification in that study.  I did this 

to eliminate the need for an incubator and a shaker plate that can fit inside it, and replaced 

it with a simple heat block.  I believe this will make RPA nfo more accessible in low 

resource settings while still maintaining a clinically relevant runtime.   

Although I confirmed that the RPA reaction is partially inhibited by the presence of lysed 

blood in the sample, I was able to amplify targets in blood to detectable levels.  I found 

that the complete inhibition observed previously was due to the use of NaF as an 

anticoagulant.[83]  When the RPA reaction was performed using targets in heparinized 

blood, clinically relevant amounts of target DNA could be amplified to detectable levels. 

                

           

             

             

              

             

         

        

           

          

         

        

      

      

Figure 10 Limit of detection of the RPA reaction using targets spiked into blood and then lysed.  The 

reactions were run on commercial lateral flow strips, and then the SBR was calculated from the images of 

the figures. A) Averaged SBRs.  Error bars represent +/- 1 standard deviation (n=6).  The dotted line shows 

the cutoff between positive and negative strips as determined by SBR (1.013).  B) Table showing the 

percentage of strips judged as positive at each input target concentration by both SBR and by blinded visual 

inspection.  Each of the 6 strips for each concentration was graded by 5 different inspectors. 
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I investigated the degree of inhibition associated with each of the major components of 

blood.  I found that hemoglobin, DNA and serum proteins all led to a decreased amount 

of product from the RPA nfo reaction.  Together, these components reduced the SBR to 

within 10% of that observed for whole blood.  Differences in SBR for target in whole 

blood and solutions containing the three major blood components were small but 

statistically significant, suggesting that there may be other sources of RPA inhibition 

present in lysed blood besides DNA, serum proteins, and hemoglobin.   

Rather than attempt to separate out the inhibitors in blood, I developed a protocol to run 

the RPA nfo reaction on samples containing lysed blood by reducing the amount of 

sample added to the reaction.  Although reducing the amount of blood reduces the total 

starting number of DNA copies in the reaction, I found that the reduction in the 

concentration of blood improves the amplification more than the loss of starting target 

decreases it.   

I measured the LOD of the reaction on targets in lysed blood using SBR and visual 

inspection.  I found that the lowest target concentration at which all replicates were 

positive was 15 copies/µL (37.5 total copies).  This is slightly higher than the LODs 

reported by Kersting (4 copies/µL) and conventional PCR for malaria diagnosis (<5 

copies/µL).[83, 117, 118]  However, the LOD of the optimized RPA assay on targets in 

lysed blood was below the LOD of the current malaria diagnostics used in  low-resource 

settings, microscopy (50 parasites/µL) and antibody dipstick tests (>100 parasites/µL), 

suggesting that this assay can still detect clinically meaningful amounts of target 

DNA.[21, 31] 
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Since the lines on the lateral flow strips produced by samples in blood are fainter than 

those run on targets without blood, I wanted to ensure that visual inspection could still 

maintain a clinically relevant LOD in areas where imaging is impractical.  I found visual 

inspection to be a reliable method for grading strips, as the blinded observers were quite 

accurate with all but the faintest of the lateral flow strips and were able to achieve a 

reliable LOD of 20 copies/µL.  Importantly, they also identified no false positives, 

grading every strip judged negative by SBR (including the no target controls) as negative.  

I used images of the strips rather than the strips themselves because the appearance of the 

strip can change dramatically as it dries out.  I believe that visual determination and SBR 

analysis of the lateral flow strips are complementary with each other, with SBR offering 

the advantages of decreased LOD and reduced user bias, while visual inspection of the 

strips can still be used to accurately and reliably detect clinically relevant concentrations 

of target amplified from blood in settings where imaging and image analysis may not be 

available. 

The total reaction time for the RPA nfo reaction was 30 minutes of incubation plus 5 

minutes to run the lateral flow strips, plus whatever time is required to set up the reaction, 

which in my experience was less than 5 minutes to set up 8 reactions at a time.  The 

equipment required to run the RPA nfo test on blood samples was a heat block capable of 

37°C, pipettes, reaction tubes, lateral flow strips and a well for holding the lateral flow 

running buffer as well as a benchtop centrifuge and vortexer to initiate the reaction. 

In this study, I describe a method to run the RPA nfo reaction on samples spiked in blood 

using a simple chemical lysis procedure, no need for DNA extraction, and visual 

detection.  However a key limitation is that this lysis protocol was developed using 
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samples spiked into blood rather than clinical samples.  While I was able to confirm that 

this protocol lyses blood and does not interfere with the amplification of DNA, I was not 

able to determine if it would also lyse the Plasmodium parasites within infected red blood 

cells.  Future work should focus on testing RPA nfo on cultured or patient derived 

infected blood to test this.  In addition, while I have simplified the material requirements 

for the assay by using a simple heat block and no agitation, I have accomplished this 

through a slightly increased run time and decreased LOD compared to other RPA assays.  

The performance of the assay may be further improved through the modification of the 

reaction mix or the incubation conditions.  Finally, recent work has shown it is possible 

to run the RPA nfo reaction using only body heat, suggesting an avenue to further reduce 

the equipment needed for this reaction .[81] 

4.5 Conclusions 

I developed a method to run the RPA nfo reaction to detect malaria DNA in samples 

consisting of lysed blood.  I demonstrated that clinically relevant amounts of targets in 

lysed blood can be amplified with no need for DNA extraction and can be detected either 

with image analysis or visual inspection.  I hope that this may be a step towards more 

widespread nucleic acid based diagnosis of malaria in low resource settings.  
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CHAPTER 5: A Paper and Plastic Device for the Combined 

Amplification and Detection of Malaria Targets4 

5.1 Introduction 

There is growing interest in developing nucleic acid tests (NATs) that can be used to 

diagnose and monitor infectious diseases in low-resource areas.[125, 126]  NATs are 

extremely sensitive and highly specific, but their widespread use at the point-of-care is 

hindered by high per-test cost, technical complexity and infrastructure requirements.[53, 

54, 56]  Isothermal amplification methods offer a promising avenue to reduce the cost 

and complexity of NATs, since they do not require a thermocycler, thereby increasing 

global access to high quality diagnostics.[67, 75, 120, 127] 

Recombinase polymerase amplification (RPA) is a recently developed isothermal 

amplification method that can produce detectable results in less time and at lower 

temperatures than other isothermal amplification techniques; these advantages make it 

particularly suitable for use at the point-of-care. The RPA reactions operates in a manner 

similar to conventional PCR, using a forward and reverse primer to amplify a sequence of 

DNA.  However instead of using heat to denature the target strand, the RPA reaction 

operates isothermally by using enzymes.  Recombinase is added to the master mix, which 

forms complexes with the primer strands.  These recombinase-primer complexes then 

displace the anti-sense strand of the target, binding the primers to the target strands and 

creating binding sites for polymerase to bind..[79]  The RPA reaction can be modified 

(RPA nfo) with an internal probe sequence and a labelled primer to generate a product 

                                                 
4 The material in this chapter is being prepared for submission to the Malaria Journal 
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which can be detected by a commercial lateral flow dipstick assay, allowing for visual 

readout of the result.[80, 128]   

Paper microfluidic devices offer a promising platform to translate isothermal 

amplification tests to the point-of-care, since they are made of inexpensive materials, do 

not require pumps or other external apparatus and can replicate many of the functions of 

more traditional microfluidic devices.[129, 130]  Recently Rohrman et al presented a 

foldable paper and plastic microfluidic device to carry out the RPA reaction.[82]  This 

system was used to amplify a target sequence in the HIV gag gene, and achieved 

detectable amplification of as few as 10 copies of HIV DNA in as few as 15 minutes.  

However a key limitation of this system was that it required the user to cut the device 

open to extract and dilute the amplified product for detection on lateral flow strips.  

Without dilution, the crowding reagent used in the RPA nfo buffer leads to false positive 

results on the lateral flow detection strips.  The need to cut open the device and dilute the 

reaction products adds additional user steps and greatly increases the likelihood of 

contamination of the workspace with the amplified target, which in turn can lead to false 

positive results in future tests. 

Here, I present an integrated device capable of carrying out isothermal amplification 

using the RPA reaction, post-amplification dilution, and lateral flow detection of the 

resulting product.  This device is self-sealing and once loaded and sealed contains all 

reagents and mechanisms necessary to amplify, dilute and detect the product without the 

need to open the system.   
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As an example of a disease which would benefit from increased access to NAT-based 

diagnostics, I demonstrate the use of this integrated system to detect Plasmodium, the 

parasite which causes malaria.[118]  There is a need for increased access to point-of-care 

malaria diagnostics which can detect the low-level infections which are often missed by 

thin and thick smear microscopy, the current gold standard.[24, 131, 132]  Several 

isothermal amplification techniques have been investigated as a method for diagnosing 

malaria, but RPA nfo offers advantages due to its short run time and easy visual detection 

scheme.[71-73, 77, 83, 133]  I developed RPA nfo primers and a probe which target a 

region common to all human infectious species of Plasmodium.  I show that the 

integrated paper and plastic system can be used to detect clinically relevant amounts of a 

synthetic copy of the Plasmodium 18S gene. 

5.2 Materials and Methods 

5.2.1 Materials 

RPA nfo amplification kits and lateral flow detection strips (Milenia Hybridtech 1) were 

obtained from TwistDx Limited (Cambridge, UK).  DNA primer, probe and target 

plasmid sequences were obtained from Integrated DNA Technologies (Coralville, IA) 

and all except the plasmid prepared by suspending them in water to a concentration of 10 

µM.  Materials for plasmid cloning and purification were ordered from Qiagen Inc. 

(Valencia, CA).  Sheets of 0.003” acetate (KD3CL0811) and double-stick tape (KDT912-

12) were obtained from Grafix (Maple Heights, OH).  Blotter paper (CFSP223000) and 

glass fiber (GFCP203000) pads were obtained from Millipore Corp (Billerica, MA).  

Whatman 1 Chromatography paper was obtained from Fisher Scientific Company LLC 

(Pittsburgh, PA).  Agarose, TAE, ethidium bromide, TBST and water were obtained from 
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Sigma Aldrich (St. Louis, MO).  Screw top microcentrifuge tubes (used for all benchtop 

reactions) were obtained from Genesee Scientific Corp (San Diego, CA).  25g metal 

weights were obtained from Amazon (Seattle, WA). 

5.2.2 Methods 

Primer Design and Screen 

Primers and a probe specific to the Plasmodium 18S gene were designed based on 

guidelines provided by TwistDx, the manufacturer of the RPA reaction, and were 

modified with end-tags and internal modifications to make them compatible with lateral 

flow detection.  The target selected is the 18S gene because it is highly conserved, and 

contains regions shared amongst all species of Plasmodium which commonly infect 

humans.[46, 47]  For testing purposes, the target used was a synthetic plasmid containing 

a 2090bp copy of the malaria 18S gene (total size of plasmid 5091bp).  This plasmid was 

cloned into E. coli to increase copy number and purified using standard protocols.[134]  

Successful cloning and purification of the gene was confirmed by gel electrophoresis on a 

3% agarose gel stained by ethidium bromide.  For all experiments, this purified target 

was then diluted in water to a concentration of 200, 50 and 5 copies/µL before being 

input to RPA nfo reactions along with an additional no target control of water. 

The NCBI’s nucleotide BLAST tools were used to search for primers specific to 

Plasmodium without significant overlap with other genomes.  A variety of forward and 

reverse primer candidates were chosen and pairs were screened by observing their 

performance on a 3% agarose gel stained with ethidium bromide and imaged on a Bio-

Rad Gel Doc XR+.  Once the outer primer pairs were chosen, internal probes were 
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screened through a similar process.  The set of primers and probe with the brightest band 

on the gel were selected for further experimentation: 

Forward Primer: 5’- CACGAACTAAAAACGGCCATGCATCACCATCC -3’ 

Reverse Primer: 5’-Biotin – CCTTATGAGAAATCAAAGTCTTTGGGTTCTGGGG -3’ 

Probe: 5’-FAM- ATCAAGAAAGAGCTATTAATCTGTCAATCCTAC-THF-

CTTGTCTTAAACTAGTG -SpC3-3’ 

The selected primers and probe target a sequence present in the genome of all major 

species of Plasmodium which infect humans, based on BLAST searches of the NCBI 

nucleotide database.  This set of primers and probe produce a 218bp primary product 

labelled only with biotin, as well as a 181bp secondary product which is labelled for 

detection on the lateral flow strips. 

To generate a product detectable on lateral flow strips, the 5’ end of the reverse primer is 

labelled with a biotin.  A probe was designed that is labeled on its 5’ end with a FAM 

group, a C3 spacer (SpC3) on the 3’ end and a tetrahydrofuran residue (THF) which 

replaces an internal base.  The RPA reaction produces a primary product which is 

labelled with a biotin tag from the reverse primer.  The probe binds internally to this 

primary product, and once bound, the nfo enzyme in the reaction mix removes the THF 

and the bases 3’ to it, including the C3 spacer.  This allows the remaining bases of the 

probe to act as a new forward primer that produces a secondary product labelled with 

both biotin and FAM.  This secondary product was detected using lateral flow strips 

functionalized with streptavidin to capture the product at the test line and gold 
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nanoparticles functionalized with anti-FAM to produce a color change at the test line in 

the presence of the labelled secondary product. 

RPA Reaction in Solution 

The RPA nfo reaction was carried out following the manufacturer’s recommended 

protocols.[79]  In brief, a master mix was created containing 2.1 µL each of 10µM of 

each primer, 0.6 µL of 10µM of the probe, 3.2 µL of water and 29.5 µL of the reaction 

buffer included with the kit.  In all experiments 37.5µL of master mix was aliquoted into 

individual reaction tubes containing the freeze-dried reaction pellet included with the kit.  

To each of these tubes 10 µL of target was added, and then 2.5 µL of 280 mM 

magnesium acetate (MgAc) was added to the cap of the reaction tube.  Tubes were then 

briefly centrifuged and vortexed to mix MgAc with the other reagents.  The reaction 

tubes were then incubated for 30 minutes in a heat block at 37C.   

Lateral Flow Detection and Imaging 

Immediately after incubation, RPA reactions were removed from heat and 2µL was 

removed and added to 98 µL of tris-buffered saline with 0.05% tween-20 (TBST), which 

was used as both sample diluent and lateral flow running buffer.  This dilution step is 

necessary because the dextran sulfate used as a crowding reagent in the RPA nfo buffer 

causes non-specific binding of the antibody labelled gold to the test line, generating a 

false positive.  After dilution, 10 µL of the product was removed and spotted onto the end 

of a lateral flow strip.  The strip was placed in a well containing 98 µL of TBST and 

allowed to run for 5 minutes.  The strips were then scanned using a commercial document 

scanner (Epson Perfection V500 Photo) and images were recorded at 1200dpi using the 

‘reflective document’ settings. 
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The signal-to-background ratio (SBR) of the lateral flow images were analyzed using a 

custom MATLAB script.  The user manually segments the test line and the surrounding 

background region.  The SBR is calculated by calculating the ratio of the average 

intensity of the signal and background regions.[124] 

RPA Reaction in Paper and Plastic Device 

Device Description 

The paper and plastic device needs 

to carry out three main functions: 

1) amplify the target using RPA; 

2) dilute the resulting product; and 

3) detect the product using a 

lateral flow sandwich assay.  In 

addition, the device must transfer 

the product between the 

amplification, dilution, and 

detection modules.  I used a 

sequence of paper pads loaded 

with various reagents to carry out 

these functions.  The amplification 

reaction is carried out on the RPA 

pad (Figure 11A): a rectangular 

piece of Whatman number 1 paper 

which holds the RPA nfo reagents.  
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Figure 11 Layout and components of the paper and plastic 

amplification and detection device.  The device is shown in its 

configuration just before it would be loaded with wet reagents.  

The sample sliders are shown off to the side for clarity.  The 

slots where they would be inserted, which are cut into the hinge 

where the device folds shut, are highlighted with an oval 

outline.  The components of the device are A) the RPA pad; B) 

the dry dilution pads; C) the wet dilution pads; D) the lateral 

flow strip; E) the sample pad; F) the mixing pad; G) the base 

layer; H) the acetate mask; I) the sample slider; J) the running 

buffer pad; and K) the running buffer slider. 
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The dilution function is carried out by four dilution pads (small squares of blotter paper), 

in two separate stages of dilution (Figure 11B, 11C).  Detection is carried out using a 

commercial lateral flow strip (Figure 11D) with running buffer delivered via a running 

buffer pad.  To move amplified product from the amplification zone to each of the two 

dilution zones and then to the lateral flow strip, the sample pad (Figure 11E), is 

physically moved across the other parts of the device.  When the sample pad is placed in 

contact with another pad, passive diffusion results in target transport to a subsequent zone 

of the device.  To improve mixing during the amplification step, an extra pad of glass 

fiber is placed so that it will be in contact with the sample pad when the sample pad is in 

contact with the RPA pad.  This mixing pad (Figure 11F) helps promote the diffusion of 

the RPA master mix onto the sample pad. 

The case of the device is made of a symmetric L-shaped piece of acetate backed double-

stick tape (Figure 11G).  The RPA pad, dilution pads and lateral flow strip are all 

attached to this base layer.  The RPA pad is placed at the top of the L, followed by pairs 

of dilution pads along the vertical section of the L, and the lateral flow strip is placed 

along the base of the L.  An acetate mask (Figure 11H) is adhered to the remaining 

exposed adhesive of the base layer to prevent the device from adhering to itself when 

folded shut for use. 

A slider is used to move the sample pad through the system.  The slider holds the sample 

pad between two layers of acetate-backed tape with a hole cut through it to expose the 

surface of the sample pad.  The slider has a long tail which sticks out through a slot in the 

base layer and is pulled to slide the sample pad between the different functional parts of 

the device (Figure 11I).  A second slider holds a running buffer pad (running buffer pad 
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Figure 11J, running buffer slider Figure 11K) which is used to deliver running buffer to 

the lateral flow strip. 

Device Assembly 

All device components were cut using a 60W CO2 laser cutter (Universal Laser Systems, 

Scottsdale, AZ).  One side of a double stick tape sheet was exposed and adhered to 

acetate prior to cutting.  Acetate backed pieces of tape were cut with contact paper side 

up.  The following settings were used for each material: acetate 3% power, 10% speed; 

blotter paper 5% power, 5% speed; Whatman 1 paper 3% power, 5% speed; glass fiber 

3% power, 5% speed; and cuts through the double-stick tape 7.5% power, 10% speed.  

After the acetate and tape base layer was cut, the outlines for each component were 

scored using a setting that cuts only through the contact paper (1.8% power, 12% speed). 

To assemble the device, the contact paper was removed from the scored areas and the 

four dilution pads and the lateral flow strip were adhered to the base layer.  The RPA nfo 

reaction pellet was placed on the exposed tape and the RPA pad pressed down on top to 

crush the pellet.  The remaining paper (except for the separate border piece) was removed 

and the acetate mask was adhered to the base.  The sample and running buffer sliders 

were assembled.  The tails of the finished sliders were threaded into the slots cut in the 

base layer. 

Operation of Device 

To operate the device, the remaining border of contact paper is removed to expose the 

sticky edge that will be used to seal the device closed.  The device is then loaded with 

wet reagents necessary for amplification, dilution and detection.  100 µL of TBST is 
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added to the running buffer pad.  An additional 40 µL of TBST is added to the two wet 

dilution pads.  37.5 µL of the RPA nfo master mix is added to the pad covering the RPA 

nfo pellet.  Finally 10µL of the sample is added to the sample slider, along with 2.5 µL of 

MgAc.  The device is then folded in half and sealed shut. 

The sample slider begins centered over the RPA pad, position 1, so that when the device 

is sealed shut, the sample and RPA reagents mix together.  To begin amplification, the 

entire device is placed on a hot plate set to 37C and a 25g metal weight is placed over the 

1 cm 

A) B) 

D) 

Figure 12 Device in operation.  For clarity the weight which would rest over the location of 

the sample pad has been omitted and the edges of the sample and running buffer sliders have 

been outlined.  A) Sample slider at position 1, mixing RPA reagents and target and allowing 

amplification to occur (30 min).  B) After amplification, the sample slider pulled down to 

position 2, in contact with dry dilution pads to absorb RPA buffer (10 min).  C) The sample 

slider pulled down to position 3, in contact with wet dilution pads, for dilution with TBST (10 

min).  D) Sample slider pulled down to position 4 into contact with lateral flow strip.  The 

running buffer slider is pulled down to activate the strip (5 min). 

C) 

 

D) 
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sample slider to ensure even heating and consistent mixing of reagents. (FIGURE 12A)  

After 30 minutes, the device is removed from the hot plate and the sample slider is pulled 

down to position 2, placing it in contact with the dry dilution pads and the weight is 

placed over top of it. (FIGURE 12B)  After 10 minutes, the slider and weight are moved 

to position 3 in contact with the wet dilution pads for 10 more minutes. (FIGURE 12C)  

Finally, the sample pad is moved down to position 4 over top of the lateral flow strip, the 

running buffer slider is also pulled down to the strip, and the weight is placed on top. 

(FIGURE 12D)  The strip is allowed to run for 5 minutes, and then the device is scanned. 

To test and optimize the dilution zone, 0.25% Ponceau S dye was used in place of sample 

to monitor the movement of fluid through the system.  All other components were loaded 

as if an amplification reaction was to be run.  After amplification and dilution, rather than 

running the lateral flow strip, the device was cut open and the sample pad was removed 

and placed in 90 µL of TBST, vortexed, and the concentration of dye in solution was 

measured using a Cary 50 Spectrophotometer. 

Testing Device on Samples in Blood 

To model clinical samples for malaria, I tested the performance of the paper and plastic 

system on target DNA spiked into blood.  To maximize the amplification in blood, I used 

the RPA primers developed by Kersting et al (discussed in more detail in Chapter 4), 

since I found these to be less inhibited in blood than the pan-specific RPA primers I 

designed.[83]  To minimize the inhibitory effects of blood on the RPA reaction, I used a 

modified version of the protocol described previously in Chapter 4.  In brief, blood was 

drawn via venipuncture under a Rice IRB approved protocol into collection tubes 

containing the anticoagulant heparin.  The heparinized blood was then spiked with either 
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200, 50 or 20 (to match the previously found LOD in blood) copies/µL of the target.  A 

100µL aliquot of this spiked blood was then lysed by the addition of 10µL of 5% Triton 

X-100.  2.5µL of this lysed, spiked blood was used as an input to the RPA reaction.  

Blood spiked with each of these target concentrations, as well as a sample of unspiked 

blood serving as a no target control, was input both to the RPA nfo reactions run in tubes 

on the benchtop, and spotted onto the sample pad of the paper and plastic device.  To 

make up for the reduced sample volume 7.5µL of TBS was input into the tubes or spotted 

onto the sample pad of the device to keep the total reaction volumes constant. 

5.3 Results 

The Plasmodium primers produced the expected primary and secondary amplicons based 

on agarose gel analysis of the products (FIGURE 13A) and achieved a limit of detection 

(LOD) of 5 copies/µL using visual inspection of the lateral flow strips. (FIGURE 13B)  

The visual result was confirmed by using SBR to objectively determine if a strip was 
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Figure 13 Performance of RPA nfo reaction and Plasmodium primers and probes in benchtop 

reactions.  A) An agarose gel stained with ethidium bromide showing the amplification of the 

primary (218bp) and secondary (181bp) products.  B) An example of the products run on lateral flow 

strips.  Note that the positive result at 5 copies/µL of target is easier to determine on the strips than on 

the gel. 
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positive or not.  A strip was considered positive if it had a SBR that was greater than 3 

standard deviations above the averaged SBR of negative control strips.  Using this cutoff, 

the limit of detection of the assay, at which all samples were positive in every test, was 

also 5 copies/µL.  

Using dye to track the flow of fluids, the slider system was capable of reliably moving 

fluids through the system and transferring them to subsequent pads.  I varied the number 

of dilution pads, their size, the amount of buffer they were loaded with and the time spent 

on each pad.  After optimization of the dilution system, two pairs of blotter paper pads 

were used, one wet and one dry, to achieve the necessary dilution.  The dry dilution pads 

were used to remove some fluid on the sample pad so that it could be replaced with 

TBST at the wet dilution pads.  I found that by letting the fluids exchange for 10 minutes 

on each set of pads under a 25g weight, a final dilution of 1:49 (2.04% ± 0.26% dilution, 

n=5) could be achieved.  No false positives due to lack of RPA buffer dilution were 

observed using this design.   

The total runtime for the device is 55 minutes (30 minute incubation, 20 minutes dilution 

and 5 minutes lateral flow detection).  Including the loading and operation of the device, 

the entire assay can be carried out in about an hour. 
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To test the performance of the system, the same samples were simultaneously run side-

by-side using both conventional benchtop methods and the paper and plastic devices.  

Both methods were found to have a limit of detection of 5 copies/µL using visual 

inspection and objective analysis by SBR. (FIGURE 14)  Although the limit of detection 

was unaffected, the devices consistently had a lower SBR than the assay run on the 

benchtop.  At both 200 and 50 copies/µL there was approximately a 30% reduction in the 

average SBR.  There was less than a 5% difference at both 5 copies/µL and in the no 

target controls.  I believe that the reduced SBR at higher target concentrations may be due 

to two factors: running the assay in a paper matrix may reduce the mixing in the system 

compared to running it in a tube.  Additionally, I have found that the plastic layered 

overtop of the lateral flow strip increases the signal over both the test line and the 

background of the strip driving the SBR closer to unity. 
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Figure 14 Demonstration of performance of paper and plastic device.  A) Representative images of the lateral flow 

strips run in the devices.  B) Comparison of the averaged SBR of samples run in the device and in tubes (n=3), the 

error bars represent +/- 1 standard deviation.  Strips were positive by SBR if they were more than 3 standard 

deviations above the averaged no target control SBR, shown as a dotted line on the figure. 
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When the paper and plastic device was used to amplify and detect targets spiked in blood, 

I observed a greatly reduced amount of amplification compared to the sample samples 

run on the benchtop.  When the RPA nfo reaction was run on samples spiked in blood in 

tubes on the benchtop, I found a LOD of 20 copies/µL, consistent with my previous 

results.  In the paper and plastic device, only at 200 copies/µL were all 3 repeats positive 

(as judged by SBR analysis).  Although 2/3 of the samples run with 50 copies/µL of 

target were positive by SBR, none of them were judged positive by visual inspection. 

(FIGURE 15) 

5.4 Discussion 

I have developed a novel set of primers which detects a sequence shared amongst the 

major human infectious species of Plasmodium and which can detect at least 5 copies/µL 

of parasite DNA.  This is comparable to other isothermal amplification methods for 

malaria and below the LOD of thin smear microscopy, the gold standard for malaria 

diagnosis.[34, 118]  These primers are used with RPA nfo, an isothermal amplification 
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Figure 15 Comparison of performance of the paper and plastic device and the RPA run in tubes 

on the benchtop on samples containing lysed blood.  The error bars represent +/- 1 standard 

deviation.  The dotted line shows the SBR cutoff between positive and negative strips. 
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method which can run at relatively low temperatures, which produces results in as few as 

35 minutes when run on the benchtop.  At 5 copies/µL the limit of detection is on the 

same order as those of other isothermal tests for Plasmodium, and the assay has a simple 

visual readout.[118] 

I created a paper and plastic device which is capable of running the amplification 

reaction, diluting the amplified product by a repeatable amount and running the results on 

an included lateral flow dipstick.  The device is made of simple components, can be 

assembled by the user and uses a novel slider method to transport reagents through the 

system.  The equipment needed beyond the device itself and the sample to be tested are a 

hot plate capable of 37C, a reusable 25g metal weight, the RPA master mix, the 

running/dilution buffer (TBST) and pipettes to load these reagents onto the device 

dilution, running buffer, RPA and sample pads.  This device runs the entire assay 

including detection, in around an hour and have a limit of detection equivalent to when 

the assay is run using conventional methods on the benchtop.  Excluding the cost of the 

lateral flow strip and the RPA nfo reaction pellet, the device costs around $1.05.  The 

commercial lateral flow strips cost around $3.14 each, and the primers and RPA nfo 

reaction kits together cost approximately $4.09.  This gives an approximate total reaction 

cost of $8.28 per test, most of which is due to the cost of the commercial components 

rather than the paper and plastic device.   

When I modeled clinical samples for malaria by spiking targets into blood, I observed a 

greatly decreased limit of detection compared to the same samples run on the benchtop.  I 

believe this may be due in part to the fact that both the presence of blood and the use of 

the paper and plastic device have been shown to reduce the SBR results of the RPA 
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reaction.  These two effects combined appear to reduce the performance of the assay to 

the point where the limit of detection is affected.  On samples in blood, the consistent 

LOD of the paper and plastic device was 200 copies/µL, which makes the LOD 

comparable to the antibody based rapid dipstick tests (RDTs) for malaria.[118]  Although 

this level of detection has some clinical utility, RDTs are much faster and easier to use 

than the device developed in this work, suggesting that in samples on blood, the device 

may have limited clinical utility.  However, since the device was able to detect clinically 

relevant amounts of target DNA in aqueous solution it suggests the device might be a 

useful way to carry out an amplification and detection reaction if some form of DNA 

extraction is used before samples are loaded into the device.  

A key limitation of the current work is that while I present a self-contained system for 

running the reaction, it requires the user to add set amounts of fluid to various pads 

before sealing and operating the device.  This means that the system requires roughly the 

same amount of manipulation as running the reaction on the benchtop.  Future work 

could reduce the external parts needed by integrating buffer and primer storage into the 

device, perhaps by drying them on the pads.  In addition, the dilution system used 

increases the runtime of the assay by 20 minutes.  Although much of this time is hands-

off, future work should increase the run speed of the device by developing a more 

efficient method for diluting the sample.  Since the presence of blood greatly affected the 

limit of detection of the system, sample preparation for malaria samples in blood should 

be investigated and potentially integrated directly into future versions of the device.  One 

possibility for sample preparation would be to lyse the blood and then bind the DNA to a 

paper matrix while using flow to remove the other components of blood.  This paper 
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matrix could then be used as the sample pad for subsequent use in the device.  Once 

sample preparation has been integrated the device should be tested using infected red 

blood cells. 

5.5 Conclusion 

I developed a novel set of primers which amplify a sequence which is common to the 

human infectious species of Plasmodium and operate an isothermal amplification reaction 

which is rapid and has an easy visual readout.  I also developed a paper and plastic device 

which carries out the amplification of the samples, dilutes the product and runs the result 

on a lateral flow strip.  I found a limit of detection of 5 copies/µL (50 total copies) on 

samples in aqueous solution, which matches the performance of the same assay run on 

the benchtop.  When the samples were in blood, the LOD increased to 200 copies/µL, 

likely too high to be of clinical utility unless a DNA extraction step is included before 

loading samples on the device.  This device is self-sealing and self-contained once wet 

reagents are added and needs only a 37C heat source, reusable weight and timer.  I 

believe this device is a step towards a fully self-contained and easy to operate low-

resource appropriate nucleic acid test for malaria diagnosis.  
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CHAPTER 6: Summary 

The aim of this work was to develop a method to detect clinically relevant (≤ 50 

copies/µL) amounts of a malaria DNA sequence, while optimizing the method to 

decrease its time to result and reduce the need for external equipment, such as heaters.  

Two assays were investigated, a gold nanoparticle aggregation assay and recombinase 

polymerase amplification (RPA) coupled with lateral flow detection.  The key parameters 

of the assays developed in this work are summarized in table 5.  

Table 5  Summary of the key parameters of the assays developed in this work.  The parameters for 

established diagnostics (microscopy, RDTs, PCR) are presented for comparison 
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A method was developed to quantify the results of a gold nanoparticle aggregation assay 

using a portable spectrophotometer and simple illumination setup.  The assay was 

optimized to reduce its runtime from 2 hours to 10 minutes, and to allow the assay to run 

at room temperature.  Using these optimized conditions, I found a limit of detection of 50 

amoles of target (approximately 107 copies/µL), and a linear dynamic range spanning 4 

orders of magnitude of input target concentration.  Since the LOD of this assay was found 

was to be too high to detect clinically relevant amounts of malaria on its own, I began 

investigating RPA to amplify the target concentration prior to detection. 

Initially the RPA reaction was investigated using a set of primers previously published in 

the literature.  Lateral flow strips were used to detect the amplified products, and a 

method was developed to objectively judge the strips as positive or negative based on 

image analysis of the signal-to-background ratio (SBR).  The RPA reaction was found to 

be inhibited by samples containing blood, and I analyzed the causes of this inhibition.  I 

developed a protocol to minimize the inhibition, and were able to reliably detect as few as 

15 copies/µL of targets spiked into blood. 

Finally a paper and plastic device was developed to package the RPA amplification and 

lateral flow detection into a single self-contained system.  A novel method was developed 

to physically move a paper pad containing the amplified products between different 

functional parts of the system in order to carry out the necessary steps of amplification, 

dilution and detection.  The combined paper and plastic system was tested using a novel 

set of RPA primers designed to detect a sequence present in all human infectious species 

of the malaria parasite.  Using these primers, a limit of detection of 5 copies/µL of target 

DNA in aqueous solution was found. 
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Although I have developed a self-contained device to carry out the amplification and 

detection of clinically relevant amounts of target, several steps remain before this can be 

considered a viable diagnostic method.  The work I did was based entirely around 

working with synthetic DNA sequences.  Although I found that the RPA reaction could 

work on targets in lysed blood, I was not able to assess if the protocols I developed would 

work on actual samples containing infected red blood cells.  In addition, although the 

paper and plastic device was able to detect clinical levels of target, it was not able to do 

so when those targets were in blood.  On samples spiked in blood, the paper and plastic 

device could only achieve a limit of detection of 200 copies/µL of target DNA, which is 

unfortunately likely too high to be useful as a DNA based diagnostic for malaria.  Future 

work should focus on improving this limit of detection, perhaps by altering the RPA 

running conditions such as by optimizing the concentrations of primers and magnesium 

acetate or by increasing the incubation time.   Increased LOD may be also be achieved by 

changing the paper and plastic device perhaps by investigating different papers for the 

amplification to take place in, or by altering the geometry of the system to promote 

mixing of the reagents.  Finally, the device should be tested on actual patient samples, 

and feedback should be gathered from health workers to increase the utility of future 

designs in low-resource settings.  
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