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CHAPTER I 

 

INTRODUCTIONa 

 

Diagnosis of Infectious Diseases in Low-Resource Settings 

In 2016, infectious diseases, including bacterial, viral, and parasitic infections, were 

estimated to claim over 8 million lives globally and greatly impact the quality of life of many 

others.1 Low- and middle-income countries (LMICs) bear the greatest burden of infectious 

diseases, with 85% of these deaths occurring in the developing world.1 This immense burden of 

disease represses economic development which, in turn, limits access to adequate healthcare, 

resulting in an inextricable cycle of poverty and disease. 

 Diagnostics are critical tools for morbidity control and elimination campaigns. On an 

individual level, early diagnosis and treatment of patients with infectious diseases reduces 

mortality, chronic symptoms, and long-term complications, thereby improving prognoses. From a 

population perspective, sensitive and accurate diagnosis and treatment of disease is imperative for 

interrupting transmission and ultimately eliminating a disease from a geographic area, regardless 

of strategy. Appropriate diagnostic tools are necessary for surveillance, confirmation of 

elimination, and evaluation of interventions, including mass drug administration, insecticide 

spraying, or water treatment. 

One of the most important considerations when designing diagnostic assays and devices is 

the setting in which they will be utilized. In LMICs, a tiered system can be used to describe the 

three levels of healthcare infrastructure available within a health system. Tertiary facilities (Level 

                                                
a Portions of this text were reproduced in part with permission from Chemical Reviews, submitted for publication. 
Unpublished work copyright 2018 American Chemical Society. 
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3), including national hospitals, central hospitals, and university hospitals, provide complex care 

and are typically found in urban areas. These hospitals have highly technical clinical diagnostic 

laboratory equipment, employ specialized staff, and serve as reference laboratories.2 Tertiary care 

is often out of reach for those living in rural areas, requiring many days of traveling. Regional and 

district laboratories as well as community hospitals are considered Level 2 facilities.2 These 

hospitals and labs may have limited access to specialized equipment and personnel, and essential 

resources (i.e. running water and electricity) may be intermittently unavailable. Primary care 

(Level 1) consists of rural hospitals, local health clinics, and health outposts.2 These centers are 

frequently the first point of contact patients have with a health system. In LMICs, Level 1 facilities 

often lack essential resources such as clean running water and electricity and have little to no 

laboratory equipment, relying instead on diagnosis via clinical symptoms or rapid diagnostic tests. 

Privately run pharmacies sometimes serve as primary healthcare facilities, providing rapid 

diagnostic tests and basic therapeutics.3  

In the context of infectious disease diagnosis, Level 3 facilities frequently serve as 

reference laboratories, and samples from patients in the surrounding region are sent to these labs 

for culturing, molecular diagnostics, or complex assays. In these cases, however, time-to-result 

can be devastatingly long. One example of this was highlighted by Coulibaly et al. in their study 

of access to care for HIV-infected infants in an urban region of Burkina Faso in 2011.4 Early infant 

diagnosis of HIV-exposed children is essential for early initiation of antiretroviral treatment, which 

has been shown to improve infant survival by 76%.5 In Burkina Faso, HIV-positive mothers were 

advised to attend a 6-week postnatal appointment at their nearest primary healthcare facility for 

dried blood spot collection. Oftentimes, technicians with the expertise required to collect dried 

blood spots were only available once each month, so mothers would have to return to clinic on that 
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day for testing. Once collected, the dried blood spot samples were sent to district-level hospitals 

(Level 2), which then sent the samples to reference laboratory facilities (Level 3) for analysis. Test 

results followed the same path back to patients and were usually available within four months.4 

The consequences of this inefficient path to answers were devastating. For HIV-infected infants, 

these first few months of life are associated with a peak in mortality, and 10% of the HIV-positive 

infants in the study died before antiretroviral therapy could even be started.4,6 

Early infant diagnosis of HIV is just one example of the critical need for rapid, point-of-

care (POC) infectious disease diagnostics that can be performed in rural primary healthcare 

settings, where essential resources may be lacking. Rapid and accurate diagnosis of other 

infectious diseases, such as malaria, tuberculosis, neglected tropical diseases, and diarrheal 

diseases, in low-resource settings has the potential to greatly reduce their associated morbidities 

and mortalities. Disease diagnosis in these settings is particularly challenging and often requires 

tools that can be used by untrained personnel without significant laboratory or physical 

infrastructure. The World Health Organization has developed criteria (“ASSURED”) that define 

the ideal characteristics for POC tests in low-resource settings. According to these criteria, an ideal 

test should be affordable to those who are at risk of infection, result in few false-negatives 

(sensitive) and false-positives (specific), and be user-friendly, rapid and robust, equipment-free, 

and deliverable to the populations in need of the test.7 

The development and implementation of POC diagnostics that fit the ASSURED criteria 

often have disease- and application-specific challenges. In the research phase, it is often 

advantageous to address these challenges at the individual component level. The components of a 

diagnostic include: (1) the biomarker, an endogenous indicator of a disease state, which is most 

often a pathogen or host protein, carbohydrate, or nucleic acid sequence (2) the sample matrix, 
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typically whole blood, urine, or saliva, (3) molecular recognition elements, which allow for 

specific biomarker capture and detection, (4) signal generation and amplification, and (5) 

instrumentation for signal readout. In this work, each component of the conventional diagnostic 

format is examined and optimized with the goal of improving diagnosis of two infectious diseases 

prevalent in LMICs: malaria and schistosomiasis. To provide background and context, the 

remainder of this introductory chapter will focus on parasite biology and current diagnostic 

strategies for these two diseases, with a strong emphasis on malaria. 

 

Malaria 

 Although malaria is preventable and treatable, it remains a severe global public health 

problem. The World Health Organization estimates that nearly half the world’s population is at 

risk for malaria, which caused approximately 216 million infections and 445,000 deaths worldwide 

in 2016 (Figure 1).8 Sub-Saharan Africa carries a disproportionately large share of this burden, 

accounting for 90% of malaria cases and 91% of deaths due to malaria.8 Populations most 

vulnerable to malaria include the immunocompromised, pregnant women, and children under 5 

years of age, the latter group accounting for 70% of all malaria deaths.8  
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Figure 1. The global burden of malaria in 2016.9 
 

 The social and economic burden of malaria is immense on both the individual and 

population levels. For individuals and families, costs include expenses for travel and medical 

services, including diagnostics and therapeutics, at clinics and/or dispensaries. In 2013, 

Onwujekwe et al. found that these costs average US $3.46 ± $2.60 per case for outpatient treatment 

and $10.32 ± $5.54 for inpatient cases for families living in the rural Enugu State of Nigeria.10 In 

addition to these direct expenses, indirect costs such as lost days of work for both sickness and 

travel added up to $9.11 ± $6.91 and $12.88 ± $6.08 per case for outpatient and inpatient treatment, 

respectively.10 These costs represent a substantial portion of the monthly income of the largely 

agrarian and merchant survey respondents, more than half of whom reported a malaria case in their 

household within one month of the interview.10 Thus, malaria can be economically devastating to 

families. On a national level, governments must pay for upkeep, supply, and staffing of clinics and 

hospitals in addition to purchasing drugs, diagnostics, and other interventions such as insecticide 

spray or insecticide-treated bed nets. Globally, direct costs due to malaria have been estimated to 

be at least $12 billion annually, though the cost in lost economic growth is likely much greater.11 
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 To address the immense human and socioeconomic burdens of malaria, the United Nations 

set a target of halting and reversing the incidence of malaria between 2000 and 2015.12 

Remarkably, these goals were achieved; millions of malaria deaths were averted, especially among 

young children.13 Between 2000 and 2015, worldwide malaria incidence fell approximately 21%, 

and mortality rates decreased by an estimated 29%.9 As a result of this progress, the World Health 

Organization developed a global technical strategy for the next 15 years, targeting a 90% reduction 

in malaria incidence and mortality and elimination of malaria from at least 35 countries by 2030.9 

Achieving these ambitious goals will require a substantial increase in global malaria funding, from 

US $2.5 billion to $8.7 billion by 2030.9  

Malaria elimination is defined as the disruption of local transmission of a particular parasite 

species in a defined geographic area (i.e. zero incidence of indigenous cases).14 Several strategies 

for malaria elimination have been proposed, each with their own advantages and disadvantages. 

Mass drug administration (MDA) involves providing antimalarial drugs to an entire population 

without prior testing for the presence or absence of infection. This strategy is most effective when 

multiple rounds of antimalarial drugs are provided to isolated populations with low malaria 

transmission and a high degree of participation.15 However, MDA is largely unsuccessful in high-

transmission areas, and the cost of the approach is likely to be high in large geographic regions. 

Additionally, the widespread use of artemisinin combination therapies (ACTs) without prior 

malaria diagnosis in MDA may promote rapid selection for parasites resistant to first-line drugs.15  

A second elimination strategy is mass screening and treatment (MSAT). In this approach, everyone 

in a given geographic region is tested for malaria, and individuals with positive diagnoses are 

provided with antimalarial treatments. MSAT relies heavily on the availability of accurate 

diagnostic tools capable of detecting low parasite densities in order to ensure that all individuals 
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carrying parasites receive treatment. The cost of MSAT for malaria elimination is likely to be 

similar to that of MDA, though the risk of selecting for drug resistant parasites is lower.15 Targeted 

MSAT has been shown to be particularly effective in low-transmission areas. In this strategy, when 

a case is passively detected at a local health clinic, all individuals living within a defined radius 

(e.g. 150 m) of the index case are tested for malaria and provided with treatment if positive. 

Targeted MSAT, also called reactive case detection, was applied in the catchment area of Macha 

Mission Hospital in the Southern Province in Zambia, and parasite prevalence was reduced by 

nearly 90% from 2008 to 2013.16 

It is clear that successful elimination strategies in one region are not necessarily 

generalizable to regions with differing geography, transmission, prevalence, and parasite diversity. 

The strategies presented above are centered around the human host but will likely need to be 

coupled to vector control measures, such as insecticide spraying and insecticide-treated bed nets, 

to promote the highest probability of success. Regardless of elimination strategy, additional 

investment in research and development will be necessary to address the rising challenges facing 

malaria elimination campaigns, including parasite multidrug resistance, vector insecticide 

resistance, detectability of low-level malaria infections, and gene deletions of parasite biomarkers. 

 

The Malaria Parasite 

 Malaria is caused by protozoan parasites of the Plasmodium genus. There are currently five 

species of malaria known to infect humans. P. falciparum is the most prevalent species in Africa 

and is responsible for most malaria deaths worldwide.17 The second most prevalent species, P. 

vivax, is the dominant species in Asia and the Americas, though it is also present on the African 

continent.18 The less common P. ovale is found primarily in Sub-Saharan Africa, and P. malariae 
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is found throughout the world. 19,20 Previously considered to be rare, P. knowlesi is an emerging 

zoonotic malaria that has been found throughout Southeast Asia and is the most common form of 

malaria in Malaysia.21 Although there is little evidence of human-to-human transmission of P. 

knowlesi, it represents a major threat to malaria elimination in those regions.22 

 During its life cycle, a malaria parasite infects two hosts: humans and female Anopheles 

mosquitos (Figure 2). When a malaria-infected female Anopheles mosquito takes a blood meal, 

sporozoites are injected into the human host. These sporozoites then travel through the 

bloodstream to the liver, where they infect hepatocytes, undergo asexual multiplication, and 

mature into schizonts, which rupture and release merozoites into the bloodstream. In P. vivax and 

P. ovale infections, liver-stage parasites can enter a dormant hypnozoite phase, persisting in the 

liver and causing relapses by invading the bloodstream weeks, months, or years after the initial 

mosquito bite.18,19 Once in the bloodstream, parasites begin the intraerythrocytic cycle and infect 

red blood cells, entering the ring stage. The parasites then develop into mature trophozoites and 

undergo asexual multiplication to form schizonts that rupture, releasing merozoites back into the 

bloodstream to reinfect red blood cells. Some merozoites develop into male and female 

gametocytes, which are taken up by Anopheles mosquitos during a blood meal. The parasites 

undergo sexual reproduction in the gut of the mosquito, ultimately developing into sporozoites and 

entering the mosquito salivary glands, from which they can be inoculated into another human host 

to perpetuate the transmission cycle.17 
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Figure 2. Malaria parasite life cycle.23 Reproduced with permission © 2013 Elsevier B.V. 

 

 Malaria symptoms are largely caused by repeated red blood cell rupture and invasion 

during the intraerythrocytic cycle. Malaria-infected individuals often suffer cycles of chills, fever, 

muscle pain, and nausea, symptoms very similar to many other infectious diseases. In severe 

infections, hemolysis resulting from cell rupture can cause anemia and jaundice. In general, P. 

falciparum causes the most severe symptoms because infected red blood cells (iRBCs) can adhere 

to vascular endothelial cells, resulting in iRBC sequestration and obstruction of microvasculature. 

Cerebral and placental malaria, two severe forms of the disease, directly result from P. falciparum 

iRBC sequestration in the vasculature of the brain and placenta, respectively. Vascular obstruction 

in other areas of the body can cause failure of vital organs, resulting in death. Severe symptoms 

and mortality from other species of malaria typically result from hyperparasitemia or splenic 

rupture caused by phagocytic uptake of infected red blood cells by the spleen .24 
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Current Malaria Diagnostic Strategies 

 Diagnostic tools are critical for accurately determining the causative pathogen in a patient 

presenting with nonspecific symptoms, such as fever, and providing appropriate treatment in a 

timely manner. If a patient is inappropriately diagnosed with malaria based on clinical symptoms 

alone, they will be treated with antimalarials, which will not cure the underlying cause of 

symptoms, delaying appropriate treatment and allowing for further disease progression. 

Furthermore, falsely ruling out malaria could allow the disease to progress to severe symptoms 

and increase the likelihood of transmission through a mosquito bite. 

 The utility of a diagnostic tool relies heavily on its diagnostic sensitivity and specificity. 

The specificity, or true negative rate, of a test is a measure of its ability to correctly identify patients 

who do not have a disease of interest. In contrast, the sensitivity of a diagnostic (i.e. true positive 

rate) represents its ability to correctly identify infections of interest in a patient population. The 

diagnostic sensitivity of a test is inextricably linked to its analytical parameters, particularly the 

limit of detection. If a diagnostic has a very low detection limit (i.e. can detect very low levels of 

infection), it is likely to correctly identify a greater number of patients carrying a disease of interest 

than tests with high detection limits. 

 In the context of malaria elimination, the development of highly sensitive diagnostics is 

imperative for detecting subpatent malaria. These asymptomatic and low-density infections 

contribute significantly to malaria transmission.25–30 Asymptomatic infections are defined by 

detection of a bloodstream infection in the absence of acute malaria symptoms.25 In this case, an 

infected individual who does not experience malaria symptoms is less likely to seek treatment and 

thus will unintentionally continue to contribute to the infectious reservoir. An additional challenge 

is when extremely low parasite densities remain undetected by available diagnostics, likely 



 11 

resulting in a decision not to treat a patient with antimalarials and unknowingly continuing the 

potential for transmission through a mosquito bite. 

 Several studies have investigated the prevalence of subpatent malaria infections and their 

contributions to the infectious reservoir. In general, asymptomatic and low-density infections make 

up a large portion of all infections in a low-transmission setting; in a recent pooled analysis of 

cross-sectional data, Wu et al. found that approximately 83% of malaria infections in low-

transmission settings (prevalence < 5%) and 50% of infections in high-transmission settings 

(prevalence > 20%) were undetectable by available rapid diagnostic tests.29 Recent advances in 

ultrasensitive molecular techniques have shown average asymptomatic parasite densities to be 5 

parasites/µl, though infections as low as 0.03 parasites/µl have been detected. 31,32 The contribution 

of these prevalent subpatent infections to malaria transmission has been investigated in a number 

of settings. Typically, the transmissibility of an infection is determined by the presence of 

gametocytes and/or the number of mosquitos infected in membrane feeding assays using venous 

blood samples.33 Using these parameters, Tadesse et al. found that asymptomatic infections were 

responsible for 92% of the P. vivax and 99.2% of the P. falciparum infectious reservoirs in a low-

endemic setting in Ethiopia.30 Similarly, Slater et al. found that asymptomatic P. falciparum 

infections comprised 91% of the infectious reservoir in a high-endemic site in Burkina Faso.28  

 The transmissibility of subpatent malaria infections highlights the need for using malaria 

diagnostics capable of detecting low parasite burdens in elimination campaigns. Clearly, the 

success of a mass or targeted screen and treat strategy hinges on the ability to detect all malaria 

infections, including subpatent infections, in order to interrupt transmission. In a mass drug 

administration campaign, highly sensitive diagnostics are important for surveillance purposes to 

ensure that all human infections have been cleared after treatment.  
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 Microscopy is the current gold standard for malaria detection. In general, microscopy is 

robust and can be performed in rural clinics and field settings. Besides a microscope, stains, slides, 

and fixative agents are all that are required to perform microscopy, making it affordable in low-

resource settings. In this technique, a thick or thin smear of capillary blood is stained to allow 

visualization of infected red blood cells under a microscope, and infection intensity is determined 

by counting the number of infected erythrocytes. The technical limits of detection for microscopy 

could be as low as 10 parasites/µl, though in practice detection limits are dependent on the skill of 

individual microscopists and are typically around 100 parasites/µl.27 Thus, microscopy will miss 

most asymptomatic cases, resulting in many false-negative results. 

 Detection of parasite genetic material via polymerase chain reaction (PCR) is the most 

sensitive diagnostic technique for malaria and has been instrumental in defining the prevalence 

and parasite burden of the asymptomatic reservoir. Recently, Zainabadi et al. reported an 

ultrasensitive PCR method capable of detecting parasite densities as low as 0.020 parasites/µl from 

dried blood spots.34 While this sensitivity is highly advantageous in the context of malaria 

elimination, PCR is an expensive, time-consuming technique that requires technical expertise and 

significant laboratory infrastructure. For this reason, it is most often performed in tertiary hospitals 

or reference laboratories and cannot be used at the point of care. Thus, PCR is a useful laboratory 

tool for studying malaria epidemiology and for performing surveillance studies after interventions. 

However, in its current form, ultrasensitive PCR cannot be used as the primary diagnostic tool in 

a screen and treat strategy. 

 Antigen-detecting rapid diagnostic tests (RDTs) have been workhorses for detection of 

malaria at the point of care, accounting for 63% of diagnostic testing of suspected cases in 2016.8 

The World Health Organization estimates that 312 million malaria RDTs were delivered globally 
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in 2016.8 These ubiquitous tests are most frequently formatted as lateral flow assays (LFAs), which 

rely on capillary fluid flow through microchannels in paper. In this format, sample is deposited 

onto a conjugate pad, where target-specific antibodies conjugated to gold nanoparticles bind to the 

target antigen (i.e. protein biomarker produced by malaria parasites) in the sample. Running buffer 

then carries these complexes down a nitrocellulose membrane until they reach a line of 

immobilized capture antibodies. This results in a visible line of gold nanoparticles when the target 

protein is present. In the absence of biomarker, no complex is formed and therefore line is visible. 

These tests require no electricity or expertise to perform and are generally low-cost and disposable. 

The readout of LFAs, visible to the naked eye, requires no instrumentation or specialized detection 

method. All of these qualities make LFAs the diagnostic format that most closely fits the 

ASSURED criteria; they are affordable, user-friendly, rapid, robust, equipment free, and 

deliverable to those who need them. Thus, these rapid tests fill a need and are advantageous in 

low-resource settings. 

 The primary disadvantage of malaria rapid diagnostic tests is their lack of sensitivity. 

Detection limits can vary depending on the manufacturer, though they are typically 100 - 200 

parasites/µl. As such, currently available rapid diagnostic tests are only capable of detecting 41% 

- 55% of the infectious reservoir in certain settings.28,29 Highlighting the impact that high-

sensitivity detection tools could have on elimination campaigns, recent models suggest that 

improving LFA detection limits to 20 or 2 parasites/µl could improve the detectability of the 

infectious reservoir to 83% and 95%, respectively.28 In an effort to fill this need, AlereTM very 

recently developed an ultrasensitive RDT for malaria detection. The format and user interface of 

the ultrasensitive RDT are identical to other commercially available malaria LFAs. In an initial 

study, this test was demonstrated to detect target antigen at levels 10 times lower than a 
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commercially available standard LFA for malaria.35 Although details of the improvements made 

to achieve this remarkable sensitivity have not been published, it appears that each component of 

the conventional lateral flow test format was optimized for enhanced performance. Inspection of 

the product literature suggests that standard gold nanoparticle detection elements were replaced by 

larger, dyed polymer particles, enabling easy signal visualization. In addition, it is likely that 

molecular recognition elements for target capture and detection were optimized to promote high-

affinity interactions. While larger-scale studies need to be performed to fully evaluate this new 

ultrasensitive LFA, it represents a promising tool for malaria detection at the point of care. 

 Malaria rapid diagnostic tests typically detect one of two malarial protein biomarkers: P. 

falciparum histidine-rich protein 2 (HRP2) or Plasmodium lactate dehydrogenase (pLDH). In 

2016, the majority of rapid malaria tests sold worldwide detected just HRP2, which is expressed 

only by the P. falciparum parasite.8 The function of HRP2 remains unconfirmed. However, HRP2 

is a unique biomarker in that it appears to lack native tertiary structure, and its sequence is 30% 

histidine, consisting largely of AHHAHHAAD and AHHAAD repeat motifs.36 A cleavable 

sequence at the N-terminus is responsible for HRP2 export from the parasite, allowing HRP2 

detection in peripheral blood.37,38 Clinical concentrations of HRP2 can range from 100 fM to 100 

nM, though expression of HRP2 varies over the erythrocytic life cycle of the parasite.35,39–41 

There are several drawbacks to using HRP2 as the sole diagnostic marker for malaria 

infections. First, HRP2 only indicates the presence of P. falciparum and is not produced by any of 

the other four malaria parasite species known to infect humans. Second, the biomarker has been 

shown to persist in circulation up to 35 days beyond successful treatment and parasite clearance.41 

Thus, an HRP2-based test is unable to distinguish between active and recently cleared P. 

falciparum infections. Third, HRP2 is not essential to parasite survival, and clinical isolates with 
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pfhrp2 gene deletions have been observed with increasing frequency around the world. First 

reported in 2010 in Peru, P. falciparum strains with partial or complete pfhrp2 deletions have since 

been found in Africa, Asia, Central America, and other South American countries.42–48 Infections 

lacking pfhrp2 will result in false-negative results on HRP2-based malaria rapid diagnostics and 

can threaten elimination efforts. Recent models suggest that increased incidence of pfhrp2-deleted 

mutants may be a result of the introduction of HRP2-based rapid tests, particularly in low-

transmission areas.49 If this is the case, pfhrp2 deletions may be one of the first examples of a 

pathogen developing resistance to a diagnostic test.49 

 The use of pLDH as a malarial biomarker avoids many of the disadvantages of HRP2. For 

instance, pLDH is the terminal enzyme in the anaerobic glycolytic pathway, responsible for 

converting pyruvate to lactate using cofactor NADH. All species of malaria parasites rely on 

anaerobic metabolism to generate energy during the intraerythrocytic cycle. Thus, pLDH is an 

essential protein to parasite survival and is conserved across all five Plasmodium species known 

to infect humans.50 Additionally, pLDH clears from host circulation within just a few days of 

successful parasite clearance, and as such is a good marker of active malaria infection.51 However, 

the measurable concentration of pLDH in circulation is several orders of magnitude lower than 

that of HRP2, making it more difficult to detect in clinical samples.52 

The malaria community currently faces a catch-22 with regards to the continued use of 

antigen-detecting rapid diagnostic tests. On the one hand, the most sensitive HRP2-based tests are 

the best tools we have to detect the subpatent reservoir of P. falciparum infections; however, these 

tests can only detect one out of the five human malaria species, result in false-positives in recently 

cleared infections, and may miss P. falciparum strains with pfhrp2 deletions or potentially apply 

selective pressure to promote those deletions. On the other hand, switching to currently available 
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pLDH-based rapid tests would mitigate all of the aforementioned disadvantages of HRP2 but 

would result in a substantial sacrifice in diagnostic sensitivity and would be unable to detect a large 

portion of the asymptomatic and submicroscopic transmission reservoir. As a result, the World 

Health Organization has recommended a country-level switch to non-HRP2 rapid tests for 

surveillance purposes when the prevalence of pfhrp2 deletions is confirmed to be greater than 5% 

in any province within that country.53 Additionally, they have “loosened” the performance criteria 

for selection of pLDH-based rapid tests, since most of these tests do not fit the sensitivity 

requirements previously set forth by the organization.53 

Clearly, there is an urgent need to improve currently available malaria rapid tests and to 

develop laboratory tools for continued epidemiological and surveillance studies. The bulk of this 

dissertation aims to fill these needs by improving the sensitivity of currently-available pLDH and 

HRP2 antigen-detecting tests for malaria and also developing laboratory tools with limits of 

detection capable of defining the clinically relevant protein biomarker concentrations required to 

accurately diagnose subpatent infections. 

 

Schistosomiasis 

 Schistosomiasis is one of more than 20 infectious diseases that the World Health 

Organization has designated as a neglected tropical disease (NTD). This diverse group of diseases 

is labeled “neglected” because they inordinately affect the poorest populations and receive little 

attention and funding compared to more prominent tropical diseases such as malaria, HIV, and 

tuberculosis.54 Over 700 million people live in areas with risk of schistosomiasis transmission, and 

nearly 240 million people are affected by the disease. Around the world, nearly 40% of countries 

(78 in total) have reported schistosomiasis transmission, though over 90% of those needing 
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treatment live on the African continent.55 Because of this widespread and immense burden, 

schistosomiasis is one of the most socioeconomically devastating parasitic diseases, second only 

to malaria.56 

 

Biology of Schistosoma 

 Schistosomiasis results from an infection with trematodes (i.e. parasitic blood flukes) of 

the genus Schistosoma. There are five Schistosoma species known to infect humans, each with 

differing geographic distributions. S. haematobium is primarily distributed across the African 

continent, with smaller foci in India and the Middle East. S. mansoni is also widespread in Africa, 

and it is also the only species present in the Western Hemisphere, prevalent in Brazil, Suriname, 

Venezuela, and some Caribbean Islands. S. japonicum is only found in Asia, primarily in China 

and the Philippines. Two additional organisms, S. mekongi and S. intercalatum, are much less 

prevalent than the previous three species and are found in Laos/Cambodia and Central Africa, 

respectively.57 

 The Schistosoma life cycle is shown in Figure 3. Briefly, eggs are shed from the human 

host with feces or urine into a freshwater reservoir. Under the appropriate conditions, these eggs 

hatch in the water and release miracidia, which then swim and infect snails. Each Schistosoma 

species favors a particular snail species as an intermediate host. Within the snail, miracidia develop 

into sporocysts and progress through two generations to become cercariae. The cercariae are shed 

by snails and swim to infect humans by penetrating the skin, simultaneously losing their tails and 

becoming schistosomulae. These schistosomulae travel to the liver, where they mature into adult 

worms. Once mature, adult worms pair (male and female) and migrate to blood vessels associated 

with the intestines or the bladder, where they begin to produce eggs. The average lifespan of 
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schistosomes in the human host is 3 – 10 years, although infection durations up to 40 years have 

been observed.58 The locations chosen by the worm pairs depend on their species. S. japonicum is 

most frequently found in veins draining the small intestine; S. mansoni tends to reside in veins 

draining the large intestine; and S. haematobium is primarily found in the venous plexus of the 

bladder.57 Thus, some of the eggs shed by S. japonicum and S. mansoni are passed into stool, and 

a portion of the eggs shed by S. haematobium are typically passed into urine. Typically, eggs 

appear in stool or urine 1 to 3 months after cercariae first penetrate the skin. Some eggs remain 

trapped in nearby tissue or are transported to other organs within the human host.  

Figure 3. Life cycle of the schistosome.59 Reproduced with permission © 2002 Massachusetts Medical Society 
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 The clinical presentations of schistosomiasis are varied in duration and intensity. Some 

infected individuals remain asymptomatic, especially those with low worm burdens. Immediately 

after infection, a rash may appear where cercariae penetrate the skin. Acute schistosomiasis, also 

called Katayama fever, is most common in high-transmission areas.59 Symptoms, including fever, 

chills, cough, nausea, abdominal pain, and muscle pain, are caused by the immune response to 

eggs deposited in host tissue.59 If left untreated, Schistosoma infections can become chronic, and 

ulcerations in the intestines and bladder due to deposited eggs can lead to abdominal pain, diarrhea, 

and bloody stool and urine.57 Eggs retained in the liver can lead to enlargement and liver failure.59 

Eggs in the urinary tract can lead to ureter obstruction, calcifications in the bladder, and renal 

failure. Urinary schistosomiasis is also linked to bladder cancer.59 The effects of continued 

inflammatory response to egg granulomas can cause nonspecific but disabling morbidities such as 

anemia, malnutrition, cognitive impairment, decreased aerobic capacity, and stunted growth.58 

 All human Schistosoma parasites can be treated with praziquantel, which causes adult 

worms to detach from venous walls and die.60 Most programs targeting schistosomiasis control or 

elimination employ praziquantel in an MDA approach, oftentimes coupled with educational 

campaigns, snail control via molluscicide treatment of contaminated freshwater reservoirs, or 

both.58 In 2012, the World Health Organization established the following goals: (1) to control 

morbidity due to schistosomiasis by 2020 (i.e. < 5% prevalence of high-intensity infections), (2) 

to eliminate schistosomiasis as a public health problem by 2025 (i.e. < 1% prevalence of high-

intensity infections), and (3)  to interrupt transmission of schistosomiasis in select regions and 

countries by 2025.61   
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Current Schistosomiasis Diagnostic Strategies 

 Accomplishing the goals set by the World Health Organization relies heavily on the 

development of accurate and field-deployable schistosomiasis diagnostics. Precise mapping of 

Schistosoma prevalence will be necessary to identify foci for targeted interventions. Strong 

surveillance will be needed to evaluate the success of these interventions, and as prevalence 

decreases, detecting low-burden asymptomatic cases will become increasingly important.58 

 Microscopy is the most commonly employed tool for schistosomiasis diagnosis. For S. 

mansoni and S. japonicum, the Kato-Katz technique is used most often to prepare stool samples 

for inspection for Schistosoma eggs. To detect S. haematobium, urine filtration methods are used 

to concentrate eggs from large urine volumes before inspection by microscopy. Both of these 

methods lack the sensitivity to detect low-burden infections, which can contribute to ongoing 

transmission.62 Additionally, cut-offs have been established to distinguish between high- and low-

intensity infections (100 eggs per gram feces and 50 eggs per 10 ml urine), though egg counts are 

highly susceptible to day-to-day variation and can be unreliable even for identifying high-intensity 

infections.63 

 Beyond microscopy, several other techniques for schistosomiasis diagnosis have been 

developed. Detection of worm or egg genetic material in plasma, whole blood, stool, or urine via 

PCR is highly sensitive. However, PCR is expensive and technically demanding, requiring highly 

equipped laboratories and well-trained technicians to perform. Thus, although useful for research 

purposes, PCR is not suited for schistosomiasis detection at the point of care.  Rapid tests based 

on serological detection of schistosomiasis have been developed.62 These tests rely on the detection 

of the human host immune response to Schistosoma and are advantageous because antibodies often 

develop before eggs are detectable in stool or urine samples.62 However, serology cannot 
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distinguish between active and previous infections, which reduces its utility, particularly in high-

transmission areas. 

 In the past two decades, LFAs based on circulating antigens produced by Schistosoma 

worms have been developed. While in the blood vessels, schistosomes rely on glucose metabolism 

and digestion of host red blood cells to generate energy. The worms cannot excrete waste products 

but rather regurgitate them into the bloodstream.58 In particular, two of the waste products 

generated by the schistosomes have proven useful for urine and blood-based diagnostic assays: the 

circulating cathodic antigen (CCA) and the circulating anodic antigen (CAA). These heavily 

glycosylated proteoglycans are named for their overall positive and negative charges, respectively, 

at physiological pH. Recently, van Dam et al. developed a urine-based CCA-specific LFA (POC-

CCA) that is now commercially available and has been extensively evaluated in the field.64–71 The 

POC-CCA test has demonstrated good sensitivity for the detection of S. mansoni infections 

compared to Kato-Katz.72 However, there are several disadvantages of the POC-CCA test. First, 

although CCA is a genus-specific antigen, the POC-CCA is limited to the detection of just one 

Schistosoma species (S. mansoni).73 Second, the test can produce confounding results when 

hematuria, a symptom common for S. haematobium infections, is present.69 Finally, recent results 

suggest that the POC-CCA test may be cross-reactive with non-Schistosoma-related markers in 

the urine of pregnant women.69 

CAA is present in the serum and urine of patients with Schistosoma infections of all known 

species and has been found to correspond well with Schistosoma worm burden, clearing soon after 

successful treatment.62,74,75 Recently, Corstjens et al. developed an ultrasensitive, upconverting 

phosphor-based LFA for CAA that utilizes 400 nm Y2O2S:Yb3+, Er3+ upconverting phosphors 

(UCPs), which are excited at 980 nm and emit at 550 nm (green) and can detect CAA for a single 
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Schistosoma worm pair in serum.74–79 This assay has been applied to patient samples from endemic 

areas and has demonstrated schistosomiasis prevalence at rates much higher than those determined 

by microscopy, serology, and nucleic acid-based gold standards.75,78–80 

The workflow of the CAA assay in its current form, however, differs from a typical field-

ready test. First, a trichloroacetic acid (TCA) extraction is performed on a urine or serum sample, 

requiring a centrifugation step. The extract supernatant is then combined with running buffer and 

anti-CAA-functionalized UCP particles and incubated for 1 hr at 37ºC before the lateral flow strip 

is added to the solution. The test is allowed to develop and must dry completely (at least 3 hrs) 

before scanning and analyzing the strip.  

To increase the analytical sensitivity of the assay, Corstjens et al. added a spin-filter 

concentration step to the sample preparation method.75 This allowed for CAA in urine sample 

volumes of 0.5 - 7.5 ml to be concentrated into 20 µl before addition to the lateral flow strip. The 

resulting detection limits improved at a rate that scaled with increasing sample volumes, reaching 

as low as 0.03 pg/ml for the 7.5 ml assay. To demonstrate clinical applicability, the concentration 

step was performed on 2-ml patient urine samples from Kenya (high-endemic, S. mansoni) and 

China (low-endemic, S. japonicum). In both cases, the high-volume UCP assay for CAA detected 

more schistosomiasis cases compared to Kato-Katz, with a 2-fold increase in measured prevalence 

in the high-endemic area and a 6-fold increase in the low-endemic area.75,79 Though this sample 

concentration step improves the sensitivity of the assay, it requires significant laboratory 

infrastructure; all patient samples in these studies were processed in well-equipped tertiary 

laboratories. Further, the additional concentration step increases the cost of this ultrasensitive CAA 

assay, though sample pooling could make this test more cost-effective and allow for monitoring 

of worm burdens at the sub-population level for large-scale surveillance.81 However, it is clear that 
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for this UCP-based ultrasensitive assay to be utilized in a field setting, a more robust, field-ready 

sample preparation method is needed. The present work aims to fill this need by developing a 

sample preparation method that requires less laboratory infrastructure. 

 

Scope of this Work 

In this work, each of the components of the conventional diagnostic format is examined 

and optimized with the goal of improving diagnosis of malaria and schistosomiasis in endemic 

settings. In Chapter II, the effects of sample matrix effects on malaria diagnostics are evaluated 

and mitigated. More specifically, the extent to which the host immune response affects detection 

of malarial biomarker HRP2 in a low-transmission setting is determined, and strategies for 

reducing this potential matrix effect are evaluated. Chapter III explores a novel, equipment-free 

sample preparation method in which dendrimer-coated magnetic particles are used to capture, 

purify, and concentrate the CAA biomarker from its variable urine sample matrix before 

application to the ultrasensitive UCP lateral flow assay. In Chapter IV, the affinities of molecular 

recognition elements for two malarial biomarkers, HRP2 and pLDH, are screened using biolayer 

interferometry. Chapter V employs these data to inform the development of highly sensitive 

magnetic bead-based assays for both biomarkers, ultimately resulting in a rapid multiplexed assay 

in which detection of both pLDH and HRP2 can be completed in less than 1 hour with detection 

limits 10 times better than commercially available ELISA kits. In Chapter VI, the developed assay 

is applied to the characterization of pLDH and HRP2 clearance patterns in patients living in a 

highly endemic region of Zambia, demonstrating the sensitivity and clinical utility of the 

multiplexed assay. 
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CHAPTER II 

 

EVIDENCE FOR HISTIDINE-RICH PROTEIN 2 IMMUNE COMPLEX FORMATION IN 

SYMPTOMATIC MALARIA PATIENTS IN SOUTHERN ZAMBIA 

 

Introduction 

 Approximately 75% of malaria RDTs delivered in 2016 detected only Plasmodium 

falciparum, which is the most prevalent species of human malaria and is responsible for the 

majority of severe malaria cases and mortality worldwide.8 Most RDTs specific for this species 

rely on the detection of HRP2, which was the first antigen targeted in commercial tests.82 As 

discussed in Chapter I, there are several disadvantages to using HRP2 as a singular malarial 

biomarker, including persistence after parasite clearance, which can result in false-positives, and 

the rising incidence of pfhrp2 deletions, leading to false-negatives. 

 Added to these challenges are potential matrix effects that can result from biomolecules 

present in finger-prick whole blood samples applied to RDTs. Endogenous host antibodies are one 

class of biomolecules known to interfere with antibody-based detection methods such as enzyme 

linked immunoassays (ELISAs) and LFAs. For example, rheumatoid factor (RF) and human-anti-

mouse antibodies (HAMA) have been shown to crosslink capture and detection antibodies in 

immunoassays, leading to false-positive results.83 Endogenous host anti-HRP2 (α-HRP2) 

antibodies represent another possible source of interference, as they may bind the antigen before a 

sample is applied to a detection assay. Because HRP2 consists of a series of tandem repeat motifs, 

and therefore repeated epitopes, any endogenous a-HRP2 bound to the antigen could potentially 

block binding sites for assay capture and detection antibodies, resulting in decreased signal or even 
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false negative results. Although there is significant precedent for endogenous antibody interference 

with immunochromatographic detection of other infectious diseases, including HIV,84,85 

dengue,86,87 and tuberculosis,88,89 only a handful of studies have been published on the potential 

effects of endogenous α-HRP2 antibodies on biomarker detectability.90–93 In the first of these 

studies, Biswas et al. measured HRP2 and α-HRP2 in the serum of patients in India with acute P. 

falciparum infections before treatment and over 28 days after treatment.90 HRP2 decreased 

gradually over time, with HRP2-specific IgM following the same pattern. Anti-HRP2 IgG titres 

increased gradually over the 28 days. Importantly, 3 patients who were RDT-negative and 

microscopy-positive upon enrollment had significantly higher α-HRP2 IgM and IgG titres 

compared to the 42 RDT-positive individuals, indicating that the presence of these circulating 

antibodies could interfere with HRP2-specific RDTs.90 More recently, Ho et al. found endogenous 

α-HRP2 antibodies were present in the plasma of 25% of symptomatic malaria patients from 

Cambodia, Nigeria, and the Philippines and 11% of asymptomatic individuals in the Solomon 

Islands.92 The group also found that incubating serum from high α-HRP2 titre individuals with in 

vitro parasite culture resulted in a marked decrease in RDT signal for several RDT brands.92 Both 

of these studies suggest that the humoral immune response against HRP2 could decrease the 

detectability of HRP2, resulting in false-negative RDT readings.  

In direct contrast to the aforementioned reports, two investigations have found an absence 

of endogenous α-HRP2 antibodies in patients from malaria-endemic regions. In a study aimed to 

determine the immunomodulatory properties of the biomarker, Das et al. found that PBMCs 

isolated from P. falciparum-exposed patients in India did not produce a detectable HRP2-specific 

antibody response when stimulated with the antigen.91 Most recently, Taylor et al. evaluated 

plasma samples from Cameroonian individuals living in a region with high P. falciparum 
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transmission with the goal of determining the prevalence, class, subclass, and avidity of circulating 

α-HRP2 antibodies.93 Although these patients had robust levels of antibodies specific for other P. 

falciparum antigens, including three malaria merozoite surface proteins (MSP1, MSP2, and 

MSP3), the levels of detectable circulating α-HRP2 antibodies were no different from those of 

malaria-naïve control patients from the United States. 

These discordant results in the literature led us to investigate whether individuals living in 

a low-transmission region in Southern Zambia produce HRP2-specific antibodies that could 

interfere with HRP2 detection. However, unlike the four published studies, all of which detected 

freely available circulating α-HRP2 using a direct immunoassay format, this work specifically 

sought to determine whether patient samples contain HRP2 immune complexes. To do this, 

magnetic particles were used to isolate IgG and IgM (free and complexed) from patient sample 

dried blood spot (DBS) extracts. The captured antibodies were then exposed to denaturing 

immunoprecipitation conditions in order to release any complexed HRP2, which was subsequently 

measured by ELISA. Additionally, free HRP2 in untreated and heated DBS extracts was measured 

to determine whether signal could be enhanced by dissociating any immune complexes present. 

 

Methods 

Reagents and materials 

Human Whole Blood (CPD) was purchased from Bioreclamation IVT (catalog no. 

HMWBCPD). Recombinant HRP2 protein (rcHRP2) was generously provided by PATH (Seattle, 

WA). P. falciparum D6 strain was cultured in-house. Dynabeads® Protein A, Dynabeads® Protein 

G, and Pierce Protein L Magnetic Particles were purchased from Fisher Scientific (10-002-D, 10-

004-D, PI88850). Anti-HRP2 antibodies were purchased from Abcam (ab9203, ab9206, ab30384). 
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TMB One was purchased from Promega (G7431). 903 Protein Saver Cards were purchased from 

GE Healthcare Life Sciences (10534612). A Fisher Scientific Analog Vortex Mixer (02-215-365) 

was used for all vortexed incubations. A VWR Digital Dry Heat block (12621-086) with an 

external thermocouple (11301-112) was used for sample heating. Absorbance was measured on a 

Biotek Synergy H4 microplate reader (Vanderbilt University) or Biotek ELx808 microplate reader 

(Macha Research Trust). All other reagents and materials were purchased from either Fisher 

Scientific or Sigma Aldrich. 

 

HRP2 enzyme-linked immunosorbent assay (ELISA) 

 A previously reported HRP2 ELISA protocol was employed.41,94 Briefly, 100 µl of 1 µg/ml 

α-HRP2 IgM (ab9206, clone PTL3) was added to the wells of an Immulon 2HB 96-well plate for 

1 hr. After 3 washes with 1x phosphate buffered saline with 0.1% Tween-20 (PBST), the plate was 

blocked with 300 µl of 5% BSA in PBST for 2 hrs. Standards and samples (100 µl) in PBST with 

0.1% BSA were then added to the plate for 2 hrs. Next, 100 µl of 0.5 µg/ml α-HRP2 conjugated 

to horseradish peroxidase (HRPx) (ab30384, clone MPFG55P) in PBST with 0.5% BSA was added 

for 1 hr while protected from light. Signal was generated using TMB One solution, and the reaction 

was stopped with 2M H2SO4 after 10 minutes. Absorbance was measured at 450 nm. For all 

ELISAs performed in this study, the average LOD was 0.012 pM ± 0.004 pM rcHRP2. The average 

intra-assay variability was 3.4% and the inter-assay variability was 22%. 

 

Dried blood spot (DBS) preparation and extraction 

To prepare control mock DBS patient samples, in-house P. falciparum D6 culture (stock: 

43,600 parasites/µl) and a high affinity α-HRP2 mouse monoclonal antibody (C1-13) were spiked 
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into whole blood to desired concentrations and spotted (10 µl) onto Protein Saver 903 cards. The 

DBS were air-dried for a minimum of 4 hrs and a maximum of overnight. A modified 6.35 mm 

office hole-punch (Office Depot® #825232 with punch tray removed) was used to remove DBS 

from the cards. Five punches of clean DBS cards were performed between each sample punch to 

reduce cross-contamination. Each DBS was placed in a 2-ml microcentrifuge tube, and 300 µl of 

PBST was added to each tube. The tubes were placed on a vortexer at maximum speed (3200 rpm) 

for 10 minutes and then a mini-centrifuge for 1 minute to remove bubbles. The supernatant was 

removed and reserved for analysis. For each sample, half of the DBS extract supernatant was added 

to a separate 2-ml microcentrifuge tube and placed on an 80°C heat block for 10 minutes. These 

heated samples were then allowed to cool to room temperature before ELISA analysis. 

 

DBS ELISA 

 ELISA plates were prepared as described above. Heated and untreated DBS extracts were 

diluted 10-fold in PBST with 0.1% BSA, and 100 µl of each diluted sample was placed on the 

plate in duplicate. Each plate also contained an rcHRP2 standard curve (0 – 10 pM) in sample 

buffer. Incubation times, washes, and addition of detection antibody, HRPx substrate, and 

quenching solution were identical to the HRP2 ELISA protocol above. Signal was measured at 

450 nm. 

 

HRP2 immune complex pull-down assay 

 In order to determine the amount of HRP2 complexed with antibodies in each sample, 10 

µl of untreated DBS extract was added to 40 µl of PBST in a 1.5-ml microcentrifuge tube. Next, 

30 µl of a 1:1:1 mixture (10 mg/ml) of Dynabeads® Protein G, Dynabeads® Protein A, and 
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PierceTM Protein L magnetic beads was added to the diluted DBS extract, and samples were 

incubated on a vortexer (3200 rpm) for 10 minutes. Using a magnetic tube holder (Invitrogen 

MagnaRack CS15000), the supernatant was removed. Next, the magnetic beads were washed by 

vortexing with 50 µl of PBST, and the wash supernatant was removed using the magnetic tube 

holder. To elute any HRP2 complexed to antibodies captured by the beads, a classic denaturing 

immunoprecipitation protocol was followed: 40 µl of 0.5 M glycine buffer (pH 3) was added to 

the beads, which were vortexed and then placed on an 80°C heat block for 10 minutes. Using the 

magnetic rack, the supernatant was removed from the beads and placed in a 1.5-ml microcentrifuge 

tube before the addition of 15 µl 1M TRIS pH 8. After neutralization, 50 µl of ELISA sample 

buffer was added to each tube. This process was performed in duplicate for each sample. Thus two 

100-µl neutralized and diluted samples were placed on an ELISA plate to measure HRP2 

concentrations for each DBS sample. ELISAs were carried out as described above. 

 

Study setting, patient recruitment, and ethics 

Clinical DBS samples were collected in the catchment area of Macha Mission Hospital in 

Choma District, Southern Province, Zambia, a rural 1200 km2 area where roughly 30,000 

individuals live.16 In this region, there is a single rainy season from November through April in 

which malaria transmission peaks, though the prevalence of malaria has declined steadily over the 

last decade to less than 1%.95,96 Patients were enrolled into the present study from both passive and 

active surveillance settings. For the former, patients presenting to Macha Mission Hospital with 

fever (> 37.5°C) were prescribed a malaria RDT (SD Bioline Pf) according to Hospital protocol. 

After provision of written informed consent and completion of a questionnaire, capillary whole 

blood was collected by finger prick once the prescribed RDT was performed. In the case of minors 
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under 18 years of age, consent and survey responses were requested from a parent or guardian. As 

fever was a requirement for recruitment in the clinic, all patients providing samples in this setting 

were classified as symptomatic. 70 patients were enrolled in the Hospital setting in March and 

April 2017.  In addition to the clinic setting, patients already enrolled in Step D of the reactive 

screen-and-treat efforts implemented in this area of Southern Province, Zambia were recruited for 

this study.97 These patients were either known index malaria cases, living in the same household 

as an index case, or living in a household located within 140 m of an index case. Patients were 

recruited for this study only if they or a parent/guardian provided written informed consent. Finger 

prick capillary blood was collected after the prescribed RDT (SD Bioline Pf) for Step D 

surveillance was performed. In this reactive surveillance setting, 56 patients were enrolled in 

March – April 2017. A total of 126 samples were analyzed in this study. This study and all sample 

collection were performed under IRB approval (MRT IRB # E.2014.01v 4.0) and after approval 

for the study was granted by the Zambian National Health Research Authority (MH/101/23/10/1). 

 

Patient sample DBS preparation and storage 

 Finger-prick whole blood samples were collected in 300 µl SAFE-T-FILL Capillary Blood 

Collection Tubes containing sodium citrate (Ram Scientific). Several 10 µl spots were placed on 

Protein Saver 903 cards and dried at room temperature overnight. Samples were either punched 

and analyzed the next morning or placed in a zip-lock bag with desiccant and stored at -80°C. All 

samples were analyzed in April and May 2017. 
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DNA extraction and PCR amplification 

 DNA was extracted from dried blood spots using the Chelex method as previously 

described,98 with minor modifications. The spots were punched with a 6.35 mm hole punch directly 

into 1 ml of a 0.1% saponin solution and incubated at room temperature for 10 minutes. After 

discarding the supernatant, PBS was used to rinse the spot and 150 µl of 2% Chelex-100 and 50 

µl of water were added. Samples were incubated at 100°C for 8 minutes. The tubes were 

centrifuged and the supernatant was collected. Samples were stored at -20°C. Real-time PCR to 

detect the Plasmodium falciparum 18S gene was performed with the previously described Fal-F99 

and Plasmo2-R primers and the Falc 6-carboxyfluorescein (FAM)-labeled probe.100 The primers 

were used at a concentration of 200 nM each and the probe at 50 nM in QuantiFast Probe PCR 

Master Mix (Qiagen). Samples and controls were run in triplicate. A standard curve was included 

with each 96-well plate. Reactions were amplified and analyzed with the Roche Lightcycler 480 

II using the following cycling conditions: initial denaturation at 95°C for 5 minutes and 45 cycles 

of 95°C for 10 seconds and 60°C for 30 seconds. 

 

Determination of free and immune-complexed HRP2 in patient samples 

 When available, two DBS per patient sample were extracted. Half of the DBS supernatant 

was reserved (“untreated”), and the remainder was heated on an 80°C heat block for 10 minutes. 

20 µl of untreated DBS extract was used to determine the amount of HRP2 complexed with 

antibodies using the protein A/G/L extraction protocol described above in duplicate. Additionally, 

untreated and heated DBS extracts were diluted 10-fold in ELISA sample buffer, and a DBS 

ELISA was performed in duplicate as detailed above. Samples for which signal did not fall in the 

linear range were re-run at the appropriate dilutions. Note that in this manuscript, “free” HRP2 
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refers to HRP2 not bound in immune complexes regardless of whether it was solubilized in the 

plasma or originated from within infected erythrocytes. 

 

Data analysis 

 HRP2 concentrations were interpolated from rcHRP2 standard curves run on each plate. 

Limits of detection were calculated as the concentration at which the absorbance was equal to sblank 

+ 3SDblank. Intra- and inter-assay variability (%CV) were determined as the average relative 

standard deviation of duplicate measurements on a single plate and the average relative standard 

deviations of all measurements at each concentration on the standard curve across all assays 

performed over the duration of the study, respectively. All error bars represent the standard error 

of measurement. A paired t-test was used to determine whether the measureable [HRP2] was 

significantly different in untreated and heated samples (α = 0.05). An individual sample was 

defined as “enhanced” if the concentration of HRP2 in the heated sample was greater than that in 

the untreated sample (One-sided t-test, α = 0.05). A sample was determined to contain HRP2 

complexed to IgG or IgM if the concentration measured in the protein A/G/L extraction protocol 

was different from the limit of detection of the HRP2 ELISA (Student’s t-test, α = 0.05). 

 

Results 

Dissociation of pre-formed HRP2 immune complexes 

A series of laboratory controls were performed before analysis of patient samples. First, 

rcHRP2 was incubated with varying equivalents of a mouse monoclonal antibody (clone C1-13), 

which was previously shown to have excellent affinity for rcHRP2.101 A portion of these HRP2-

antibody mixtures was then placed on an 80°C heat block for 20 minutes, and the detectable HRP2 
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concentrations in both untreated and heated samples were measured by ELISA. The C1-13 clone 

was not employed in the ELISA protocol. As shown in Figure 4, α-HRP2 antibodies interfere with 

ELISA detection of HRP2 by forming immune complexes. Heating samples at 80°C dissociates 

these complexes and completely restores ELISA signal, regardless of α-HRP2 excess. This 

dissociation was found to be irreversible. Fully restored HRP2 ELISA signal was maintained even 

after allowing dissociated samples to cool for several hours. This is consistent with the literature; 

Leow et al. reported the melting temperature of C1-13 as 72°C, and the rapid rate of heating in this 

experiment (i.e. placing samples directly on an 80°C heat block) likely resulted in irreversible 

precipitation of the denatured IgG.102,103  Additional optimization found that 5 minutes heating 

time was sufficient to fully dissociate complexes, so a final heating time of 10 minutes was chosen 

for further experiments. 

 

Optimization of HRP2 immune complex pull-down assay 

 A pull-down assay was developed to determine the quantity of HRP2 complexed with 

antibodies in a given sample. Magnetic particles functionalized with proteins A, G, and L were 

incubated with diluted DBS extracts in order to capture all IgG and IgM from a sample. These 

 
Figure 4. Increasing equivalents of α-HRP2 antibodies reduced free HRP2 detectable by ELISA by forming 
immune complexes. Heating samples at 80°C for 20 minutes dissociated these complexes, completely restoring 
ELISA signal, regardless of α-HRP2 excess. 
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beads were washed with buffer before they were subjected to denaturing immunoprecipitation 

conditions (0.5 M glycine, 80°C for 10 minutes) in order to release any complexed HRP2. The 

supernatant was removed and neutralized with TRIS buffer, and HRP2 was quantified by ELISA. 

To optimize this process, rcHRP2 (500 pM) and 20 equivalents of C1-13 (10 nM) were spiked into 

whole blood, incubated for 10 minutes to allow immune complex formation, and spotted onto DBS 

cards. It was found that DBS extracts required a minimum 5-fold dilution in order to maximize 

HRP2 capture, and multiple bead mixing techniques (vortexer, orbital microplate shaker, and 

rotisserie) were found to perform similarly to one another (Figure 5A and 5B). The final optimized 

system successfully captured 90% of HRP2 in the sample, and the immunoprecipitation protocol 

released about 70% of the eluted biomarker. Thus, the pull-down assay successfully detected 

approximately 60% of HRP2 when all antigen was bound in immune complexes (Figure 5C). 

 

Evaluation of immune complex dissociation and pull-down assay in mock patient samples 

 In order to evaluate the optimized immune complex dissociation and pull-down protocols, 

a panel of mock patient samples was prepared by spiking in-house D6 P. falciparum culture and 

C1-13 antibodies into human whole blood. The panel of mock samples was designed to test the 

 
 
Figure 5. Optimization and characterization of HRP2 immune complex pull-down assay. (A) A minimum DBS 
extract dilution of 5x was required in order to ensure efficient immune complex capture. (B) Several bead-mixing 
methods were equivalent in performance. (C) Using the optimized conditions for the immune complex pull-down 
assay, 90% of complexed HRP2 was captured and 70% of the captured biomarker was eluted, resulting in an 
overall recovery of about 60%. In these samples, all detectable HRP2 was initially complexed to C1-13. 
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limits of the optimized systems and included the following whole blood controls: (1) no parasites 

and no C1-13, (2) no parasites with C1-13 (50 nM) (2) varied parasite concentration (up to 6400 

parasites/µl) and no C1-13, (3) constant parasite concentration (2000 parasites/µl) with varied C1-

13 (up to 100 nM), and (4) varied parasite concentration with constant C1-13 (50 nM). These 

whole blood samples were incubated for 10 minutes to allow any HRP2 immune complexes to 

form before spotting onto DBS cards. After drying, DBS samples were punched and analyzed 

according to the optimized dissociation and pull-down protocols. Untreated and heated samples 

were diluted 10-fold before HRP2 quantitation by ELISA. 

 As shown in Figure 6A, in the absence of C1-13 α-HRP2, no HRP2 was detected in the 

immune complex pull-down assay, even at high parasite densities. Importantly, this demonstrates 

that only HRP2 complexed to α-HRP2 antibodies and not free HRP2 is pulled down in the bead-

based assay, regardless of the magnitude of HRP2 concentration present. The data in Figure 6A 

also demonstrate that no signal is lost when samples containing only free HRP2 are subjected to 

heating. Additionally, the immune complex pull-down assay worked well over a broad range of α-

HRP2 C1-13 concentrations and that dissociating complexed samples by heating completely 

restored positive signal (Figure 6B). The pull-down assay also demonstrated the expected 60% 

HRP2 recovery over a broad range of parasite concentrations in the presence of excess C1-13 

(Figure 6C). Taken together, these data show that the optimized protocols behaved as expected for 

all controls in samples that closely mimicked patient dried blood spot samples. 
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Patient demographics 

A total of 126 patient samples were collected for this study. The patients recruited at the 

hospital were significantly younger than those recruited through active case detection (P = 0.010). 

All patients who presented to the hospital (passive case detection) were symptomatic at the time 

of sample collection. Only two patients recruited through active case detection had active P. 

falciparum infections (determined by PCR) and one of these patients reported no symptoms at the 

time of sample collection. Of the parasite-positive individuals, samples collected from the hospital 

generally had higher parasite densities (median: 6072, range: 59 – 161764 parasites/µl) than those 

of individuals recruited through active case detection (median: 255, range 84 – 426 parasites/µl), 

though no statistical significance was determined due to the low number of parasitemic patients 

recruited through active case detection. 

 

 

 

 

 
 
Figure 6. Evaluation of optimized immune complex dissociation protocol and pull-down assay in mock patient samples. 
(A) In the absence of α-HRP2 antibodies, no HRP2 was detectable in the immune complex pull-down assay. 
Additionally, heating free HRP2 did not diminish ELISA signal. (B) Increasing equivalents of α-HRP2 C1-13 decreased 
ELISA signal, but heating fully restored that signal. (C) Immune complex pull-down recovered 60% of complexed 
HRP2 over a wide range of parasite concentrations. 
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Table 1. Patient samples stratified by collection strategy, parasite presence, and detectable free HRP2 

Sample 
collection 
strategy 

n 
Age (Years) No active P. falciparum 

infection - PCR (-), n (%) 
Active P. falciparum 

infection - PCR (+), n (%) 

Median Range HRP2 (-) HRP2 (+) HRP2 (-) HRP2 (+) 
Passive case 

detection 70 4 0 - 67 50 (71) 4 (6) 0 (0) 16 (23) 

Active case 
detection 56 12.5 0 - 74 46 (82) 8 (14) 0 (0) 2 (4) 

Total 126 8.5 0 - 74 96 (76) 12 (10) 0 (0) 18 (14) 
 

Free HRP2 levels in untreated and heated patient DBS extracts 

 Free HRP2 was quantified for all available patient samples. As shown in Table 1, 96 (76%) 

recruited patients had no active P. falciparum malaria and no detectable free HRP2. The remaining 

30 samples (24%) were HRP2-positive, 12 of which were parasitemic according to PCR. All 

individuals with an active P. falciparum infection had detectable HRP2 levels. Overall, a positive 

association between parasitemia and detectable free HRP2 was found (Spearman coefficient: 

0.7563, P < 0.0001) (Figure 7A). There were no significant differences in parasitemias nor [HRP2] 

by one-way ANOVA (P = 0.3069, P = 0.4235, respectively) when the data were classified by the 

following age groups: < 5 years old, 5 – 15 years old, and > 15 years old. (Figure 7B and 7C). The 

results of heating DBS extracts are shown in Figure 8A. Heating DBS extracts did not result in an 

overall higher concentration of detectable HRP2 compared to untreated samples (Paired t-test, P = 

0.1333). On an individual level, a significant increase in detectable HRP2 was observed in 7 patient 

samples (P < 0.05). These patients with enhanced HRP2 signal fell into a wide age range from 1 – 

52 years old, though the median age was 6 years old. All patients for which HRP2 detectability in 

DBS extracts was significantly enhanced by heating were parasitemic, and the initial free [HRP2] 

in the corresponding DBS extracts was greater than 600 pM. Among these 7 samples, the average 
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signal enhancement factor was 1.2 ± 0.2. In other words, in these samples, 20% more HRP2 was 

detectable in the heated samples compared to the untreated samples. 

 

HRP2 present in immune complexes in patient sample DBS extracts 

 Due to inadequate sample volume, the immune complex pull-down assay was performed 

on 111/126 DBS samples. Immune-complexed HRP2 was detected in the DBS extracts of 20 

patient samples, which represents 18% of all samples evaluated and 69% of samples with 

detectable free HRP2. As shown in Table 2, a majority of the samples containing immune-

complexed HRP2 were also positive for free HRP2 (90%) and had detectable parasitemia (60%). 

Only 6 (30%) of the samples found to contain immune-complexed HRP2 were collected in the 

 
 
Figure 7. Free HRP2 levels in patient samples. (A) A significant positive association between free [HRP2] and 
parasitemia at the time of sample collection was found. (B) Parasitemia and (C) [HRP2] binned by age group. No 
significant differences were found between age groups. 
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active case detection setting. The DBS sample for the sole individual in this study with an 

asymptomatic active P. falciparum infection contained immune-complexed HRP2. Notably, 2 

samples for which no free HRP2 and no active P. falciparum infection were detected contained 

complexed HRP2, albeit at very low, but detectable, levels (1.6 ± 0.05 pM). Among the samples 

containing complexed HRP2, there was a significant and strong negative association between the 

total [HRP2] (free [HRP2] + complexed [HRP2]) and the percent of total [HRP2] present in 

immune complexes (Spearman coefficient: -0.8281, P < 0.0001) (Figure 8B). The median percent 

of total [HRP2] present in immune complexes was 1.7% (range: 0.2% - 100%). As visualized in 

Figure 8B, the percent of total HRP2 present in immune complexes was less than 10% for most 

patient samples containing HRP2 immune complexes. However, for 5 patient samples, more than 

20% of total HRP2 was present in immune-complexed form. No significant differences in the 

percent total [HRP2] present in immune complexes was found when the data were binned by age 

group (P = 0.2035) (Figure 8C and 8D). All patient sample data is presented in Appendix A. 

 

Table 2. Samples stratified by parasite presence, detectable free HRP2, and detectable complexed HRP2. 

 n 
No active P. falciparum 

infection - PCR (-), n (%) 
Active P. falciparum 

infection - PCR (+), n (%) 
HRP2 (-) HRP2 (+) HRP2 (-) HRP2 (+) 

Immune-complexed 
HRP2 detected 20 2 (10) 6 (30) 0 (0) 12 (60) 

No immune-complexed 
HRP2 detected 91 83 (91) 6 (7) 0 (0) 2 (2) 

Total 111 85 (76) 12 (11) 0 (0) 14 (13) 
 

 Immune-complexed HRP2 was not found in 8/26 samples with detectable HRP2 in 

untreated DBS extracts. Most (75%) of these were from patients who did not have detectable 

parasitemia at the time of sample collection, though the average free [HRP2] in this group was not 

significantly different from samples in which complexed HRP2 was detected (P = 0.3709). In the 
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context of the heat dissociation results, free HRP2 signal was significantly enhanced after heating 

for only 5 (25%) of the samples with detectable immune-complexed HRP2. This discrepancy could 

arise from the fact that, for many samples with immune-complexed HRP2, the percent of total 

[HRP2] in complexed form was so low that differences in [HRP2] after dissociation could not be 

distinguished by duplicate ELISA measurements. 

 

 

Discussion 

 Because HRP2 is so frequently used as a biomarker for P. falciparum malaria, it is 

imperative to thoroughly investigate potential matrix interferants that could result in false-positive 

 
 
Figure 8. Dissociation and pull-down of HRP2 immune complexes in patient samples from rural Southern 
Zambia. (A) Heat dissociation of HRP2 immune complexes did not result in a statistically significant overall 
enhancement effect. Grey color indicates samples in which immune complexed HRP2 was detected using the 
pull-down assay. (B) Samples with lower total [HRP2] had a greater percentage of HRP2 present in immune 
complexes. (C) Number of patients with immune-complexed HRP2, binned by age group. (D) Percent of total 
HRP2 present in immune complexes, binned by age. Horizontal bars are median values. 
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or false-negative results in a diagnostic format. Recent conflicting reports call into question 

whether circulating α-HRP2 antibodies are present in human host circulation and if they could 

interfere with HRP2 detection on malaria RDTs. Biswas et al. and Ho et al. found circulating α-

HRP2 antibodies in patient samples from a variety of endemic areas.90,92 In contrast, Taylor et al. 

found no circulating α-HRP2 in patients from a high-transmission region in Cameroon, and Das et 

al. found that HRP2 did not stimulate production of α-HRP2 in PBMCs isolated from P. 

falciparum-positive patients from India.91,93 Shared among all of these reports is that the presence 

or absence of freely circulating α-HRP2 was measured in a direct immunoassay format, in which 

recombinant HRP2 was employed as a capture reagent, and enzyme-conjugated α-human detection 

antibodies were used to generate signal. There are a couple disadvantages to this approach. First, 

while the presence of circulating α-HRP2 antibodies suggests the antigen may be present in 

immune complexed form, it does not guarantee that this is the case. Immune-complexed antigens 

could be only transiently present and rapidly cleared by phagocytes. Second, the absence of 

detectable, freely circulating α-HRP2 does not exclude the possibility that immune-complexed 

antigen may be present, especially in the case when the antigen concentration is very high. Indeed, 

Ho et al. found that samples with low HRP2 concentrations generally had greater free circulating 

α-HRP2 than those with high levels of HRP2.92 

 For these reasons, we approached the question of endogenous α-HRP2 interference from a 

new angle and sought to directly interrogate the presence or absence of HRP2-containing immune 

complexes, rather than freely circulating α-HRP2 antibodies, in patient samples. To this end, two 

assays were developed and optimized in this work. First, an immune complex dissociation strategy 

was developed based on the observation that rapidly heating DBS extracts to 80ºC permanently 

dissociated HRP2 immune complexes. In this assay, the concentration of free HRP2 in DBS 
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extracts was measured before and after heating. For mock samples consisting of DBS spotted with 

parasitized whole blood, HRP2 ELISA signal was completely diminished when α-HRP2 

antibodies were present in excess greater than 10-fold; however, heat-based dissociation fully 

recovered HRP2 ELISA signal. Additionally, heating did not diminish HRP2 signal in the absence 

of α-HRP2. When this protocol was applied to patient DBS and paired samples were evaluated 

individually, HRP2 ELISA signal was found to be enhanced after heating for 7 patients, with an 

average enhancement factor of 1.2 ± 0.2. However, no overall significant difference was found 

between untreated and heated samples, even for the subset of samples in which immune-

complexed HRP2 was found. This could be due to the fact that, in many samples containing 

complexes, only a small percentage of the total HRP2 was in complexed form, a difference that 

may not be discernable by duplicate ELISA measurements. Additionally, it is possible that other 

known interferants, such as rheumatoid factor (RF) and human α-mouse antibodies (HAMA), 

which can falsely elevate ELISA signal, were denatured as a result of heating, resulting in no net 

enhancement. Thus, simply heating samples did not prove to be effective for enhancing overall 

HRP2 detectability for all samples containing immune complexed biomarker, and further 

investigation into effective dissociation methods should be considered. 

 The second developed assay employed protein A, protein G, and protein L-functionalized 

magnetic particles to isolate IgG and IgM from patient DBS sample extracts. After washing the 

particles to remove any nonspecifically bound material, a denaturing immunoprecipitation 

protocol was applied to release any HRP2 from immune complexes that bound to the particles. 

The resulting HRP2 signal was measured by ELISA. In mock patient samples, this protocol was 

found to recover 60% of immune-complexed HRP2. Importantly, in parasitized whole blood DBS 

samples, HRP2 was detectable by this method if and only if α-HRP2 antibodies were present. 
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When this pull-down assay was applied to patient DBS, 20 samples were found to have detectable 

immune-complexed HRP2, representing 18% of all samples and 69% of samples containing free 

HRP2. Eight samples containing free HRP2 did not have detectable complexed HRP2, most of 

which (75%) were not parasitemic. A majority (60%) of samples with immune-complexed HRP2 

had parasitemias detectable by PCR, and nearly all of them (90%) also contained free HRP2. 

Although most patients without immune-complexed HRP2 did not have active P. falciparum 

infections and a majority of patients with immune-complexed HRP2 did have active infections, 

larger sample sizes are needed to determine if these trends are significant. For three quarters of 

patients with immune-complexed HRP2, less than 10% of the total HRP2 present was in 

complexed form (Figure 9). There are three potential explanations for this. First is the possibility 

that HRP2 concentrations in these samples were vastly greater than the concentration of α-HRP2. 

Although this seems unlikely, since freely circulating α-HRP2 has been detected in previous 

studies, it could explain why Taylor et al. did not find detectable levels of α-HRP2 in their study 

population. Second, HRP2 tagged with endogenous α-HRP2 may be rapidly cleared by 

phagocytes, thus reducing the relative amount of complexed HRP2 in a sample. The high number 

of repeated epitopes on HRP2 suggests that this antigen could result in large immune complexes, 

which rapidly trigger phagocytic clearance.104 Third, freely circulating α-HRP2 antibodies can 

only access and bind soluble HRP2, which has been found to represent just a portion of total HRP2 

with in vitro studies.38 

Importantly, some samples (5) had a large proportion (≥ 20%) of total HRP2 present in 

immune complexes (Figure 9). Two samples (VZH130 and VZH133) with detectable immune-

complexed HRP2 had no detectable free HRP2, which suggests all HRP2 present in these samples 

was complexed by α-HRP2. Two of the patients with a high proportion of complexed HRP2 had 
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active P. falciparum infections (VZH125 and VZH128). In the context of HRP2-based detection 

by malaria RDT, such a high proportion of complexed HRP2 is worrisome. For example, Scherr 

et al. found that the visual limit of detection for one brand of malaria RDT was 12.5 - 100 

parasites/µl of in vitro parasite culture, depending on the experience of the reader.105 This 

corresponds to 6 - 50 pM of rcHRP2 used in this study. In this regime, a decrease in detectable 

HRP2 of 20% or more could be the difference between a reader categorizing a test as positive or 

negative. It is important to note, however, that many of the samples (40%) that contained immune 

complexed HRP2 were from patients without detectable P. falciparum infections. Thus, although 

integrating an immune complex dissociation step into the diagnostic workflow would likely 

improve sensitivity, specificity may suffer due to an increase in detectable, persistent HRP2 in 

patients with resolved infections. 

 

 One limitation of this study is that the recovery of the immune complex pull-down assay 

was found to be 60% in mock patient samples. Thus, the complexed [HRP2] reported herein could 

 
Figure 9. Concentrations of immune-complexed and total HRP2 in all HRP2-positive samples evaluated using 
the immune-complex pull-down assay. Note that the y-axis is on a logarithmic scale. Sample IDs preceded by 
asterisks represent patients infected with P. falciparum parasites detected by PCR. 
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underestimate of the true complexed HPR2 concentrations, and potential implications on HRP2 

malaria RDTs could be even greater than what is reported here. 

 The techniques used in this work to evaluate whether HRP2-containing immune complexes 

are present represent unique and valuable tools for further studies. Ideally, future investigations of 

α-HRP2 interference with malaria detection would couple detection of free and immune-

complexed HRP2, as reported herein, with detection and characterization of freely circulating α-

HRP2 antibodies as performed in previous studies. This would provide a full picture of the 

conditions that could potentially lead to significant interference with malaria detection. In fact, we 

attempted to develop direct immunoassays for α-HRP2 antibody detection. However, even with 

assay conditions similar to those of Biswas et al. and Ho et al., we found high and variable 

background when DBS extracts from non-endemic US control samples were tested. Because of 

this, we felt it unlikely that circulating α-HRP2 antibodies could be reliably quantified in endemic 

patient DBS samples using the conditions tested. The bead-based α-HRP2 assays presented by 

Taylor et al. also show high and variable background signal in non-endemic US control samples, 

confounding the results for endemic patient samples.93 Thus, future work on developing a reliable 

assay for α-HRP2 detection and characterization will be important for gaining a full understanding 

of the human host immune response to HRP2. 

 Future studies should also investigate the implications of HRP2 immune complexes in the 

asymptomatic malaria-infected population. In this study, all but one patient with active P. 

falciparum infection were symptomatic. Thus, this study effectively excludes the asymptomatic 

malaria-infected population, which is thought to contribute significantly to transmission in some 

settings.27 In the asymptomatic population, false-negative results caused by immune-complexed 
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HRP2 on malaria RDTs could be a serious threat to elimination campaigns and, thus, should be 

investigated further in future studies.  

  

Conclusion 

 Overall, we have developed unique methodology for the detection of immune complexed 

HRP2 and demonstrated its utility in patient DBS samples. The data presented here provide 

evidence that endogenous α-HRP2 antibodies form immune complexes with HRP2 in the 

symptomatic patient population of a low-transmission area in rural Southern Zambia. In many 

patients with immune-complexed HRP2, the proportion of complexed HRP2 was low compared 

to the total HRP2 present. However, for several patients, more than 20% of the total HRP2 present 

in the sample was in immune-complexed form and therefore, likely not detectable on malaria 

RDTs. For these patients, the presence of α-HRP2 could have profound effects on whether false-

negative malaria RDT results occur, and thus serious implications in surveillance and elimination 

settings. Future studies investigating the prevalence and proportion of immune-complexed HRP2 

in asymptomatic individuals will be required to assess whether α-HRP2 affects RDT performance 

for this portion of the transmission reservoir. 
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CHAPTER III 

 

POLY(AMIDOAMINE)-COATED MAGNETIC PARTICLES FOR ENHANCED 

DETECTION OF SCHISTOSOMA CIRCULATING ANODIC ANTIGEN IN ENDEMIC 

URINE SAMPLES 

 

Introduction 

One of the simplest ways to improve the sensitivity of a diagnostic is to deliver more 

biomarker to the test. This principle is demonstrated in the work of Corstjens et al., discussed in 

Chapter I, which leveraged spin filter devices to concentrate CAA prior to performing the 

ultrasensitive UCP-based lateral flow assay (UCP-LF CAA). Theoretically, the easiest way to 

deliver more biomarkers to a lateral flow test would be to simply add a larger volume of sample. 

However, in their current structures, LFAs and other low-resource diagnostic formats cannot 

accommodate large sample volumes for several reasons.106 First, limited bed volumes in porous 

paper substrates physically limits the amount of liquid a test can hold. Second, the increase in the 

number of interfering molecules that results from an increase in sample volume could result in 

nonspecific cross-reaction with molecular recognition elements on the test. Additionally, colored 

biological matrices, such as whole blood, can increase the background signal of the test and 

decrease the user’s ability to distinguish between positive and negative results. Sample preparation 

techniques that enable biomarker enrichment not only allow for concentration of a target from a 

large-volume sample, delivering an increased amount of biomarker to the test, but also remove the 

target from its original, complex biological matrix. Thus, the development of low-cost, field-
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friendly sample preparation methods could have a drastic impact on the overall performance of 

diagnostic tests in low-resource settings.  

In the shift from morbidity control to elimination, detection of low-burden Schistosoma 

infections at the point of care will become increasingly important. As such, there is a pressing need 

for highly sensitive schistosomiasis detection tools to be applicable in low-resource settings. As 

discussed in Chapter I, the ultrasensitive UCP-LF CAA test requires significant laboratory 

infrastructure to carry out the assay, particularly sample concentration. Several centrifugation steps 

are needed in order to perform the TCA extraction and concentrate large-volume samples. For 

samples 2 ml and greater, temperature-controlled centrifugation is needed. This limits the use of 

the ultrasensitive UCP-LF CAA assay in its current format to well-equipped reference laboratories 

or tertiary facilities. Thus, the utility of the ultrasensitive assay at the point of care depends on the 

development of alternative methods for concentration of CAA from urine samples. 

 To address this need, we developed an alternative large-volume urine sample preparation 

method for the UCP-LF CAA assay that requires little-to-no laboratory equipment. The new 

method relies on electrostatic interactions between magnetic particles functionalized with 

positively-charged poly(amidoamine) (PAMAM) dendrimers and negatively-charged CAA in 

urine. Once CAA was captured on the surface of the PAMAM-functionalized magnetic beads, 

which could be manipulated with an external magnet, the supernatant was removed, and CAA 

concentrated into a small volume with a high-salt elution buffer. This concentrated, CAA-

containing eluate was subsequently applied to the UCP-LF CAA assay. The PAMAM bead-based 

sample concentration method achieved full theoretical enhancement compared to the unenhanced 

UCP-LF CAA protocol. Additionally, the method was successfully applied to a panel of 15 patient 
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samples and demonstrated equal performance compared to the laboratory-based spin column 

method. 

 

Methods 

Materials and reagents 

 Dynabeads® MyOneTM Carboxylic Acid magnetic particles were purchased from 

ThermoFisher Scientific (65012). All poly(amidoamine) dendrimers were purchased from Sigma-

Aldrich. Proprietary mouse monoclonal anti-CAA antibodies (α-CAA; clone 147-3G4-A) were 

available from the Department of Parasitology, Leiden University Medical Center. Horseradish 

peroxidase (HRPx) was conjugated to α-CAA (α-CAA:HRPx) using EZ-LinkTM Plus Activated 

Peroxidase Kit (ThermoFisher Scientific 31489). CAA standards were derived from the TCA-

soluble fraction of Schistosoma adult worm antigen (AWA-TCA), which contains 3% w/w CAA.77 

TMB One was purchased from Promega (G7431). A Cole-Palmer vortex mixer (UX-04726-01) 

with a modified ThermoFisher 15mm tube-holder (88880122) was used for all vortexed 

incubations. Absorbance was measured on a Biotek Synergy H4 microplate reader (Vanderbilt 

University) or a MultiSkanTM FC Microplate Photometer (Leiden University Medical Center). All 

other reagents and materials were purchased from either Fisher Scientific or Sigma Aldrich. 

 

Bead preparation 

 Dynabeads® MyOneTM Carboxylic Acid magnetic particles (1 ml, 10 mg/ml) were washed 

three times with 0.1M 2-(N-morpholino)ethanesulfonic acid (MES) pH 5. On the final wash, the 

supernatant was removed, and a 1 ml solution of 78 mM NHS, 31 mM EDC, and 78 µM PAMAM 

generation 4.0 in 0.1M MES pH 5 was added to the beads, which were then vortexed and incubated 
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on a rotisserie for 2 hours at room temperature. Next, the beads were washed 3 times with 1 ml of 

MES pH 5 before a 15-minute incubation with 10 mM hydroxyl amine in MES pH 5. Finally, the 

beads were washed 3 times and re-suspended in MES pH5 with 0.1% Tween-20. 

 

CAA enzyme-linked immunosorbent assay (ELISA) 

 The ELISA protocol for CAA detection was based on previous reports.107,108 Briefly, 

MaxiSorp plates (Thermo Scientific 430341) were coated with 75 µl of 2 µg/ml α-CAA in 1x 

phosphate buffered saline (PBS). The plate was then washed with 4 times with 150 µl 20x diluted 

PBS before blocking with 100 µl 0.33 mg/ml BSA in 1x PBS. After washing 4 times, 50-µl 

samples were added to the plate. Next, the plate was washed 4 times, and incubated with 50 µl of 

1 µg/ml α-CAA:HRPx. After washing, 100 µl of TMB One Solution was added to the plate, and 

the reaction was quenched with 100 µl 2M H2SO4 after 10 minutes. Absorbance was measured at 

450 nm. Unless noted otherwise, all reagents were diluted in PBS with 0.3% Tween-20 and 0.1% 

bovine serum albumin (PBST with 0.1% BSA). All incubation steps were carried out on a heated 

plate shaker for 15 minutes. Standard curves consisting of serial dilutions of AWA-TCA were 

included on each plate to enable CAA quantitation. 

 

UCP-LF CAA assay (UCAA10) 

The UCP-based lateral flow assay for CAA was performed as previously described.74 

Briefly, 50 µl 4% TCA was added to an equal volume of urine in a 1.5 ml microcentrifuge tube, 

vortexed, incubated for 5 minutes, and subsequently centrifuged for 5 min at 13000 rpm. The α-

CAA-functionalized 400 nm Y2O2S:Yb3+,Er3+ UCP particles were sonicated and diluted to 1 µg/ml 

in UCP-LF CAA running buffer (200 mM Tris pH 8, 270 mM NaCl, 0.5% Tween-20, 1% BSA). 
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Next, 20 µl of the TCA extraction supernatant was combined with 100 µl of the prepared UCP 

particles in a 96-well plate and incubated on an orbital shaker at 37°C for 1 hr. Lateral flow strips 

with α-CAA test lines and α-mouse IgG control lines were added to the wells. The strips were 

allowed to develop and dry before scanning on a Packard FluoroCount microplate reader adapted 

with an IR laser (980 nm) modified to scan lateral flow strips. Emission was measured at 550 nm. 

 

Enhancement of UCP-LF CAA assay with PAMAM-functionalized magnetic beads 

 To perform the bead-based enhancement protocol, 400 µl of 12% w/v trichloroacetic acid 

(TCA) was added to a 2-ml urine sample in a 5-ml microcentrifuge tube. The sample was then 

filtered through a 0.45 µm cellulose acetate syringe filter (VWR 28145-479) and neutralized with 

200 µl 0.5 M Na3PO4. Next, 50 µl of prepared PAMAM-functionalized magnetic beads (10 mg/ml) 

was added to the sample and vortexed for 5 minutes. Using a custom 3D-printed adaptor, a 

MagnaRackTM (Invitrogen) was used to separate magnetic particles and remove the supernatant. 

Next, 70 µl of UCP-LF CAA running buffer was added to the beads, which were then vortexed for 

5 minutes for CAA elution. The resulting supernatant was then run according to the UCP-LF CAA 

protocol as described above, with the exception that 50 µl of 2 µg/ml UCP particles was combined 

with the 70-µl magnetic bead eluate before subsequent incubation and addition of the lateral flow 

strips. 

 

Analysis of patient samples 

 The patient urine samples analyzed in this study were collected in 1989 - 1990 for a 

previous study108 and have since been stored at -20°C. Informed consent was obtained from all 

individuals who provided samples. In total, 15 patient samples were evaluated for the present 
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study. All patients were Egyptian males and fell within the age range of 10 - 49 years of age. All 

patient samples were processed using the bead enhancement protocol described above with the 

exception that samples were diluted 10-fold after neutralization. Thus, PAMAM-functionalized 

beads were added to 2 ml of 10x diluted samples. In addition to the bead enhancement protocol, 

all samples were processed using the standard UCAA10 protocol as well as a spin filter-based 

concentration protocol for comparison purposes. For the latter, 200 µl of 4% TCA was added to 

an equal volume of urine, and the supernatant resulting from the TCA extraction was placed in a 

0.5-ml spin filter with a 10 kDa molecular weight cut-off (Amicon Ultra, Millipore Sigma 

UFC5010BK). After concentration (15 min at 14000 x g), 20 µl of concentrate was combined with 

100 µl of 1 µg/ml UCP particles, and the UCP-LF CAA protocol was performed as usual. For all 

three protocols applied to patient samples, standard curves of AWA-TCA spiked in non-endemic 

control urine were processed simultaneously to calculate CAA concentrations. Additionally, urine 

reagent strips (LW Scientific URS-10) were used to determine the specific gravity of all patient 

samples. 

 

Data analysis 

For optimization experiments (signal measured by ELISA), CAA concentrations were 

interpolated from the line of best fit based on standard curves run on each plate. For the UCP-LF 

CAA, the areas of emission peaks on line scans were measured, and the test signal was defined as 

the ratio of the test line peak area to the control line peak area. All standard curves run on the UCP-

LF CAA assay were fit with 4-parameter logistic curves, regardless of sample preparation method 

employed. Limits of detection were calculated as the concentration at which the assay signal was 

sblank + 3SDblank. All error bars represent the standard error of measurement. 
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Results 

Optimization of PAMAM-functionalized magnetic beads 

 Several parameters of the PAMAM-functionalized beads were optimized to maximize 

CAA capture and recovery. For all optimization experiments, the CAA ELISA was used to 

measure biomarker capture and recovery. Capture efficiency was determined by measuring the 

difference in CAA concentration between the original AWA-TCA-spiked sample and the 

supernatant after incubation with PAMAM-functionalized particles. Percent recovery was 

calculated based on the ratio of CAA eluted from the beads in UCP-LF CAA running buffer and 

the original sample. Each ELISA plate also contained standard curves in the appropriate sample 

matrices, and CAA-negative controls were run for each condition tested during optimization. 

 The first parameter optimized was the size of PAMAM conjugated to the magnetic 

particles. The size of these iteratively synthesized and radially symmetric polymers is defined by 

generation (G), which is related to the number of terminal functionalities (n) such that  n = 2G + 2. 

Thus, optimization of dendrimer size was performed by evaluating CAA capture efficiency of a 

panel of magnetic particles with PAMAM of varying generations, the concentrations of which 

were normalized to the number of terminal functionalities during bead functionalization. A 

constant bead volume (20 µl) was incubated with 1 ml of 4 ng/ml CAA in PBST with 0.1% BSA 

for 5 minutes. As shown in Figure 10A, the smallest PAMAM size required for maximal CAA 

capture was G 4.0.  

 Next, the concentration of PAMAM G 4.0 in the bead conjugation reaction, and therefore 

the degree of bead surface functionalization, was optimized. Both CAA capture and elution were 

evaluated. As shown in Figure 10B, PAMAM G 4.0 maintained optimum capture efficiency at 

nearly all concentrations of dendrimer. However, recovery of CAA in the elution step was 
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optimum at low PAMAM 4.0 concentrations. Thus, the lowest PAMAM concentration tested, 78 

µM, was chosen as the optimal dendrimer concentration for particle functionalization. 

 Finally, the total volume of beads required to fully capture and recover CAA from 2 ml of 

spiked, non-endemic control urine was determined. For this experiment, beads were functionalized 

with PAMAM G 4.0 at the optimum conditions determined above. Results confirmed that 50 µl of 

PAMAM-functionalized magnetic beads achieved full capture and recovery in 2-ml urine samples 

containing 1 ng/ml CAA (Figure 10C). 

 

Characterization of PAMAM bead robustness and stability 

 The stability and robustness of the PAMAM-functionalized magnetic beads were 

investigated in order to evaluate their applicability to point-of-care settings and tolerance of sample 

matrix variation. First, the stability of the PAMAM-functionalized beads in solution (MES pH 5 

0.1% Tween-20) was studied over time for room temperature and 4°C storage conditions. The 

functionalized particles effectively captured all CAA spiked into buffered solutions for the 

duration of time study (46 days) at both storage temperatures, demonstrating remarkable solution 

stability, even in ambient conditions (Figure 11A).  

 
 
Figure 10. Optimization of PAMAM-functionalized magnetic particles. (A) Optimal dendrimer size was 
determined to be PAMAM G 4.0 for full CAA capture. (B) Extent of particle functionalization was found to 
significantly impact CAA elution, with lower surface densities more readily releasing CAA. (C) In 2-ml spiked 
urine samples, 50 µl of magnetic beads was required to fully recover CAA from solution. 
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 Next, the particle performance in variable matrices was determined, since urine is known 

to have variable pH values between 5 and 7, as well as a wide osmolality range of 38 - 1400 

mOsm/kg H2O. These variables, in particular, would be expected in influence the electrostatic 

interactions between positively-charged PAMAM and negatively-charged CAA. To determine the 

tolerance of the PAMAM-functionalized magnetic particles to changes in pH, AWA-TCA was 

spiked into phosphate buffers (10 mM) with pH values ranging from 4 to 10. As shown in Figure 

11B, capture was maintained across all pH values tested. The good performance in basic solutions 

can be attributed, in part, to the high pKa of 9.32 on the terminal amines on PAMAM G 4.0.109 

Additionally, while the pI of CAA has not been measured, the predicted pKa of the β-D-

glucopyranuronic acid portion of the disaccharide repeating unit on the proteoglycan biomarker is 

2.78, which would account for the good performance observed in acidic solutions (ACD/Labs 

Software V11.02). Finally, the effect of increasing salt concentration on CAA capture was 

evaluated by adding NaCl into non-endemic control urine spiked with AWA-TCA. As shown in 

Figure 11C, when the salt concentration of urine was increased by 0.5 M or more, the capture 

efficiency of the PAMAM-functionalized magnetic particles was markedly decreased. This was 

likely due to the formation of a more diffuse double layer on the surface of the PAMAM-

functionalized particles as a result of the increased electrolyte concentration. However, it should 

be noted that an increase of 0.5 M NaCl corresponds to an increase in osmolality of 1000 mOsm/kg 
 

 
Figure 11. Evaluation of the stability and robustness of PAMAM-functionalized magnetic particles. (A) After 
46 days of storage in solution at RT and 4°C, the beads maintained full CAA capture efficiency. (B) The 
PAMAM-based CAA capture was robust to variable pH. (C) High salt concentrations decrease CAA capture 
efficiency. 
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H2O. Although the osmolality of the original urine sample is unknown, salt concentrations above 

the 0.5 M spiked sample would likely be considered abnormal. 

Performance of magnetic bead-based CAA concentration protocol 

 After optimization and characterization, the PAMAM-functionalized magnetic particles 

were integrated with the UCP-LF CAA. This workflow required minimal laboratory equipment 

and could be completed with just 10 minutes of total incubation time. The performance of the 

bead-based CAA concentration was evaluated against the UCAA10 method in AWA-TCA-spiked 

non-endemic control urine samples. Similar to Corstjens et al., we found the limit of detection of 

the UCAA10 protocol to be 10 pg/ml.75 Integration of the optimized PAMAM bead-based CAA 

concentration protocol resulted in a limit of detection of 0.050 pg/ml, achieving the full theoretical 

200-fold enhancement expected (Figure 12). 

 

Patient sample analysis 

 Fifteen patient samples from Egypt were analyzed using three sample preparation methods: 

(1) the original UCAA10 protocol, (2) spin filter-based concentration (UCAA200), and (3) 

 
Figure 12. Performance of magnetic bead-based CAA concentration protocol. Standard curves for the 
UCAA10 and the PAMAM magnetic bead enhancement method, which successfully concentrated CAA from 
spiked 2-ml urine samples, achieving full theoretical improvement in LOD of 200x. 
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PAMAM magnetic bead-based concentration protocol. Because the average specific gravity, 

which is known to correlate well with urine osmolality, of the patient samples (1.020 ± 0.007) was 

significantly greater than the non-endemic control urines (1.005) (P < 0.0001), patient samples 

were diluted 10-fold before the magnetic bead-based concentration protocol was performed.110,111 

Because of this dilution, the theoretical enhancement possible for the bead-based protocol was 20-

fold. As shown in Figure 13A, the full theoretical improvement of the LOD was achieved. 

Additionally, the standard curves for both the bead-based and spin-filter concentration methods 

aligned as expected, indicating that the two methods are equal in performance despite the large 

difference in laboratory infrastructure required. 

 Using the PAMAM magnetic bead protocol, UCP-LF CAA signal was enhanced compared 

to the UCAA10 for all but three patient samples tested (Figure 13B). The average signal 

enhancement factor was 22x across all samples, confirming the theoretical concentration limits of 

the system were reached. The 3 samples that were not enhanced were negative by UCAA10 and 

remained below the LOD after PAMAM-based concentration. Two UCAA10-negative samples 

were found to be positive after CAA concentration using the magnetic beads. Additionally, 4 

patient samples with CAA concentrations at or near the UCAA10 LOD were found to be 

definitively positive after employing the magnetic bead concentration protocol. All PAMAM 

bead-based concentration results were confirmed using spin filters in a manner similar to previous 

reports,75 and good agreement was found between the two methods (paired t-test, P = 0.3008) 

(Figure 13C). 
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Discussion 

 Schistosomiasis diagnostic tests capable of detecting low-intensity infections are critical 

for accurate surveillance and precision mapping of infection prevalence. The UCP-LF CAA is a 

promising schistosomiasis diagnostic tool that derives its extremely high analytical sensitivity 

from three components: (1) high-affinity CAA-specific monoclonal antibodies, (2) upconverting 

phosphor particle labels that effectively eliminate background signal, and (3) a sample preparation 

step that concentrates CAA from a large volume sample into a smaller volume that can be applied 

to the test. However, the current protocol for CAA concentration employs spin filters, requiring 

laboratory infrastructure that prevents use of the UCP-LF CAA assay at the point of care. 

 
Figure 13. PAMAM-functionalized magnetic particles successfully concentrated CAA from patient samples. (A) The 
bead-based protocol performed similarly to spin filter methods in 10x diluted samples. (B) UCP-LF CAA signal was 
enhanced for all patient samples analyzed with an average enhancement factor of 22x. (C) Results from the bead-
based CAA concentration method agreed with the spin filter method developed by Corstjens et al. 
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 To address this challenge, we have developed a more field-friendly method for CAA 

concentration from large-volume urine samples. The protocol relies on electrostatic interactions 

between the negatively-charged CAA biomarker and positively-charged PAMAM dendrimers 

functionalized to the surface of magnetic particles. These charge-based interactions occur in less 

than 5 minutes, after which an external magnet is used to remove the CAA-PAMAM-magnetic 

particle complexes from the large-volume (2-ml) sample and into a small-volume elution buffer. 

High salt concentration in the elution buffer disrupts the charge-based interactions between CAA 

and PAMAM, releasing CAA into solution. This concentrated CAA solution is then applied to the 

UCP-LF CAA test. The PAMAM-functionalized magnetic beads were found to be extremely 

stable in solution in varied storage conditions, and the protocol tolerated variation in sample pH. 

When applied to 2-ml CAA-spiked urine samples, the bead-based concentration protocol improved 

the detection limit of the UCP-LF CAA assay from 10 pg/ml to 0.05 pg/ml, achieving the full 

theoretical 200-fold enhancement factor and performing just as well as the more resource-intensive 

spin filter method. 

 The developed magnetic bead-based assay was then applied to 15 patient samples from 

Egypt. In order to achieve UCP-LF CAA signal enhancement, we found that the patient samples 

had to be diluted 10-fold. We hypothesize that high salt concentrations in undiluted endemic 

patient samples relative to non-endemic control urine disrupted the electrostatic interactions 

between PAMAM and CAA. Indeed, the average specific gravity, which correlates with urine 

osmolality,110,111 of the endemic patient samples was significantly higher than that of non-endemic 

control urine. Nonetheless, in 10x-diluted patient samples, the PAMAM-functionalized magnetic 

particles successfully concentrated CAA, resulting in an average UCP-LF CAA signal 

enhancement factor of 22x, indicating that this equipment-free protocol reached its full theoretical 
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potential. Additionally, the bead-based concentration method identified 2 positive samples that 

were otherwise negative according to the unenhanced UCAA10 protocol and provided definitively 

positive results for 4 samples which had CAA concentrations at or below the detection limits of 

the UCAA10. These data demonstrate that electrostatic interactions between positively-charged 

PAMAM dendrimers and the negatively-charged Schistosoma CAA biomarker can be leveraged 

for biomarker enrichment prior to detection on the UCP-LF CAA assay. This robust, magnetic-

bead based strategy eliminates the need for laboratory infrastructure for urine sample preparation, 

bringing the ultrasensitive schistosomiasis detection one step closer to application at the point of 

care. 

 One limitation of this study was the relatively small patient sample population tested. Thus, 

the developed protocol must be validated on a larger set of samples in order to fully assess its 

diagnostic sensitivity and specificity. Additionally, while the use of magnetic beads eliminates the 

need for laboratory equipment for CAA concentration, the protocol requires many user steps. A 

device that fully integrates sample preparation step the lateral flow assay, similar to those 

developed by Davis et al. and Bauer et al., could fill the need to further simplify CAA concentration 

at the point of care.106,112 Additionally, PAMAM-functionalization of paper membranes (i.e. 

cellulose) could open the door to paper fluidic devices that combine the advantages of sample 

preparation and sensitive detection into a single integrated device applicable in a field setting. 

 

Conclusion 

 We have developed a robust and equipment-free sample preparation method for 

concentration of the CAA biomarker for schistosomiasis that leverages electrostatic interactions 

between positively-charged PAMAM dendrimers and the negatively-charged proteoglycan 
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biomarker. When coupled with the highly sensitive UCP-LF CAA assay, this sample preparation 

method resulted in a 200-fold improvement in CAA, performing just as well as infrastructure-

intensive spin filter methods. The developed method demonstrated full theoretical enhancement in 

patient samples, identifying 2 samples as positive that otherwise would have been considered 

negative on an unenhanced test. Thus, the PAMAM-functionalized magnetic bead-based CAA 

concentration method represents a promising step toward ultrasensitive schistosomiasis detection 

at the point of care. 
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CHAPTER IV 

 

BIOLAYER INTERFEROMETRY AS A TOOL FOR PREDICTING ELISA PERFORMANCE 

OF MONOCLONAL ANTIBODY PAIRS FOR TWO MALARIAL BIOMARKERSb 

 

Introduction 

The performance of protein-based diagnostics depends heavily on the strength of the 

interactions between the target antigen and molecular recognition elements incorporated into the 

test, making optimization of this diagnostic component critical for development of high-sensitivity 

tests. Biolayer interferometry (BLI) is a label-free bioanalytical technique that can be used to 

quantify the strength of antibody-antigen interactions, enabling measurement of kinetic parameters 

such as the dissociation constant (KD), on-rate constant (kon), and off-rate constant (koff).113,114 This 

optical technique allows for real-time monitoring of the interference pattern of white light reflected 

from two surfaces within fiber optic sensors that are immersed in biomolecule solutions. This 

experimental set-up is advantageous over evanescent (e.g. surface plasmon resonance) or acoustic 

label-free systems for characterization of biomolecular interactions, which typically require 

microfluidics to deliver the sample to the sensing surface. These systems are prone to clogging 

when complex sample matrices are used. Further, evanescent and acoustic measurements are prone 

to bulk signal shifts when the solution above the surface changes. Since BLI detection occurs at 

the biosensor tip surface, matrix effects, such as those from unbound proteins in solution, are 

minimized.114 

                                                
b Portions of this chapter have been previously published in Markwalter, C.F. et al., Analytical Biochemistry, 2017. 
534: 10 - 13. © 2017 The Authors. Published by Elsevier Inc. 
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The crucial need for improved malaria diagnostics and laboratory assays and the reliance 

of these tools on the strength of antibody-antigen interactions highlight the importance of building 

these tests from the bottom up by selecting the very best molecular recognition elements for 

capture and detection. In this chapter, we assess the utility of biolayer interferometry as a tool for 

predicting antibody pair performance in an enzyme-linked immunosorbent assay (ELISA) for both 

HRP2 and recombinant P. vivax lactate dehydrogenase (rcPvLDH), the two most common protein 

targets for malaria diagnostics. To do this, novel monoclonal antibodies specific for HRP2 were 

developed, and their kinetic parameters were determined using BLI alongside commercially 

available clones. These kinetic parameters were compared to antibody pair performance in a 

sandwich ELISA format. A similar analysis of commercial monoclonal antibodies against 

rcPvLDH was performed and trends observed for each biomarker was compared. 

 

Methods 

Materials and reagents 

Recombinant ITG histidine-rich protein 2 (rcHRP2) and HRU20 were kindly provided by 

D. Sullivan (Johns Hopkins University, Baltimore, MD). Protein concentrations were determined 

in triplicate by amino acid analysis (University of Nebraska, Protein Structure Core Facility, 

Omaha, NE). In vitro P. falciparum culture supernatant was used as source of native HRP2 protein 

for monoclonal antibody (mAb) screening. Sources for commercial α-HRP2 and α-pLDH 

antibodies are listed in Tables 4 and 5, respectively. Recombinant P. vivax lactate dehydrogenase 

(rcPvLDH) was purchased from CTK Biotech (A3004). 

 

 



 65 

Antibody production 

Custom anti-HRP2 monoclonal antibodies (mAbs) were developed under contract with 

Precision antibody, Inc (Columbia, MD). For mouse immunization, three BALB/c mice were 

inoculated with recombinant HRP2 mixed with a proprietary adjuvant. Tail bleeds were analyzed 

for α-HRP2 titers by direct ELISA. When a desirable antibody titer (A450 > 2.0 at 1:100,000 

dilution) was achieved, a mouse was euthanized and its spleen removed under aseptic conditions. 

A single-cell suspension of splenocytes was prepared, and cells were subjected to electrofusion 

with myeloma cells. Cells were distributed into 96-well plates, and incubated at 37°C. The 

hybridoma culture supernatants were then screened for the presence of anti-HRP2 mAbs by direct 

ELISA. The direct ELISA was performed on microtiter plates, and all reagents were diluted in 1x 

PBS containing 5% non-fat dried milk (PBSM). Plates were coated with HRP2 ITG or HRU20 at 

two protein concentrations, 100 ng/well or 1 ng/well, in PBSM and washed with PBS containing 

0.05% Tween 20. Hybridoma growth media diluted (1:2) in PBSM was used as negative control.  

 The mAbs were purified from hybridoma culture supernatant by affinity chromatography 

using protein G followed by acid elution and neutralization. The Abs were buffer-exchanged into 

PBS and tested for purity with SDS-PAGE. The concentration of purified mAbs was determined 

by absorbance at 280 nm. 

 

Determining kinetic parameters of mAbs with BLI 

All IgG antibodies were biotinylated in PBS with EZ-Link NHS-PEG4-Biotin 

(ThermoFisher #21329) at 20x molar excess according to the commercial protocol. Unreacted 

biotin was removed using Thermo Zeba Spin Columns (ThermoFisher # 89882). Kinetics 

experiments were performed using an OctetRed96 system equipped with streptavidin biosensors 
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(ForteBio LLC, Fremont, CA). All solutions were made in octet kinetics buffer (1x PBS with 0.1% 

BSA and 0.02% Tween-20). Each kinetic experiment consisted of 5 steps: (1) streptavidin 

biosensors were equilibrated in kinetics buffer for 3 to 5 minutes, (2) a biotinylated mAb (0.5 

µg/ml) was loaded onto the streptavidin biosensors for 400 seconds (3) a baseline was established 

in kinetics buffer for 1 minute, (4) rcHRP2 antigen (0 - 14 nM) or rcPvLDH antigen (0 – 200 nM) 

in kinetics buffer was associated to the functionalized sensors for 400 seconds, and (5) sensors 

were placed in kinetics buffer, and the antigen was allowed to dissociate for 15 minutes. The assay 

was performed at 26°C with 1000 rpm plate rotation. Software provided with the Octet system 

(version 7.1) was used to fit the data to a one-to-one model and obtain kon, koff, and KD values. 

To determine the kinetic parameters of anti-HRP2 IgM, rcPfHRP2 was biotinylated at 20x 

molar excess as noted above. Kinetics experiments were performed with streptavidin biosensors. 

In these experiments, 10 nM rcHRP2 was loaded onto the tips, and the IgM antibodies were 

allowed to associate and dissociate from the rcHRP2-functionalized sensors. Loading, association, 

and dissociation times were optimized for each IgM antibody, and are shown below in Table 3.  

 

Table 3. Optimized experimental set-up for measuring kinetic parameters of α-HRP2 IgM. 

Step/IgM MPFM-55A PTL3 

Loading 500 s 150 s 

Association 400 s 700 s 
Dissociation 900 s 900 s 

 

Screening antibody pairs by ELISA. 

rcHRP2. Antibodies were conjugated to horseradish peroxidase using EZ-Link Plus 

Activated Peroxidase kit (Thermo Scientific #31489). Briefly, 0.2 mg mAb in 100 µl of carbonate 

bicarbonate buffer was incubated with 0.2 mg of horseradish peroxidase in 200 µl of ultrapure 
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water for 1 hour at room temperature. Next, 4 µl of sodium cyanoborohydride was added and 

incubated for 15 minutes at room temperature. The reaction was stopped by adding 4 µl of 

quenching buffer and incubating for 15 minutes. The reaction was then subjected to desalting using 

Vivaspin 500 (Sartorius # VS0101).  

A checkerboard-formatted sandwich ELISA was performed with all possible combinations 

of 9 custom and 6 commercial HRP2-specific antibodies (Table 4) to determine the best antibody 

pairs for HRP2 detection according to a modified previous method.115 Briefly, a 96-well plate 

(Costar, #3361) was coated with 100 µl/well of each antibody solution at 1 µg/ml in PBS. The 

plates were sealed and incubated overnight at 4°C. The antibody solutions were discarded, and the 

plate was blocked for 2 hours with 200 µl/well of 2 % bovine serum albumin (BSA) in PBS. The 

plates were washed five times with 200 µl/well PBS, pH 7.4, with 0.05% (PBST). Next, 100 µl of 

rcHRP2 (1 ng/ml; 34.1 pM) in PBST was placed in the wells, and the plates were incubated in a 

humidified chamber for 1 hour at room temperature. Next, the plate was washed five times before 

100 µl of 0.5 µg/ml of the detection antibody-HRP conjugate in 2% bovine serum albumin and 0.1 

% Tween 20 in PBS was added to each well. The plate was incubated for one hour at room 

temperature and washed five times with PBST. The enzymatic reaction was visualized using TMB 

substrate with hydrogen peroxide (Sigma, T0440) and stopped with 50 µl of 1 M H2SO4. 

Spectrophotometric analysis was performed at 450 nm using SpectraMAX 340 Microplate 

spectrophotometer (Molecular Devices, Sunnyvale, CA).  
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Table 4. HRP2 monoclonal antibodies assessed by BLI and ELISA. 

Source Clone Isotype 

ICL 
MPFG-55A IgG 
MPFM-55A IgM 

NBI 
C1-13 IgG 
PTL-3 IgM 

Vista Diagnostics 
2g6 IgG 
0445 IgG 

Precision 
Antibody 

4D6 IgG 
6C8 IgG 
8D3 IgG 
10C1 IgG 
10F5 IgG 

11E10 IgG 
11H7 IgG 
12D4 IgG 
12F12 IgG 

 

rcPvLDH. A total of 8 α-pLDH antibodies (Table 5) were conjugated to alkaline 

phosphatase (AP) for detection (Abcam, ab102850).  Thus, 64 antibody pairs were tested (8 x 8 

matrix) in a checkerboard 96-well plate ELISA format. 100-µl solutions of 1 µg/ml unmodified α-

pLDH IgG were incubated for one hour in Immulon 2 HB 96-well plates (Thermo Scientific 

#3455). The plates were then washed 3 times with 1x phosphate buffered saline (PBS) containing 

0.1% Tween-20 (PBST). Next, 250 µl of 5% w/v bovine serum albumin (Fisher BP1600) in PBST 

was incubated for 2 hours in each well. The plates were then washed 3 times with PBST. Samples 

consisting of 0 and 500 pM rcPvLDH were added to the plates in triplicate in PBST containing 

0.1% BSA and incubated for 2 hours. The plate was then washed 5 times with 1x TRIS buffered 

saline (TBS) containing 0.1% Tween-20 (TBST). Next, 100 µl of 0.5 µg/ml detection antibodies 

in TBST with 0.5% BSA was added to each well, and the plates were incubated for 1 hour while 

protected from light. The plates were then washed 5 times with TBST, and 100 µL of BluePhos® 

Microwell Phosphatase Substrate was added to each well and incubated for 20 minutes while 
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protected from light. The absorbance was measured at 620 nm using a Synergy H4 microplate 

reader. Signal-to-noise ratios were determined for each pair. 

 

Table 5. pLDH monoclonal antibodies assessed by BLI and ELISA. 

Source Clone Isotype 
AccessBio 14c2 IgG 

Vista Diagnostics 

6c9 IgG 
12g1 IgG 
19g7 IgG 
1201 IgG 
1246 IgG 

Fitzgerald 
10-P09CS IgG 
10-P09I IgG 

 

 

Results and Discussion 

Kinetic parameters of mAbs measured by BLI 

rcHRP2. The strength of mAb-rcHRP2 interactions was measured using biolayer 

interferometry. For each α-HRP2 IgG mAb, the antibody was biotinylated, loaded onto 

streptavidin biosensors, and rcHRP2 (0 – 14 nM) was allowed to associate and dissociate. The 

binding profiles, pseudo-first order fit curves, and the corresponding residuals are plotted for each 

IgG in Table 10 (Appendix B). For α-HRP2 IgM, the orientation of the experiment was flipped; 

rcHRP2 was biotinylated, loaded onto streptavidin biosensors, and anti-HRP2 IgM was allowed 

to associate and dissociate. Reversing the orientation was necessary because very little binding 

was observed when the IgM antibodies were biotinylated and loaded onto the tips. This lack of 

signal was likely attributable to poor IgM orientation on the tip upon loading.  Similar to the α-

HRP2 IgG experiments, the experimental conditions for α-HRP2 IgM were optimized such that 
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the resulting binding profiles resembled pseudo-first order reactions. The binding profiles, fit 

curves, and residual plots for these IgM are displayed in Table 11 (Appendix B). 

The kinetic parameters for all α-HRP2 mAbs are listed in Table 6. Notably, 11 out of the 

15 anti-HRP2 antibodies that were assessed by BLI had off-rate constants that were below the limit 

of detection of the OctetRed96 instrument (< 1 x 10-7 1/s). Although the experimental parameters 

were optimized such that one-to-one fits could provide accurate estimations of the mAb-HRP2 

affinities, it is likely that the unique structure of HRP2—repeated motifs throughout the protein—

allowed for re-binding of HRP2 to the mAb-functionalized sensors during the dissociation phase. 

In other words, when an HRP2 molecule dissociated from the sensor, the high number of potential 

epitopes on a single HRP2 in close proximity to the mAb-functionalized tip allowed for quick 

rebinding to the sensor, resulting in no net dissociation. 

While the off-rate constants make distinguishing the anti-HRP2 mAbs by koff or KD 

difficult, the measured association rate constants varied over three orders of magnitude. The 3 

mAbs with the highest on-rate constants were all IgG from Precision Antibody (10F5, 10C1, 6C8). 

Three commercial antibodies had the lowest kon values, two of which were IgM (MPFM-55A and 

PTL3). This was not surprising, since the experiments were optimized for one-to-one interactions, 

and IgM generally have low-affinity, high-avidity interactions with their respective targets.116 
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Table 6. Kinetic parameters for α-HRP2 antibodies measured by BLI. 

Source Clone Class 

Kinetic parameter 

KD (M x 10-12) kon (1/Ms x 105) koff (1/s x 10-7) 

ICL 
MPFG-55A IgG 7 ± 1 58.8 ± 0.3 410 ± 10 
MPFM-55A IgM < 1.0 4.22 ± 0.01 < 1.0 

NBI 
C1-13 IgG < 1.0 47.7 ± 0.5 < 1.0 
PTL-3 IgM < 1.0 6.70 ± 0.01 < 1.0 

Vista Diagnostics 
2g6 IgG 1.6 ± 0.1 93.4 ± 0.6 150 ± 15 

0445 IgG < 1.0 3.52 ± 0.02 < 1.0 

Precision 
Antibody 

4D6 IgG < 1.0 96.9 ± 0.5 < 1.0 
6C8 IgG < 1.0 107.0 ± 0.7 < 1.0 
8D3 IgG 53.5 ± 0.1 14.30 ± 0.06 766 ± 12 
10C1 IgG < 1.0 137.0 ± 0.4 < 1.0 
10F5 IgG < 1.0 164.0 ± 0.7 < 1.0 

11E10 IgG < 1.0 87.4 ± 0.5 < 1.0 

11H7 IgG 4.9 ± 0.1 80.5 ± 0.4 400 ± 20 
12D4 IgG < 1.0 93.0 ± 0.8 < 1.0 
12F12 IgG <1.0 47.8 ± 0.2 < 1.0 

 

rcPvLDH. The kinetic parameters of 8 anti-pLDH IgG antibodies against rcPvLDH were 

determined as described above. The binding profiles, calculated fits, and residual plots are 

displayed in Table 12 (Appendix B), and the corresponding kinetic parameters are listed in Table 

7. Compared to HRP2, the anti-pLDH-rcPvLDH interactions were generally lower-affinity 

interactions; on-rate constants were several orders of magnitude lower, and more off-rate constants 

could be measured. This difference is attributable to the fact that rcPvLDH contains no repeat 

motifs, so the number of epitopes available match the rcPvLDH solution concentration, whereas 

there are multiple HRP2 epitopes available per biomolecule. Interestingly, although 14c2 

previously has been shown to bind to pLDH from D6 P. falciparum culture, we found that it did 

not bind to the recombinant PvLDH used in this experiment.117 There are two possible explanations 

for this lack of binding. First, despite being a pan-specific anti-pLDH antibody, 14c2 may not bind 
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to P. vivax LDH.  Second, the recombinant protein used in this experiment is fused to a glutathione 

transferase (GST) tag, which may be blocking or nearby the pLDH epitope that 14c2 targets. We 

believe that the latter is most likely, since 14c2 also showed no activity toward GST-tagged 

recombinant P. falciparum LDH, though it was active against the native P. falciparum protein in 

our in-house culture. 

 

Table 7. Kinetic parameters for α-pLDH antibodies against rcPvLDH measured by BLI. 

Source Clone Class 
Kinetic parameter 

KD (M x 10-12) kon (1/Ms x 105) koff (1/s x 10-7) 

AccessBio 14c2 IgG No binding 0 -- 

Vista Diagnostics 

6c9 IgG 140 ± 90 0.1360 ± 0.0014 20 ± 13 
12g1 IgG 52 ± 11 1.180 ± 0.005 60 ± 13 
19g7 IgG 235 ± 3 2.790 ± 0.007 657 ± 9 
1201 IgG 1110 ± 30 0.2080 ± 0.0006 231 ± 6 
1246 IgG < 1.0 0.2460 ± 0.0009 < 1.0 

Fitzgerald 10-P09CS IgG < 1.0 0.348 ± 0.0012 < 1.0 
10-P09I IgG 1240 ± 11 1.110 ± 0.004 1370 ± 11 

 

Screening antibody pairs by ELISA 

rcHRP2. To identify the best performing antibody pairs for an HRP2 sandwich 

immunoassay, all 225 possible pairs of the anti-HRP2 mAbs discussed herein (15 x 15 matrix) 

were screened in a checkerboard format. The average signal-to-noise ratio (S/N) for each pair was 

determined by dividing the average A450 at 34.1 pM of rcHRP2 by the average absorbance of the 

blank (Figure 14). Several mAbs, such as MPFG, C1-13, 4D6, 8D3, 11H7, and 12F12 performed 

poorly as capture, while MPFM, PTL3, 2g6 and 0445 generally performed well as capture 

elements. Additionally, numerous custom mAb as were successful as detection components, 

including 4D6, 6C8, 10C1, 10F5, 11E10, 12D4 and 12F12.   
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rcPvLDH. To identify the best performing antibody pairs for a PvLDH ELISA, all 64 

possible pairs of the α-pLDH mAbs discussed herein (8 x 8 matrix) were screened in a 

checkerboard format. The average signal-to-noise ratio (S/N) for each pair was determined by 

dividing the average A450 at 500 pM rcPvLDH by the average absorbance of the blank (Figure 15). 

Two mAbs, 14c2 and 6c9, performed poorly as both capture and detection elements. This behavior 

was expected for 14c2, as it demonstrated no binding in the BLI study. The performance of 6c9, 

on the other hand, was more surprising; one important note is that the commercial lots of 6c9 used 

in the BLI experiment and the ELISA checkerboard were different. Interestingly, clone 1246 

performed reasonably well as a detection antibody, though it produced extremely high background 

signal as a capture antibody (regardless of detection mAb). Overall, 19g7, 1201, and 12g1 

performed best as both capture and detection antibodies, though performance varied significantly 

depending on the corresponding paired mAb. 

 

 
 

Figure 14. ELISA signal-to-noise ratios for checkerboard screening of anti-HRP2 mAb pairs 
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Predicting mAb ELISA performance with BLI 

 rcHRP2. With the quantification of individual mAb-HRP2 interactions by BLI and the 

relative ranking of anti-HRP2 mAb pairs in a checkerboard ELISA screening comes the question: 

can BLI be used to predict antibody pair performance in a traditional plate ELISA format?  

Figure 16 relates the measured kinetic parameters of the α-HRP2 capture and detection 

antibodies to the S/N measured for each pair in the checkerboard ELISA. In these plots, a kinetic 

parameter for the capture antibody is plotted on the abscissa, and a kinetic parameter for the 

detection antibody is plotted on the ordinate. The size of the circle at the ordinate pair (capture, 

detection) represents the relative S/N for that pair measured by ELISA. The best-performing mAb 

pairs in the ELISA format included capture and detection antibodies with low KD values, since the 

largest circles are concentrated in the lower left-hand corner of the plot Figure 16A. This result is 

anticipated, as one would expect stronger interactions to lead to better ELISA performance. 

However, when the ELISA data is compared to the on-rate constants and off-rate constants of the 

capture and detection antibodies, some interesting trends emerge. Figure 16B plots the kon values 

 
 
Figure 15. ELISA signal-to-noise ratios for checkerboard screening of α-pLDH mAb pairs against rcPvLDH (0 
and 500 pM). 
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for capture and detection mAbs versus the ELISA S/N. In this visualization, it becomes clear that 

there was no trend relating ELISA S/N to the kon of the capture antibodies along the x-axis. 

However, there was a clear dependence of the ELISA S/N on the kon of the detection antibody 

along the y-axis; greater on-rate constants for detection antibodies resulted in better ELISA 

antibody pair performance for α-HRP2 mAbs. For off-rate constants (Figure 16C), the trends were 

less clear since there were fewer discrete koff values for the anti-HRP2 mAbs compared to kon 

values. However, Figure 16D shows that the highest concentration of high-performing anti-HRP2 

ELISA antibody pairs occurred when the capture antibody koff was low and the detection antibody 

kon was high and consequently the overall KD was low. 

Using these BLI parameters, it would be predicted that pairs with 10F5, 10C1, and 6C8 in 

the detection position paired with capture mAbs with low off-rate constants, such as the two IgM 

mAbs (MPFM-55A, PTL-3) or an IgG such as 0445, would perform well in an ELISA format. In 

fact, these pairs are some of the top performers in the ELISA checkerboard screening, despite the 

low kon values for the capture mAbs (Figure 14). Capture antibodies with low off-rate constants 

may be favored due to the high number of washes and additional incubation steps the capture mAb-

HRP2 complex is subjected to during the ELISA protocol. In contrast, on-rate constants may be 

most important for detection antibodies since the time scale of this interaction in the ELISA is 

lower. In summary, these results demonstrate that BLI can be used as a predictive tool for 

development of an HRP2 ELISA.  
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rcPvLDH. Because HRP2 is a unique biomarker that lacks structure and contains a series 

of repeated epitopes for mAb binding, it is important to ask whether the trends observed for HRP2 

are generalizable to typical protein biomarkers with defined tertiary structure and no or few repeat 

motifs in the primary sequence. To answer this question, a similar analysis was performed for P. 

vivax lactate dehydrogenase, comparing the kinetic parameters of α-pLDH antibodies to the 

ELISA performance against rcPvLDH of those antibody pairs. As shown in Figure 17, there was 

 

 
 
Figure 16. Relationship between anti-HRP2 (A) KD, (B) kon, and (C) koff in the capture (x-axis) and detection (y-
axis) positions as measured by BLI and ELISA signal-to-noise ratios (size of circles). (D) Plot of capture koff (x-
axis) vs. detection kon (y-axis) vs. ELISA signal-to-noise (circles). Note: only anti-HRP2 IgG pairs are plotted. 
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no trend in the rcPvLDH data relating ELISA S/N from the checkerboard screening to the 

dissociation constants of the capture and detection antibodies. Although these results differ from 

the trends observed for HRP2, they are not surprising. For HRP2, if a capture and detection 

antibody target the same epitope, both may be able to bind to the protein due to the repeat motifs 

in the amino acid sequence. Therefore, ELISA performance for α-HRP2 pairs is largely dependent 

on the strength of the mAb-HRP2 interaction. However, for targets lacking repeated epitopes, such 

as rcPvLDH, the compatibility of the capture and detection antibodies heavily influences their 

performance as an ELISA pair. For example, if two anti-pLDH antibodies have very strong 

interactions with rcPvLDH but both target the same epitope, no ELISA signal will be observed. 

 

Comparing and contrasting the results for rcHRP2 and rcPvLDH highlights the limitations 

and advantages of using BLI as a tool for ELISA development and generates a general workflow 

 
Figure 17. Relationship between anti-pLDH KD in the capture (x-axis) and detection (y-axis) positions as 
measured by BLI and ELISA signal-to-noise ratios (size of circles). Note: 14c2 is excluded, since no binding 
was observed on BLI. 
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for selecting optimal molecular recognition elements for immunoassays. If the antigen does not 

contain a series of repeat motifs, then the optimal mAb pair is best determined empirically. 

However, if the antigen—like HRP2—does have multiple repeated epitopes, then the antibody 

with the lowest off-rate constant should be chosen as a capture antibody, and the antibody with the 

highest on-rate constant should be chosen as the detection antibody. 

The utility of BLI for quantifying the strength of antibody-antigen interactions is clear; 

however, performing BLI on individual mAbs is only useful for predicting the ELISA performance 

of antibody pairs when the antigen contains multiple repeats in its sequence. While this limitation 

is significant, there are many targets of interest that could benefit from building a sensitive ELISA 

from the bottom-up using BLI as a predictive tool. For example, the circulating anodic antigen 

biomarker for Schistosoma infections is decorated with repeating polysaccharide motifs.118,119 

Further, BLI may be useful for developing ELISAs for viral capsids containing many oligomeric 

subunits or multimeric proteins with identical subunits. Future investigations probing the number 

of repeat-motifs required for the trends observed for HRP2 to hold could provide a cut-off 

threshold for when BLI can be used to predict ELISA performance. Further, additional studies into 

the applicability to these results to the LFA format are needed. While LFAs and ELISAs have 

similar sandwich format, LFAs lack extensive washes and occur on a faster time-scale, potentially 

favoring antibodies with higher on-rates. 

 

Conclusion 

 The ability to predict antibody pair performance in a sandwich format would streamline 

development of critically important antibody-based diagnostics and laboratory research tools. We 

have evaluated panels of monoclonal antibodies for two malarial biomarkers with biolayer 
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interferometry and screened antibody pairs in a checkerboard ELISA format. BLI proved to be a 

useful, predictive tool for determining antibody pair ELISA performance for HRP2, the primary 

biomarker used in malaria diagnostics. Specifically, pairs that included capture antibodies with 

low off-rate constants and detection antibodies with high on-rate constants performed best in an 

ELISA format. These trends were likely due to the series of repeat-motifs within the HRP2 

sequence as well as the protein’s lack of tertiary structure. While these results were not 

generalizable to rcPvLDH, which is highly structured and lacks repeat-motifs, they may be 

applicable to other infectious disease biomarkers, such as viral capsids and multimeric proteins 

with identical subunits. 
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CHAPTER V 

 

SIMULTANEOUS CAPTURE AND SEQUENTIAL DETECTION OF TWO MALARIAL 

BIOMARKERS ON MAGNETIC MICROPARTICLESc 

 

Introduction 

Thus far, we have explored the impact of sample matrix interferants on biomarker 

detectability (Chapter II), the improvements afforded when a target is removed from its biological 

matrix and concentrated before detection (Chapter III), and the utility of quantifying the strength 

of interactions between molecular recognition elements and their targets for building an 

immunoassay from the bottom-up. In this chapter, we integrate these concepts to build a highly 

sensitive ELISA for pLDH and HRP2. 

ELISAs are the gold standard laboratory technique for quantitative and qualitative protein 

detection, which serve both as powerful research tools and clinical diagnostics. These highly 

sensitive assays are typically performed in a microtiter plate, utilizing surface-bound antigen or 

antibody to bind a protein analyte and enzyme-conjugated, target-specific antibodies for detection. 

Although traditional singleplex ELISAs are laboratory “workhorses” for sensitive and specific 

protein detection, they require 5 – 8 hours for completion and several incubation steps to ultimately 

develop signal. Further, conventional ELISAs are limited to detecting just one analyte from a 

single sample. 

                                                
c Portions of this chapter have been previously published in Markwalter, C.F. et al., Talanta, 2016. 161: 443 - 449. 
© 2016 The Authors. Published by Elsevier B. V. 
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While traditional ELISAs are useful for diagnoses arising from one biomarker, diseases 

requiring multi-analyte detection to identify or inform treatment have led to the development of 

multiplexed immunoassays. A multiplexed immunoassay utilizes the same “sandwich” format 

(capture antibody, sample, detection antibody) as a conventional singleplex ELISA, except the 

former usually adopts fluorescent or chemiluminescent reporter systems rather than amplification 

of a colorimetric substrate by enzymes.120 Two common formats for multiplexed immunoassays 

include planar arrays and bead-based suspension assays.121 In typical, commercially available 

planar arrays (Quansys, MSD®), microliter volumes of capture antibodies for multiple protein 

biomarkers are printed discretely onto two-dimensional supports, such as slides or microtiter 

plates, using a high-resolution printer. The functionalized supports are then treated with sample 

followed by reporter-labeled antibody. Signal is detected using a high-resolution scanner or 

fluorescence microscope.120 In addition to multiplexing capabilities, planar micro-array 

immunoassays benefit from ambient analyte theory. According to this theory, reducing the 

concentration of capture antibodies results in increased antibody binding site occupancy and thus 

higher assay sensitivity.122,123 However, these benefits are often off-set by mass transport 

limitations.120 

In contrast to planar arrays, bead-based suspension immunoassays are advantageous 

because they overcome mass transport limitations via active mixing throughout the liquid 

sample.124 In a typical bead-based immunoassay (LuminexTM, Bio-PlexProTM, Cytometric Bead 

Arrays), fluorescent microbeads are functionalized with capture antibodies, mixed with a sample, 

and subsequently mixed with fluorescently-tagged detection antibodies, which allow for analyte 

detection via flow cytometric methods. Multiplexing capabilities arise when target-specific 
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antibodies are functionalized to microbeads with varying fluorescent signatures distinguishable by 

flow cytometry.125 

There are several disadvantages to current multiplexed immunoassays. Both planar and 

bead-based immunoassays require laboratory infrastructure beyond that needed to perform 

singleplex conventional ELISAs; planar micro-array assays require high-resolution fluorescence 

scanners, and bead-based immunoassays require flow cytometric instrumentation for detection.120 

Further, planar micro-arrays require several addition, wash, and incubation steps totaling up to 3 

hours.126 Commercially available bead-based suspension assays often require 3 – 4 hours for 

completion, up to 1 hour dedicated to the detection step.127 To address these pitfalls, we have 

developed a magnetic bead-based ELISA in which two biomarkers are simultaneously captured 

and sequentially detected in less than 1 hour with no laboratory infrastructure beyond what is 

required to perform a conventional singleplex well-plate ELISA.  

We applied the developed magnetic bead-based ELISA to the detection of the two primary 

malarial biomarkers: pLDH and HRP2. An assay that detects both pLDH and HRP2 is beneficial 

for several reasons. As discussed in Chapter I, pLDH is a parasite metabolic enzyme, so it is present 

for infections resulting from any of the five species of malaria known to infect humans, whereas 

HRP2 is only present in P. falciparum infections.50,128 Thus, an assay that detects both biomarkers 

can differentiate between P. falciparum and non-falciparum infections, a distinction that 

determines proper treatment.129 Second, HRP2 remains in host circulation for up to one month, 

whereas pLDH is known to clear within 24 hours post parasite clearance, so a dual assay can 

distinguish resolved and active P. falciparum infections.51 The magnetic bead-based simultaneous 

capture and sequential detection (SCSD) ELISA for pLDH and HRP2 would not only inform 

patient management, but also allow for more efficient and sensitive P. falciparum and non-
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falciparum epidemiology and transmission studies. The presented assay design is modular and can 

be applied to any set of two biomarkers provided validated antibody pairs are available. 

 

Methods 

Reagents and materials 

Dynabeads ® MyOneTM Streptavidin T1 beads were purchased from Life Technologies 

(Cat #65601). Recombinant P. falciparum lactate dehydrogenase (rcPfLDH) and recombinant P. 

vivax lactate dehydrogenase (rcPvLDH) were purchased from CTK Biotech (Cat #A3005, 

#A3004). P. falciparum D6 strain was cultured in the lab. P. falciparum W2, Benin 1, and PH1 

reference strains were obtained from the Foundation for Innovative New Diagnostics (FIND). 

Anti-HRP2 capture and detection antibodies were purchased from Abcam (ab9203 and ab30384). 

Pan-specific a-pLDH antibodies were purchased from AccessBio, Fitzgerald, and Vista 

Diagnostics (Table 5 [Chapter IV]). BluePhos® Microwell Phosphatase substrate was purchased 

from KPK (#50-88-02), and TMB One was purchased from Promega (G7431). The ELISA kit for 

pLDH was purchased from SD Bioline, S. Korea (05EK40), and the ELISA kit for HRP2 was 

purchased from Cellabs, Australia (KM2). 

 

pLDH antibody pair screen 

Capture and detection antibodies were screened for use in the pLDH on-bead ELISA in a 

manner identical to the rcPvLDH ELISA screening in Chapter IV, with the exception that samples 

consisted of 0 and 100 parasites/µl P. falciparum D6 culture. 
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Blood sample preparation 

Pooled human whole blood (Bioreclamation IVT, HMWBCPD) was spiked with D6 P. 

falciparum culture (stock: 18,450 parasites/µl) to the desired parasitemia. An equal volume of 2x 

lysis buffer (100 mM potassium phosphate pH = 8.0, 600 mM NaCl, 250 mM imidazole, 2% 

Triton-X-100) was then added, and the lysed blood was filtered through glass wool in a plastic 

syringe. 

 

Preparation of mAb-functionalized magnetic beads 

Target-specific antibody-functionalized beads were prepared as reported previously.130 

Briefly, α-pLDH (Vista, 19g7) or α-HRP2 (Abcam, ab9203: clone C1-13) antibodies were 

biotinylated with EZ-Link NHS-PEG4-Biotin, No-Weigh Format (Thermo Pierce #21329) in PBS 

with a 20x excess of NHS-PEG4 Biotin. Remaining NHS-PEG4 biotin was removed using Zebra 

Spin Desalting Columns with a 7K molecular weight cut-off (Thermo Pierce #89882). Next, 5 mg 

of Dynabeads ® MyOneTM Streptavidin T1 was washed 3 times with PBS before incubating for 

30 minutes with 500 µL of 0.4 mg/mL of biotinylated antibody in PBS. The beads were then 

washed 3 times with PBS and blocked with excess D-biotin in PBS for 30 minutes. Finally, the 

beads were washed 3 times and re-suspended in 500 µL of PBS with 0.01% Tween-20. 

 

On-bead ELISA for pLDH 

Solutions (200 µL) of parasitized lysed whole blood were placed in a Fisherbrand Flat-

bottom PS 96-well plate (#12565501). Four µl HAMA blocker (Fitzgerald 85R-1001), 10 µL of 

α-pLDH (19g7) magnetic beads, and 1.57 µl of 1201:AP (1.27 mg/ml) were added to each well 

and incubated on an orbital shaker for 15 minutes. Using a MagWellTM Magnetic Separator 
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(EdgeBio #57624), the beads were separated from the supernatant and washed with 200 µl 1x PBS 

with 0.1% Tween-20 (PBST). As a second wash, 100 µl PBST was added to the beads, which were 

then moved to new wells. Next, 100 µl BluePhos® Microwell Phosphatase Substrate was added 

to each well containing beads, and the plate was incubated for 15 minutes while protected from 

light. The supernatant was removed, and signal was measured by absorbance (620 nm) on a plate 

reader. 

 

On-bead ELISA for HRP2 

Solutions (200 µL) of parasitized lysed whole blood were placed in a Fisherbrand Flat-

bottom PS 96-well plate. Four µl HAMA blocker, 5 µl of α-HRP2 (C1-13) magnetic beads, and 2 

µl of MPFG-55P (0.1 mg/ml) were added to each well and incubated on an orbital shaker for 15 

minutes. Using a MagWellTM Magnetic Separator, the beads were separated from the supernatant 

and washed with 200 µl PBST. As a second wash, 100 µl PBST were added to the beads, which 

were then moved to new wells. Next, 100 µl TMB One was added to each well containing beads, 

and the plate was incubated for 5 minutes while protected from light. The supernatant was 

removed, and the reaction was stopped with 100 µl of 2M H2SO4. Signal was measured by 

absorbance (450 nm) on a plate reader. 

 

On-bead simultaneous capture and sequential detection (SCSD) ELISA for pLDH and HRP2 

Solutions (200 µl) of parasitized lysed whole blood were placed in a Fisherbrand Flat-

bottom PS 96-well plate. Four µL of HAMA blocking reagent, 10 µL of 19g7-conjugated magnetic 

beads, 5 µL of C1-13-conjugated magnetic beads, 1.57 µL of 1201:AP (1.27 mg/ml), and 2 µl of 

ab30384 (0.1 mg/ml) were added to each well and incubated on an orbital shaker for 15 minutes. 
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The beads were pulled to the sides of the wells using a MagWellTM Magnetic Separator, and the 

supernatant was removed. The beads were washed with 200 µl PBST. As a second wash, 100 µl 

PBST were added to the beads, which were then moved to new wells.  Next, 100 µl of BluePhos® 

Microwell Phosphatase Substrate was added to each well and incubated for 15 minutes while 

protected from light. The supernatant was removed and absorbance was measured at 620 nm 

(pLDH detection). The beads were then washed three times with PBST and moved to new wells 

on the third wash. Next, the beads were re-suspended in 100 µl of TMB One Solution and 

incubated for 5 minutes while protected from light. Finally, the supernatant was removed, and the 

reaction was quenched with 100 µl 2M H2SO4 before absorbance was measured at 450 nm for 

detection of HRP2. For both biomarkers, absorbance vs. concentration was plotted, and limits of 

detections (LODs) were calculated as the concentration at the minimum detectable signal (3SDblank 

+ sblank). See Figure 18 for on-bead SCSD ELISA workflow. 

 

 

 
 
Figure 18. Workflow for simultaneous capture and sequential detection (SCSD) ELISA for pLDH and HRP2. 
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Validation 

Intra-assay variation for the developed assays was determined by repeating standard curve 

measurements in triplicate (singleplex assays) or sextuplicate (SCSD assay) on the same plate (one 

user). The intra-assay variation (%CV) was found by taking the average relative standard deviation 

(RSD) of each repeated measurement. Inter-assay variation was determined by measuring standard 

curves in triplicate (singleplex assays) or sextuplicate (SCSD assay) over 5 days (one user). The 

inter-assay variation (%CV) was calculated by dividing the standard deviation of all absorbance 

measurements at a given concentration over 5 days by the mean absorbance value at that 

concentration over the 5 days. For establishing inter-user variation, two users performed standard 

curves in sextuplicate over 5 days. The inter-user variation (%CV) was calculated as the average 

percent difference between the mean values for both users across all replicates for all days. Finally, 

the simplicity of the SCSD assay was evaluated by providing 5 blinded samples (including a blank) 

to a novice user. The user was allowed two practice rounds before measuring the unknown samples 

via the on-bead SCSD ELISA for pLDH and HRP2. Using a paired Student’s T Test, novice 

absorbance values for these samples were compared to the expected values from standard curves 

generated by the inter-assay variation measurements. 

 

Results and Discussion 

Design and optimization of on-bead ELISAs for pLDH and HRP2 

Selection of the best capture and detection antibody pairs is crucial for developing sensitive 

and specific immunoassays. For HRP2 assays, C1-13 capture and MPFG-55P, a detection antibody 

conjugated to horseradish peroxidase (HRPx), have been previously validated as an appropriate 

pair for ELISA formats.131 Piper et al. performed extensive screening of pLDH antibody pairs for 
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immunochromatographic assays on nitrocellulose membranes.132 However, binding kinetics in a 

lateral flow assay format do not represent the same equilibrium kinetics found in ELISAs.133 Thus, 

a comprehensive screening of antibody pairs was conducted to evaluate performance in an ELISA 

format. 

In total, 64 antibody pairs were screened (8 x 8 matrix) in a checkerboard format. Each 

monoclonal antibody (Table 5 [Chapter IV]) was conjugated to alkaline phosphatase for detection. 

All antibodies were immobilized in a polystyrene plate and allowed to bind to PfLDH from P. 

falciparum D6 culture at 0 or 100 parasites/µl. Detection antibodies were then added to the plate, 

and signal was generated using a BCIP/NBT substrate. The resulting signal-to-noise ratio for each 

pair is shown in Figure 19. 

 

Next, the signal-to-noise values in this experiment as well as the rcPvLDH checkerboard 

experiment in Chapter IV were normalized and plotted in Figure 20. In this plot, each point 

represents one antibody pair, where the abscissa is the normalized signal-to-noise ratio for PfLDH, 

and the ordinate is the normalized signal-to-noise ratio for rcPvLDH. An ideal antibody pair would 

reside along the line y = x in the upper right-hand quadrant, indicating that it worked well for 

 
 
Figure 19. ELISA signal-to-noise ratios for checkerboard screening of α-pLDH mAb pairs against D6 P. falciparum 
culture (0 and 100 parasites/µl). 
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pLDH antigens from both species. Based on these criteria, two candidate pairs were identified and 

tested in an on-bead format (highlighted in red). Both highlighted pairs included 19g7 as a capture 

antibody and differed in detection antibodies (10-P09CS and 1201). Neither of these pairs were 

tested by Piper et al., nor were they sold as matched pairs from their respective manufacturer(s). 

However, Piper et al. did show that 19g7 worked well for several pairs as a capture antibody in a 

paper immunochromatographic assay format.132 The pair with 19g7 capture and 1201:AP detection 

was chosen for the on-bead format, because it displayed lower background signal in the on-bead 

ELISA format. 

 

With antibody pairs selected for pLDH and HRP2, a one-step, on-bead ELISA was 

developed and optimized for each individual biomarker. These individual assays were carried out 

by incubating magnetic beads functionalized with capture antibodies as well as enzyme-conjugated 

detection antibodies in samples consisting of 100 µl parasitized whole blood and 100 µl lysis 

buffer, allowing the sandwich complexes to form on the surface of the particles. The beads were 

then washed and re-suspended in the appropriate detection antibody substrate, and colorimetric 

 
 
Figure 20. Pan-specific α-pLDH antibody pair screening results. Two candidate pairs are highlighted in red. 19g7 
capture and 1201 detection antibodies were chosen for the pLDH on-bead ELISA. 
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signal was measured by absorbance. In order to maximize signal-to-noise ratios, several variables 

were optimized by varying the parameter of interest while holding all other assay parameters 

constant (Figure 21). First, the amount of magnetic beads for biomarker capture was optimized to 

ensure there were enough binding sites to capture all the biomarker available, while minimizing 

nonspecific binding. Interestingly, for HRP2, as the amount of C1-13-conjugated beads increased 

beyond 50 µg, we observed a reduction in signal-to-noise ratio, likely due to the unique protein 

structure of HRP2 (Figure 21A - bottom). Because its secondary structure is simply a series of 

repeat-motifs, several capture antibodies may bind one HRP2 antigen, causing aggregation of the 

magnetic particles and preventing detection antibody from binding and producing signal.134 In 

contrast, we did not see a significant decrease in signal-to-noise ratio for detection of pLDH when 

19g7-conjugated beads were increased above saturation, since pLDH does not display repeated 

epitopes. Next, detection antibody concentration, sample incubation time, and substrate incubation 

time were optimized for each biomarker. Ideal conditions for the pLDH assay were found to be 

100 µg 19g7-conjugated magnetic beads, 10 µg/ml 1201:AP detection antibody, 15-minute sample 

incubation, and 15-minute incubation in BCIP/NBT. For the HRP2 assay, 50 µg of C1-13-

functionalized magnetic beads, 1 µg/ml MPFG-55P detection antibody, 15-minute sample 

incubation, and 5-minute incubation in TMB were chosen. 
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Performance of pLDH on-bead ELISA 

 The pLDH on-bead ELISA was performed in lysed whole blood in triplicate, once per day 

over five days (Figure 22). The linear range of the assay was 7.0 – 520 pM pLDH. The intra-assay 

variation was 7.5%, and the inter-assay variation was 11%, below the acceptable biomedical assay 

variation values of 15%.135 The limit of detection (LOD), defined by the concentration at which 

the signal is sblank + 3SDblank, was 6.7 ± 3.4 pM, corresponding to about 5.2 parasites/µl of our in-

house D6 P. falciparum culture, well within the asymptomatic regime. This LOD is three times 

lower than a commercially available well-plate ELISA kit for pLDH (Malaria Ag ELISA, SD 

Bioline, LOD = 19.3 ± 0.7 pM). Further, while the commercially available ELISA kit provides a 

pre-coated and blocked microtiter plate, it still required over 2 hours of incubation time before 

results were generated. In contrast, our on-bead ELISA for pLDH, which is an order of magnitude 

more sensitive, is completed with a mere 30 minutes’ total incubation time.  

 

 

 

 
 
Figure 21. Optimization of (A) bead mass, (B) detection antibody concentration, (C) sample incubation time, and 
(D) substrate incubation time for the pLDH (top) and HRP2 (bottom) on-bead ELISAs. 
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Performance of HRP2 on-bead ELISA 

 The HRP2 on-bead ELISA was evaluated in lysed whole blood in the same manner as the 

pLDH assay (Figure 23). The linear range of the assay was found to be 1.0 – 85 pM HRP2. The 

intra-assay variation was 4%, and the inter-assay variation was 7%, well below the acceptable 

value of 15%.135 The LOD was 0.4 ± 0.2 pM, corresponding to about 0.2 parasites/µl of our in-

house D6 P. falciparum culture. This LOD for our 20-minute HRP2 on-bead ELISA is over one 

order of magnitude lower than a 2.5-hour, commercially available well-plate ELISA kit for HRP2 

(Malaria Antigen (HRP2) CELISA, Cellabs, LOD = 8.2 ± 0.2 pM). 

 

 
Figure 23. Standard curves for HRP2 on-bead ELISA repeated in triplicate over 5 days (black) and Cellabs 
Malaria Antigen (HRP2) CELISA (grey). 

 
 
Figure 22. Standard curves for pLDH on-bead ELISA, measured at 620 nm, repeated in triplicate over 5 days 
(black) and SD Bioline Malaria Ag ELISA, measured at 450 nm (grey). 
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Design of on-bead SCSD ELISA for pLDH and HRP2 

 Figure 18 shows the workflow for the on-bead SCSD ELISA. Before combining the two 

independent assays into the dual format, it was demonstrated that there was no cross-reactivity 

between pLDH and the HRP2 assay and vice versa (Figure 24). 

 

To perform the SCSD assay, magnetic particles functionalized with capture antibodies for 

pLDH and HRP2 were incubated in lysed whole blood samples along with the detection antibodies 

for each biomarker. Throughout the assay, the beads for both biomarkers were processed and 

washed simultaneously. The optimized bead masses and detection antibody concentrations 

determined in the development of the individual assays were also used in the SCSD format. A 

sample incubation time of 15 minutes was chosen, since this time was found to be sufficient for 

sandwich complex formation in both the pLDH and HRP2 assays. The beads were then washed 

and re-suspended in BCIP/NBT for 15 minutes for the detection of pLDH via the AP-conjugated 

detection antibody. Absorbance of the supernatant was measured at 620 nm. It was found that AP 

detection must precede HRPx detection, due to the pH sensitivity of AP and the acidic nature of 

the HRPx substrate (Figure 25). After pLDH detection, the beads were washed and re-suspended 

in TMB One solution for detection of HRP2. The reaction was stopped and HRP2 signal was 

 
 
Figure 24. The (A) pLDH on-bead ELISA was not cross-reactive with recombinant HRP2 (p = 0.8304), and the 
(B) HRP2 on-bead ELISA did not react with recombinant PfLDH (p = 0.7179) by two-way ANOVAs. The 
spiked concentrations (17 nM and 13 nM, respectively), represent a 20x excess of the biomarker concentration 
expected at 50 parasites/µl. 
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measured by absorbance at 450 nm. In this work, the capture beads for the SCSD assay were 

prepared separately for each biomarker; however, to facilitate large-scale SCSD detection, a single 

batch of capture beads could be prepared using the proper 2:1 ratio of pLDH to HRP2 capture 

antibodies.    

 

Performance of on-bead SCSD ELISA for pLDH and HRP2 

 The on-bead SCSD ELISA for pLDH and HRP2 was evaluated by two users measuring 

standard curves (n = 6) once per day over five days. A summary of the SCSD assay parameters for 

each biomarker is shown in Table 8. Linear ranges for each biomarker in the SCSD format were 

unchanged compared to the individual assays.  The intra- and inter- assay variabilities for pLDH 

and HRP2 detection remained below the accepted value of 15%. The assay was reproducible 

between users for both biomarkers, with a 7.5% coefficient of variation for pLDH and a 20% 

coefficient of variation for HRP2 (Figure 26). The simplicity of the assay was determined by 

providing a novice user blinded samples and comparing the signal obtained to that of an expert 

user. The novice measurements are highlighted in red in Figure 26 and were not found to be 

 
 
Figure 25. Signal to noise ratios for (A) pLDH and (B) HRP2 portions of the on-bead SCSD ELISA when the order 
of alkaline phosphatase (pLDH) and horseradish peroxidase (HRP2) detection was switched. A significant decrease 
in signal-to-noise ratio for pLDH was observed when HRP2 was detected first. However, there was no significant 
difference for HRP2 detection in either order of detection. Thus, alkaline phosphatase must be detected first. (C) The 
hypothesis that the acidic nature of the TMB substrate deactivates alkaline phosphatase was tested by performing a 
pLDH on-bead ELISA in which the beads were incubated in citrate buffer pH 3.5 (same as Promega TMB One 
Solution) before detection. Signal for a 50 parasite/µl sample was not significantly different from the blank. 
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significantly different from the expected absorbance values predicted by standard curves from 

expert measurements by paired T-tests (P = 0.1699 and P = 0.495 for pLDH and HRP2, 

respectively). The LODs for pLDH and HRP2 were 2.6 ± 1.5 pM and 1.6 ± 1.0 pM, corresponding 

to 2.0 and 0.9 parasites/µl, respectively, for our in-house D6 P. falciparum culture. These detection 

limits remain an order of magnitude lower than those of commercially available ELISA kits for 

both biomarkers. Further, to detect both biomarkers using commercially available kits, two 

aliquots of sample would need to be processed in parallel for a total of more than 2 hours before 

results are available. In contrast, the on-bead SCSD ELISA for pLDH and HRP2 measures both 

biomarkers from the same sample with incubation times totaling just 35 minutes.  

 

Table 8. Performance of on-bead SCSD ELISA for pLDH and HRP2 

Parameter pLDH HRP2 
Linear range 7 – 500 pM 1.5 – 80 pM 

LOD 2.6 ± 1.5 pM 1.6 ± 1.0 pM 
Intra-assay variability 3.9% 6.2% 
Inter-assay variability 6.4% 12.6% 
Inter-user variability 7.5% 20% 

 

 

 

 

 
Figure 26. Two-user validation curves for SCSD on-bead ELISA for (A) pLDH and (B) HRP2. Novice 
measurements are highlighted in red. 
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The broad applicability of the on-bead SCSD ELISA was demonstrated by performing the 

assay on three additional P. falciparum strains. Standardized culture specimens (W2, Benin 1, and 

PH1 strains) designed for the development and evaluation of HRP2 diagnostics were obtained 

from the Foundation for Innovative New Diagnostics (FIND). These standards were received at a 

normalized concentration of 800 pg/ml HRP2, corresponding to 14.4 pM and confirmed in our 

laboratory by the commercially available HRP2 CELISA kit. These samples were diluted 2-fold 

in human whole blood to a final concentration of 7.2 pM HRP2 before lysis, and an on-bead SCSD 

ELISA was performed in triplicate. The assay successfully detected both pLDH and HRP2 for all 

three strains tested, and the HRP2 concentrations obtained were not significantly different from 

the FIND reference values (Figure 27). Because the assay performed well for multiple P. 

falciparum strains, and the pLDH portion of the assay was optimized for detection of the biomarker 

from both P. falciparum and P. vivax, we expect the on-bead SCSD ELISA to perform reliably 

with clinical samples. 

 

Magnetic particle-based immunoassays have been developed previously for pLDH and 

HRP2. For pLDH, magnetic microparticles were used to isolate Plasmodium falciparum lactate 

 
 
Figure 27. On-bead SCSD ELISA (A) pLDH and (B) HRP2 performance for W2, Benin 1, and PH1 strains as 
compared to reference values (for HRP2) obtained from FIND. 
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dehydrogenase (PfLDH) from lysed whole blood. The biomarker was then detected using the 

Malstat assay, an enzymatic turnover assay catalyzed by PfLDH.130 The detection limit for this 

method was 26 pM PfLDH, an order of magnitude higher than the developed on-bead SCSD 

ELISA for pLDH and HRP2.  Further, we have optimized the pLDH portion of the SCSD ELISA 

such that it can detect pLDH for both P. falciparum and P. vivax. For HRP2, Castilho et al. 

developed an immunomagnetic detection strategy in which a sandwich complex was formed on 

the surface of magnetic micro- or nanoparticles.136 Electrochemical and optical detection strategies 

were used, and the limit of detection was found to be 12 pM, an order of magnitude higher than 

the dual on-bead SCSD developed herein. 

The developed on-bead SCSD ELISA is a rapid, simple, and sensitive method to 

quantitatively measure two biomarkers. The simultaneous capture aspect of the developed assay 

allows two biomarkers to be measured from one sample, reducing the volume of sample required 

(100 µl) to a single finger prick.  The assay detection limits are lower than traditional well plate 

ELISAs, and the time-to-result is lower than currently available multiplexed immunoassays. 

Further, in contrast to commercially available multiplexed immunoassays, planar or suspension 

formats, the developed assay requires no laboratory equipment beyond what is required for 

conventional ELISAs. As such, it could be performed in settings where automated, hospital-grade 

diagnostic systems are impossible to implement due to lack of financial resources or infrastructure, 

efficiently providing accurate results with more clinical utility than traditional single-biomarker 

ELISAs. In the context of malaria elimination, the rapid and accurate detection of pLDH and HRP2 

using our on-bead SCSD ELISA would be useful for several applications. For case management, 

the pLDH portion of the assay determines whether or not a patient has an active malaria infection, 

and the HRP2 portion distinguishes between P. falciparum and non-falciparum infections. 
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Additionally, the LODs of the developed assay are well within the asymptomatic regime, allowing 

for detection and treatment of asymptomatic infections that contribute to the malaria transmission 

reservoir and would have otherwise been missed by commercially available ELISA kits or rapid 

diagnostic tests.27,137 Finally, our assay would be advantageous in the context of surveillance and 

intervention management, allowing rapid and sensitive measurement of disease distribution and 

trends for both P. falciparum and non-falciparum malaria. 

 While this work focused on detection of malarial biomarkers, the format of the developed 

on-bead SCSD ELISA could be generalized to any disease for which the detection of two 

biomarkers is advantageous.  As long as a validated pair of antibodies is available or can be found 

for each biomarker and cross-reactivity between the two biomarkers is at a minimum, an on-bead 

SCSD ELISA can be developed and optimized. 

 

Conclusion 

We have developed a magnetic bead-based ELISA for the detection of pLDH and HRP2 

in which sandwich complexes form on the surface of the magnetic beads directly in lysed whole 

blood samples. The biomarkers are detected sequentially in the appropriate detection enzyme 

substrates, with detection limits of 2.6 ± 1.5 pM for pLDH and 1.6 ± 1.0 pM for HRP2, an order 

of magnitude better than commercially available ELISA kits for both biomarkers and within the 

asymptomatic regime for malaria. The low detection limits and high sensitivity of the assay can 

be attributed to active mixing of the beads within the sample to avoid mass transport limitations 

as well as careful assay optimization. The on-bead SCSD ELISA is repeatable and reproducible 

across multiple days and multiple users, and it is simple enough for novice users to produce 

accurate results. As such, it would be a valuable tool for case management and disease surveillance 
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in the context of malaria elimination. Further, the developed on-bead SCSD ELISA format could 

be applied to any disease in which the detection of two biomarkers is beneficial, provided that 

antibody pairs are available for both biomarkers of interest. 
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CHAPTER VI 

 

CHARACTERIZATION OF PLDH AND HRP2 CLEARANCE PATTERNS VIA RAPID ON-

BEAD DETECTION FROM A SINGLE DRIED BLOOD SPOTd 

 

Introduction 

In this Chapter, the SCSD ELISA developed in Chapter V is adapted for and applied to 

clinical samples from rural Zambia. All of the data presented in the previous chapter demonstrated 

that the SCSD ELISA could quantitatively measure pLDH and HRP2 concentrations in mock 

patient samples. These mock samples, which consisted of venous whole blood spiked with 

parasitized red blood cells, were as close as possible to true clinical samples. However, the logistics 

and biohazard risk of venous whole blood sample collection, preservation, and transport in the 

field often make such samples impractical for large-scale clinical studies. 

Many of these challenges are mitigated by the use of dried blood spot (DBS) cards for 

sample collection and preservation. In this sampling technique, which does not require specialized 

skills or equipment, microliter volumes of whole blood collected from a finger prick are spotted 

onto filter paper cards and allowed to dry at room temperature. These DBS samples are then easily 

stored or shipped, pose little biohazard risk, and result in improved biomarker stability compared 

to liquid samples.138,139 DBS cards are often cost-effective compared to venous whole blood 

sample tubes and require no instrumentation to carry out the minimally invasive collection 

procedure.140 

                                                
d Portions of this chapter have been previously published in Markwalter, C.F. et al., Am. J. Trop. Med. Hyg. 
Accepted Feb 2018. © 2018 The American Society of Tropical Medicine and Hygeine. 
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Because of these advantages, DBS sample cards have been used extensively in surveillance 

and epidemiological studies of malaria. For example, extraction and detection/sequencing of 

nucleic acid material from DBS has not only allowed for malaria detection in symptomatic and 

asymptomatic patients,141–143 but also speciation,144 determination of parasite diversity,16 

identification of drug-resistant strains,145,146 and evaluation of rapid diagnostic tests on a 

population level.47,96,147 Dried blood spots also have been used for the detection of anti-malarial 

antibodies for serology-based epidemiological studies.148 

Quantitation of malarial protein biomarkers from DBS samples, while less common than 

nucleic acid detection, is also relevant in the context of malaria elimination. Recently, two studies 

have measured HRP2 in DBS patient samples. Rogier et al. used their DBS detection method to 

evaluate the accuracy of HRP2-based rapid diagnostic tests, and Gibson et al. demonstrated 

persistence of HRP2 in patient DBS samples after treatment compared to microscopy.41,149 While 

both of these studies demonstrated sensitive HRP2 quantitation from DBS, the species specificity, 

persistence, and increasing prevalence of pfhrp2 gene deletions mean that measurement of HRP2 

alone does not provide the full clinical picture.150,151 

The SCSD ELISA for detection of pLDH and HRP2 developed in Chapter V addresses 

these disadvantages.117 Not only does the SCSD assay distinguish between falciparum and non-

falciparum infections, but it also differentiates between active and resolved falciparum infections. 

Additionally, the lower limit of detection of the SCSD assay, 2.0 parasites/µl for both pLDH and 

HRP2, was an order of magnitude improved over commercially available ELISA kits and would 

allow for detection of individuals with asymptomatic or submicroscopic malaria infections.117 

In this Chapter, we adapt the previously developed SCSD assay for pLDH and HRP2 to 

detect these biomarkers from DBS and apply it to patient samples from rural Zambia. In particular, 
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the clearance patterns of both biomarkers relative to parasite clearance is investigated. The high 

sensitivity of this assay is ideal for DBS sample analysis, since these samples consist of just a few 

microliters of whole blood diluted into extraction buffer. Additionally, the total protocol requires 

only 45 minutes of total incubation time for quantitation of both biomarkers, increasing the 

throughput and information yield per sample.  

 

Methods 

Materials 

Human Whole Blood (K3 EDTA) was purchased from Bioreclamation IVT (catalog no. 

HMWBEDTA3). Recombinant HRP2 protein (rcHRP2) was generously provided by PATH 

(Seattle, WA). Recombinant P. falciparum lactate dehydrogenase (rcPfLDH) was purchased from 

CTK Biotech (Cat #A3005). P. falciparum D6 strain was cultured in the lab (stock concentration 

18,450 parasites/µl or 43,600 parasites/µl). Anti-HRP2 antibodies were purchased from Abcam 

(ab9203, ab9206, ab30384). Anti-pLDH antibodies were purchased from Vista Diagnostics (19g7, 

1201). Vista 1201 was conjugated to alkaline phosphatase (1201:AP) using Abcam ab102850 and 

to horseradish peroxidase (1201:HRPx) using Thermo #31489. BluePhos® Microwell 

Phosphatase substrate was purchased from KPL (#50-88-02), and TMB One was purchased from 

Promega (G7431). Dynabeads ® MyOneTM Streptavidin T1 beads were purchased from Life 

Technologies (#65601). Immulon 2HB ELISA plates (14-245-61) were purchased from Fisher 

Scientific. 903 Protein Saver Cards were purchased from GE Healthcare Life Sciences 

(10534612). 6 mm Biopunches were acquired from Ted Pella Inc. (catalog no. 15111-60). All 

other reagents were purchased from either Fisher Scientific or Sigma Aldrich. DBS extraction was 

performed with a Fisher Scientific Analog Vortex Mixer (02-215-365). Absorbance measurements 
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were collected on a Biotek Synergy H4 microplate reader (Vanderbilt University) or Biotek 

ELx808 microplate reader (Macha Research Trust). 

 

Standardization of D6 P. falciparum culture 

Two stocks of in-house D6 P. falciparum culture (18,450 parasites/µl and 43,600 

parasites/µl) were used in this study. The pLDH and HRP2 concentrations in the 18,450 parasite/µl 

stock were previously reported as 1.3 and 1.7 pM per parasite/µl, respectively.41,117 Additionally, 

HRP2 in the 43,600 parasite/µl stock was previously determined to be 2.2 pM per parasite/µl.152 

The pLDH concentration of in-house D6 P. falciparum culture (stock 43,600 parasites/µl) was 

determined to be 4.4 pM per parasite/µl using a standard well-plate ELISA, n = 6. Briefly, 100 µl 

of 2 µg/ml 19g7 in PBS was placed in a 96-well plate and incubated for 1 hour. The plate was 

washed three times with 250 µl of 1x PBS with 0.1% Tween-20 (PBST). Next, 250 µl of 15% non-

fat dried milk in PBST was added to each well, and the plate was incubated for 2 hours. After 

washing three times with PBST, 100 µl of standard rcPfLDH and in-house culture diluted in PBST 

with 0.1% non-fat dried milk were placed on the plate and incubated for 2 hours. The plate was 

then washed 5 times with PBST, and 100 µl of 2 µg/ml 1201:HRPx in PBST with 0.5% non-fat 

dried milk was added to each well, and the plate was incubated for 1 hour. After washing five 

times with PBST, 100 µl of TMB One Solution was added to the wells, the plate was incubated 

for 15 minutes, and the reaction was quenched with 2M H2SO4. Absorbance was measured at 450 

nm. 
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DBS preparation and extraction 

DBS extraction was adapted from a previously reported method.41 DBS were prepared by 

depositing 10 µl of parasitized whole blood onto Whatman 903 Protein Saver cards. The spots 

were allowed to air dry for a minimum of 4 hours, removed using a 6-mm biopsy punch, and 

placed in 2 ml microcentrifuge tubes (one spot per tube). Next, 200 µl of PBST was added to each 

tube. The tubes were vortexed at 3200 rpm for 10 minutes and then placed in a mini-centrifuge for 

30 – 60 seconds. The supernatant was removed and saved for analysis. 

 

Bead preparation 

Anti-pLDH and anti-HRP2 beads were prepared as reported previously in Chapter V.117,130 

Stock solutions of antibody-functionalized beads were transported to Zambia in ambient 

conditions and stored at 4°C upon arrival. 

 

SCSD ELISA with DBS extracts 

The SCSD ELISA on DBS extracts was adapted from the previously reported method.117 

To avoid bead aggregation, a low-resource filtering method was devised for removing small fibers 

and paper pieces from DBS extracts (Figure 29). Nylon fabric (Walmart, No Nonsense Knee 

Highs) was cut to the appropriate size and taped onto a Fisherbrand Flat-bottom PS 96-well plate 

(#12565501). A PCR plate with the bottoms of the wells cut off was then taped on top of the flat-

bottom plate such that the nylon fabric was taut across the bottom of each well of the PCR plate, 

forming a nylon filter between the wells of the flat-bottom and PCR plates. Next, 100 µl of DBS 

extract was pipetted through the nylon fabric filter into the flat-bottom plate. The nylon fabric and 

PCR plate were removed, and 100 µl of 10% non-fat dried milk in PBST was added to each well. 
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Next, the SCSD ELISA was performed as described in Chapter V. Signal for pLDH detection was 

measured at 620 nm (Vanderbilt) or 630 nm (Macha), and HRP2 signal was measured at 450 nm. 

 

Stability study 

 Dried blood spots were prepared and stored in Ziploc bags containing desiccant at room 

temperature (up to 8 days) and -20ºC (up to 188 days). At varying time points, DBS were removed 

from storage and analyzed using the SCSD ELISA for pLDH and HRP2. 

 

Study setting 

 Patient DBS samples were collected from the Nchelenge District of Zambia as part of a 

separate study on parasite clearance rates in children under 5 years of age presenting with 

uncomplicated malaria at a local clinic. These de-identified samples were made available to our 

team for assessment of pLDH and HRP2 clearance patterns relative to parasite clearance rates 

using the DBS SCSD ELISA. 

 

Patient recruitment and ethics 

 Children at the clinic who tested positive for malaria (SD Bioline Pf) were recruited for 

this study only if a parent or guardian provided written informed consent. The samples were 

collected under IRB approval TDRC/C4/09/2014 and after approval was granted by the Zambian 

National Health Research Authority (MH/101/17/6). 
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Patient samples 

 Finger-prick blood samples were collected on Protein Saver 903 cards. At the time of 

collection, parasitemia was determined by thick smear microscopy; parasites were counted per 200 

white blood cells (WBC) and parasite levels were determined using an estimate of 8000 WBC/µl. 

Samples were collected between December 2014 and August 2015, stored at -20ºC, and analyzed 

by SCSD ELISA in July 2016. Patients were enrolled in the study and received treatment of 

artemether-lumefantrine (Coartem®) after malaria diagnosis by SD Bioline Pf RDT and 

confirmation of infection by thick smear. Samples (DBS and thick smears) were then collected at 

15 time points after treatment: 0, 6, 12, 18, 24, 30, 36, 42, and 48 hours as well as 3, 7, 14, 21, 28 

and 35 days. Samples for all time points for 15 patients were analyzed in this study. 

 

Patient DBS sample SCSD ELISA 

 All patient samples were coded, and the assays were carried out blinded to microscopy 

results. Patient DBS samples were extracted and analyzed via the SCSD ELISA as described above 

with the following exceptions: (1) the standard curve (0 – 400 parasites/µl from 18,450 parasites/µl 

stock:  0 – 520 pM pLDH, 0 – 680 pM HRP2) consisted of 1:19 (v:v) parasitized whole blood 

diluted in PBST, mimicking the matrix of DBS extract, and (2) If the signal for either pLDH or 

HRP2 was above the linear range of the assay, the DBS extract was re-analyzed at the appropriate 

dilution. 

 

Data analysis 

Biomarker concentrations in DBS extracts were interpolated from best fits of linear 

standard curves. All error bars shown are the standard error of measurement. Limits of detection 
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were calculated as the biomarker concentration at sblank + 3SDblank. Intra-assay variation (%CV) 

was determined as the average relative standard deviation of triplicate measurements on a single 

plate. Inter-assay variation (%CV) was determined by finding the standard deviation of all 

measurements at a given concentration on different days and dividing by the average absorbance 

measurement at that concentration. For analysis of clearance rates across all patients, biomarker 

concentrations were normalized to their highest value across all time points for each patient. 

 

Results and Discussion 

DBS SCSD ELISA optimization 

 The protocol for the DBS sample SCSD ELISA was optimized systematically. Optimum 

conditions for HRP2 recovery from DBS were previously reported.41 In order to determine whether 

this method achieved sufficient elution of pLDH, the recoveries of both biomarkers were compared 

across multiple extraction times in PBST. The pLDH extraction efficiencies were not significantly 

different from those of HRP2 across all DBS extraction incubation times. In addition, increasing 

time did not result in significant differences in recoveries for either biomarker (Figure 28). 

 

 
Figure 28. Recovery of pLDH and HRP2 as a function of DBS incubation time in PBST. No significant 
differences were found between extraction efficiencies of pLDH and HRP2, and 10 minutes was chosen as the 
optimum incubation time. 
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 Once the DBS samples were extracted, the eluents were filtered in order to reduce 

nonspecific signal due to bead aggregation around small fibers and pieces of paper. To accomplish 

this, we developed an affordable, homemade filtering device that could be used in low-resource 

settings (Figure 29A). The filter consisted of a 96-well PCR plate with the tips of the tubes cut off. 

Cheap, commercially available nylon fabric covered the open bottoms of the PCR plate, which 

nested directly into a flat-bottomed 96-well plate. The nylon fabric was discarded after all samples 

and standards were filtered into the flat-bottomed plate, and the PCR plate was washed in 10% 

bleach, followed by three washes with DI water, and re-used with fresh nylon fabric for filtering. 

The total cost of the filtering device was $0.10/sample, but recycling the PCR plate decreased 

filtering costs to as low as $0.012/sample. As shown in Figure 29B, filtering DBS extracts through 

this device reduced nonspecific background signal by 4.0-fold for pLDH and 1.5 times for HRP2, 

increasing the signal-to-noise ratio from 1.6 to 3.2 and 3.3 to 4.5, respectively. Additionally, 

filtering the samples had the benefit of decreasing variation between repeated measurements for 

the pLDH portion of the assay (F test, P = 0.02). 

 
 
Figure 29. (A) Affordable 96-well plate filter for use in low-resource settings. (B) Filtering improves the 
performance of both the pLDH and HRP2 portions of the DBS SCSD ELISA. 
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After filtration, the SCSD ELISA was performed on DBS extracts. Because DBS extracts 

are more dilute than lysed whole blood, blocking conditions for the assay had to be re-optimized. 

It was found that adding an equal volume of 10% non-fat dried milk to DBS extracts resulted in 

the highest signal-to-noise ratio (Figure 30A). Magnetic bead volumes as well as detection 

antibody concentrations used in the SCSD ELISA for pLDH and HRP2 were screened in this new 

matrix, and it was found that the optimized conditions for these parameters were identical to those 

in the original protocol for both biomarkers (Figure 30B-C). 

 

 

 
 
Figure 30. Optimization of (A) non-fat dried milk concentration in blocking solution, (B) antibody-
functionalized magnetic bead volume for pLDH (left) and HRP2 (right), and (C) detection antibody concentration 
for pLDH (left) and HRP2 (right). 
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DBS SCSD ELISA performance 

 The performance of the DBS SCSD ELISA protocol was evaluated using DBS made from 

parasitized whole blood. The assay was performed in triplicate once per day for three days (Figure 

31). The linear range of the assay was found to be 0.6 - 18 nM for pLDH and 0.15 – 9.5 nM for 

HRP2. The intra-assay variation was 10.5% for pLDH and 4.7% for HRP2. The inter-assay 

variation was 12.5% for pLDH and 16.9% for HRP2. All four %CV values demonstrate acceptable 

reproducibility. The limits of detection were 600 ± 500 pM pLDH and 69 ± 30 pM HRP2, 

corresponding to 150 and 24 parasites/µl in our in-house culture, respectively. It is important to 

note that these lower limits are reported as the biomarker concentrations in the original whole 

blood sample that was spotted onto the DBS card. Thus, the inherent dilution associated with DBS 

extraction as well as DBS extraction efficiency are taken into account. Although intended for 

laboratory use, the performance of the DBS SCSD ELISA was equal to or better than currently 

available malaria rapid diagnostic tests.  

 

Biomarker detectability over time 

 Dried blood spot cards are designed for long-term storage and preservation of biological 

samples. However, it has been shown that biomarker detectability from DBS changes over 

time.41,153 Thus, we measured pLDH and HRP2 signal from negative and positive (0 and 1000 

 
 

Figure 31. Standard curves for DBS on-bead SCSD ELISA for (A) pLDH and (B) HRP2. 
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parasites/µl) DBS stored at both -20ºC and room temperature over time. As shown in Figure 32, 

neither pLDH nor HRP2 signal significantly changed after 6 months of storage at -20ºC. However, 

for both biomarkers, recovery dramatically dropped over time when stored at room temperature. 

The pLDH signal at day 8 was reduced to 35% of the signal on day 0, and HRP2 signal was reduced 

to 31% in the same time period. This signal loss could be due to protein break-down and loss of 

structure over time or to reduced extraction efficiency off the dried blood spot card. 

 

Patient DBS samples from rural Zambia 

Dried blood spot samples were collected over 15 time points after treatment for 15 patients; 

in total, 225 dried blood spots were analyzed for this study. Parasitemias at each time point were 

determined by microscopy at the time of collection. Because DBS patient samples were 1 to 2 

years old when analyzed, it was not assumed that the extraction efficiency of these patient samples 

would be the same as freshly prepared DBS standards. Thus, rather than comparing patient DBS 

to a standard curve of freshly prepared DBS to determine biomarker concentrations in the original 

 
 
Figure 32. DBS Storage time at (A) -20ºC and (B) room temperature vs. DBS SCSD ELISA signal for pLDH 
(left) and HRP2 (right).  
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whole blood sample that was spotted onto the card, biomarker concentrations in extracts were 

determined. This was performed at Macha Research Trust using standard curves in parasitized 

whole blood diluted 1:19, approximating the DBS extract matrix. Several assays were performed 

each day over the course of two weeks (n = 14). The intra-assay variation was 9.2% for pLDH and 

6.1% for HRP2, and the inter-assay variation was 19.2% and 24.5% for pLDH and HRP2, 

respectively. Linear ranges for the assay were 10 – 520 pM pLDH and 10 – 680 pM HRP2.  The 

limit of detection for the pLDH portion of the assay was 9 ± 6 pM, corresponding to 6 parasites/µl 

in our in-house culture. The detection limit for HRP2 was 7 ± 6 pM, which corresponds to 4 

parasites/µl. These detection limits were used as cut-off values for determination of positive patient 

samples.  

The relationships between biomarker concentrations and parasite levels for both pLDH and 

HRP2 based on all DBS patient samples analyzed in this study are shown in Figure 33. Similar to 

previous reports, HRP2 concentrations were several orders of magnitude higher than pLDH 

concentrations.52 Weak-to-moderate, but significant (P < 0.001), positive correlations with 

parasitemia were observed for both biomarkers. The Spearman correlation coefficient was 0.36 

(0.23 – 0.47) for pLDH and parasitemia and 0.46 (0.36 – 0.57) for HRP2 and parasitemia, 

demonstrating the utility of these biomarkers for malaria diagnosis. The nonparametric Spearman 

correlation coefficient was chosen because the parasite densities and concentrations measured do 

not follow normal distributions (D’Agostino and Pearson normality test, P < 0.001). For pLDH, 

direct correlations with parasitemia have been demonstrated in the literature for both P. falciparum 

and P. vivax malaria.52,154,155 The strength of the correlation found in this study is lower than some 

reports, possibly due to lack of controlled DBS storage conditions upon sample collection. 

Previous reports have shown that uncontrolled DBS storage can lead to reduced pLDH recovery 
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in mock patient samples.153 Similarly, we found DBS storage at room temperature resulted in a 

drastic reduction of pLDH detectability, potentially explaining why DBS from seven patients with 

high initial parasitemia had initial pLDH levels near or below the detection limit of the DBS SCSD 

ELISA. However, biological factors, such as parasite life cycle stage, also affect pLDH expression, 

potentially influencing the strength of the observed correlation.156 

 

Many studies have shown correlation between HRP2 and parasitemia, though some have 

found no correlation.41,52,157 While uncontrolled storage conditions have a similar detrimental 

impact on HRP2 detectability as for pLDH, initial HRP2 concentrations were detectable for all 

patients in this study. However, HRP2 expression has been shown to vary with parasite stage and 

strain.36,40 Additionally, the duration of infection and persistence of HRP2 in circulation, addressed 

in detail in the next section, likely influenced the strength of the correlation between biomarker 

concentration and parasite density. 

  

Biomarker clearance 

Unique parasite and biomarker clearance patterns were observed for each patient. Figure 

34 shows clearance rates for 3 representative patients, and Figure 36 [Appendix C] shows 

 
 
Figure 33. Correlations between (A) pLDH and parasitemia and (B) HRP2 and parasitemia in patient samples 
from rural Zambia. Weak correlations between biomarker concentrations and parasite burdens were observed. 
Note: for many data points, error bars are smaller than the size of the symbol representing the mean value. 
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clearance rates for the remaining 12 patients. Overall, for the 15 patients in this study, the median 

parasite clearance time by microscopy after treatment with artemether-lumefantrine was 30 hours 

(Interquartile range: 24 – 36 hrs). Clearance times for the biomarkers were determined as the first 

time point in which the biomarker was undetectable for that time point and all subsequent time 

point measurements. The median pLDH clearance time was 36 hours (Interquartile range: 6 – 72 

hrs) after treatment, following closely with parasite clearance time. In contrast, 13 of the 15 

patients (87%) had measurable HRP2 levels at the final time point of this study (35 – 52 days after 

treatment). It should be noted that 5 of the 13 patients (38%) who were HRP2-positive at the last 

time point had undetectable HRP2 levels at least once in a previous time point. It is possible that 

uncontrolled storage conditions may have contributed to the undetectable HRP2 levels in the 

earlier time points. However, for one patient, pLDH levels also increased at the final time point, 

indicating possible reinfection or recrudescence (Table 12 [Appendix C], Patient 30).  

 

 
 
Figure 34. Biomarker clearance trends for three representative patients collected over 35 days. [pLDH] (top, 
solid) and [HRP2] (bottom, solid) in DBS extract and parasitemia (dashed) are plotted against time for (A) 
Patient 29, (B) Patient 55, and (C) Patient 58. 
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The relationship between intensity of infection and biomarker persistence was also 

investigated. Patient infection levels were classified based on initial parasitemias: low (0 – 14,999 

parasites/µl, n = 7), medium (15,000 – 74,999 parasites/µl, n = 5), and high (≥ 75,000 parasites/µl, 

n = 3). Using a one-way ANOVA (df = 12), there were no significant differences in parasite 

clearance time (P = 0.4221), pLDH clearance time (P = 0.5543), or HRP2 clearance time (P = 

0.3206) across all three groups. 

 The overall clearance patterns for all patients are represented in Figure 35. For each patient, 

parasite and biomarker levels were normalized to the highest concentration measured. The average 

across all patients at each time point was calculated and plotted, allowing for a clear visualization 

of the overall parasite, pLDH, and HRP2 clearance patterns in this study. In general, pLDH became 

undetectable before infections became submicroscopic. In contrast, HRP2 remained in circulation 

for the duration of the study, decreasing in concentration slowly over time. The persistence and 

accumulation of HRP2 in circulation over the duration of an infection likely explains why HRP2 

concentrations were significantly higher than pLDH concentrations for all patients in this study. 

 

 In the context of malaria elimination, an ideal evaluation tool would be positive when a 

patient has an active infection and negative in the absence of parasites. Distinguishing between 

 
Figure 35. Normalized parasite, pLDH, and HRP2 clearance patterns plotted over time. 
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falciparum and non-falciparum infections would also be clinically useful and inform treatment 

and provide useful epidemiological data. A sensitive dual pLDH and HRP2 detection method 

could fulfill these ideals; however, this work highlights the challenges of developing a dual assay. 

While pLDH detection could overcome the lack of specificity of HRP2 that results from 

persistence in host circulation after parasite clearance, the relatively low levels of circulating 

pLDH mean that active infections could be missed in the dual format. Such a result would 

undermine malaria elimination efforts, allowing active infections to persist and contribute to 

transmission. In contrast, an HRP2-only diagnostic could result in over-diagnosis and treatment, 

potentially resulting in unnecessary costs and failure to treat other serious illnesses. Thus, there is 

a pressing need to develop more sensitive molecular recognition elements and detection methods 

for pLDH.  

The previously developed SCSD ELISA fills the need for a sensitive dual pLDH and HRP2 

assay and is an order of magnitude more sensitive than commercially available ELISA kits for 

both biomarkers.117 Here, the assay was adapted for detection of both biomarkers from a single 

dried blood spot. Uncontrolled DBS storage conditions and the inherent dilution when DBS are 

extracted into buffer contributed to reduced analytical sensitivity of the assay, though detection 

limits of the DBS SCSD ELISA remain comparable to commercially available ELISA kits for 

pLDH and HRP2 applied to whole blood samples. In contrast to commercially available ELISA 

kits, which are singleplex and take 3 – 6 hours to complete, we have demonstrated that the SCSD 

ELISA is capable of detecting two biomarkers from a single DBS in less than 1 hour. Additionally, 

the ease with which the antibody-functionalized beads were transported to Zambia and the 

possibility of lyophilizing the beads for stable ambient storage could allow the developed assay to 

be applied in laboratories in low-resource settings. Thus, the DBS SCSD ELISA has the potential 
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to increase the throughput and information yield of large epidemiological or surveillance studies 

based on DBS samples. To this end, we have demonstrated the utility of this assay for evaluation 

of biomarker clearance in a patient population from rural Zambia. In the future, the DBS SCSD 

ELISA will be useful for characterization of clearance patterns in other populations and could also 

serve as a rapid, preliminary screening tool for parasites with pfhrp2 deletions. 

 

Conclusion 

 In this Chapter, the on-bead simultaneous capture and sequential detection ELISA for 

pLDH and HRP2 was adapted for use with dried blood spot samples. For mock DBS samples, the 

assay was highly reproducible and could detect pLDH as low as 600 ± 500 pM and HRP2 as low 

as 69 ± 30 pM, corresponding to 150 and 24 parasites/µl in our in-house culture, respectively. 

Using the DBS SCSD ELISA, we demonstrated the need for controlled DBS storage; the 

detectability of both pLDH and HRP2 from DBS decreased nearly 70% after 8 days of storage at 

room temperature. Next, we applied the DBS SCSD ELISA to patient DBS samples from rural 

Zambia to measure pLDH and HRP2. In these samples, weak-to-moderate correlations between 

biomarker concentration and parasite density were found for both biomarkers, and the overall 

concentrations of HRP2 were several orders of magnitude higher than those of pLDH 

concentrations. Finally, biomarker clearance patterns relative to parasite clearance were studied. 

It was found that pLDH clearance followed closely with parasite clearance, while 87% of patients 

had detectable levels of HRP2 for 35 – 52 days after treatment. This work demonstrated the utility 

of the SCSD ELISA for quantifying pLDH and HRP2 from DBS samples and its potential for 

future application in epidemiological studies.  
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CHAPTER VII 

 

CONCLUSION 

 

Summary and Future Directions 

In this work, each component of the conventional diagnostic format was examined and 

optimized with the goal of improving diagnosis of malaria and schistosomiasis in endemic settings. 

Specifically, Chapter II demonstrated that endogenous α-HRP2 antibodies present in the whole 

blood sample matrix form immune complexes with HRP2 in the symptomatic patient population 

of a low-transmission area in rural Southern Zambia. In Chapter III we developed a novel, 

equipment-free sample preparation method that relied on PAMAM dendrimer-coated magnetic 

particles to capture, purify, and concentrate CAA biomarker from its variable urine sample matrix 

before application to the ultrasensitive UCP lateral flow assay. Chapter IV evaluated the 

relationship between the kinetic parameters of molecular recognition elements and their respective 

performance in an immunoassay format for malarial biomarkers HRP2 and pLDH. In Chapter V, 

lessons learned about each diagnostic component in the previous chapters were synthesized to 

develop a highly sensitive magnetic bead-based assay for both pLDH and HRP2. Careful 

optimization of each component, including matrix interference reduction, sample preparation, and 

signal generation, resulted in a rapid multiplexed assay in which pLDH and HRP2 detection took 

35 minutes and had detection limits an order of magnitude better than commercially available 

ELISA kits in venous blood. Finally, in Chapter VI, the developed assay was adapted for DBS 

sample extracts and used to characterize pLDH and HRP2 clearance patterns in patients living in 

a highly endemic region of Zambia. 
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Several major themes emerged over the course of this work. Perhaps most pervasive was 

the drastic impact that variation in biological sample matrices can have on diagnostic assays. The 

natural progression of assay development and optimization typically begins with initial 

experiments in simple buffered solutions at the relevant physiological pH and, upon successful 

demonstration of biomarker detection, advances through increasingly complex matrices (e.g. 

human serum albumin solution, serum, plasma, whole blood). The most complex mock samples 

typically consist of pooled control samples (e.g. whole blood) spiked with the native biomarker of 

interest and enable assay optimization based on an “average” patient from the geographic area 

where the control sample was collected. These samples are ideal for proof-of-concept 

demonstrations, and many novel diagnostic strategies are published in mock samples; however, 

patient-to-patient variation within and between geographic regions can lead to unexpected results 

and must be considered during initial assay design and optimization studies. In this work, the most 

obvious example of patient-to-patient variation within a single geographic area was highlighted in 

Chapter II, which demonstrated that some (but not all) patients in the Southern Province of Zambia 

with active or recent malaria infections had circulating α-HRP2 antibodies that formed complexes 

with the biomarker. Further, the extent to which these immune complexes affected HRP2 

detectability varied among the patients who produced them. In Chapter III, we saw significant 

regional differences between spiked North American and/or European control urine and Egyptian 

patient urine samples in our ability to capture and concentrate Schistosoma biomarker CAA from 

large sample volumes. Egyptian patient samples needed to be diluted 10-fold in order to achieve 

similar performance to the N. American/European mock samples, and we hypothesized that this 

was due to differences in urine salt concentration, which could result from differences in diet, 



 121 

hydration, and health status (i.e. patients infected with schistosomiasis may be more dehydrated 

than healthy European individuals). 

These observations highlight the importance of anticipating and studying matrix variability 

and of validating novel diagnostic tools in endemic clinical samples. Mitigating variations in 

sample matrices often requires additional sample preparation steps such as sample dilution and 

acid/heat treatment. For laboratory-based detection methods (i.e. Level 3), these extra steps are 

frequently inconsequential. In the SCSD ELISA developed in Chapter V, for example, interference 

from human α-mouse antibodies (HAMA) and rheumatoid factor (RF) was anticipated and reduced 

simply by adding a blocking reagent containing mouse IgG. However, in low-resource settings, 

additional sample preparation steps must be fully integrated with a diagnostic test to minimize the 

total number of user steps (“U” in ASSURED). Our lab has demonstrated success in devising and 

producing integrated sample preparation devices for malaria RDT enhancement.106,112 I am 

confident that the group will continue to develop innovative solutions for immune complex 

dissociation (Chapter II) and enhancement of the UCP-LF CAA schistosomiasis test (Chapter III) 

that fit the ASSURED criteria and can be used at the point of care. 

The second concept that permeates this work is the importance of the strength of molecular 

recognition element/target interactions to the performance of an assay or diagnostic test. It is safe 

to say that this notion is not groundbreaking or surprising; frankly, the idea that fast and/or high-

affinity interactions lead to better diagnostics is basic intuition. However, this dissertation serves 

as a case-study of the real-world implications of differences in antibody/antigen affinities – a tale 

of two biomarkers, so to speak. First, there is HRP2, which I like to call the “best worst biomarker” 

for malaria. Its apparent lack of tertiary structure and unique primary amino acid sequence, which 

consists of a series of histidine-rich tandem repeat motifs, results in up to 19 repeated linear 
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epitopes per target, depending on the strain (and thus geographic region) of P. falciparum and the 

antibody in question.36,134 These repeated epitopes increase the avidity, or the cumulative strength, 

of antibody/antigen interactions, since the locally high epitope concentration enables multivalent 

interactions and quick re-binding after dissociation. Indeed, in Chapter IV, most affinity constants 

for commercially available and novel monoclonal α-HRP2 antibodies were below the 1 pM 

detection limit of the Octet BLI instrument due to off-rates so slow they could not be measured. 

These strong interactions result in highly sensitive HRP2-based laboratory assays and diagnostics, 

as evidenced by the remarkably sensitive magnetic bead-based HRP2 ELISA presented in Chapter 

V, which had a detection limit of 0.2 parasites/µl—well below the average asymptomatic 

parasitemia of 5 parasites/µl found by Imwong et al. using their ultrasensitive molecular detection 

techniques.31,32 The inherent advantages that the structure of HRP2 affords in terms of molecular 

recognition, along with its relatively high concentration in peripheral circulation of infected 

individuals, makes it the “best” biomarker for malaria and likely drove its adoption as the primary 

malarial biomarker used in RDTs. However, the numerous disadvantages of HRP2—the fact that 

it is only expressed by one Plasmodium species, its persistence in circulation after successful 

parasite clearance, and the rising incidence of pfhrp2 gene deletions—may threaten elimination 

campaigns and surveillance strategies that rely on HRP2 detection alone. 

In theory, pLDH is an ideal alternative to HRP2 as a malarial biomarker; it is expressed by 

all species of malarial parasites, clears from host circulation shortly after successful treatment, and 

is essential to parasite survival, decreasing the likelihood of pldh gene deletions. However, pLDH 

lacks repeated epitopes and has defined tertiary structure. As a result, we observed that 

antibody/antigen interactions for pLDH were on-average several orders of magnitude weaker than 

those for HRP2 (Chapter IV). The consequences of this are easily observed in Chapters V and VI. 
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In these sections, we developed and applied one of the most sensitive pLDH detection strategies 

compared to commercial kits and those published in the literature to date. However, for every 

developed and commercial assay for pLDH evaluated, the limits of detection and analytical 

sensitivities were significantly worse than those of HRP2. These observations are not limited to 

the work in this dissertation; the World Health Organization has reported on numerous occasions 

that pLDH-based RDTs severely and consistently underperform compared to HRP2-based RDTs 

at low parasite densities (200 parasites/µl).53,158 Thus, in settings with large subpatent infectious 

reservoirs, it is likely that these tests would be insufficient for effective case management and 

elimination campaigns. 

It is clear that in many regions, malaria elimination will require more sensitive diagnostics 

that detect biomarkers other than HRP2. Thus far, pLDH is the best known alternative biomarker. 

So what strategies can be employed to develop more sensitive pLDH-based tests? This question is 

best approached by considering each component part of a diagnostic. Sample preparation 

techniques that enrich biomarkers from large-volume samples are advantageous for improving 

diagnostics that target biomarkers like pLDH, which are present in low concentrations in clinical 

samples. Our group has already developed one magnetic bead-based sample preparation approach 

in which pLDH is enriched before deposition onto an RDT.159 In this strategy, similar in principle 

to the work performed in Chapter III, pLDH is removed from its variable whole blood mixture and 

concentrated from a large-volume sample, resulting in a greater number of target molecules 

delivered to the test. Like the CAA work, a simple-to-use paper device that fully integrates this 

sample preparation method with biomarker detection will enable implementation at the point of 

care. This work is ongoing in the Wright group and has demonstrated promise. 
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Another approach to improving pLDH-based tests would be to develop higher-affinity 

molecular recognition elements. An advantage to this strategy is that improved affinity reagents 

could be easily integrated into the standard lateral flow assay format—the diagnostic format that 

most fits the ASSURED criteria.  There are a multitude of techniques that can be applied to 

developing and quantifying the affinities of novel molecular recognition elements, and the field 

remains fairly open for exploration for pLDH. Much of the initial work generating monoclonal 

antibodies against pLDH, both pan-specific and species-specific, was performed by the Makler 

group (1999 - 2011).50,128,132,155 The antibodies produced by the group represent a majority of the 

commercially available α-pLDH clones and are thus likely the most prevalent clones in 

commercial RDTs. Only a couple groups have since developed pLDH-targeting antibodies and 

used them in immunoassays, although no significant improvements over the status quo were 

achieved.160,161 Additionally, aptamers—short, single-stranded oligonucleotides that bind to a 

target—have been pursued as molecular recognition elements for pLDH. The thermal stability as 

well as the synthetic ease and reproducibility of aptamers make them attractive molecular 

recognition elements. Several distinct pLDH-specific aptamers have been developed, 

characterized, and employed in numerous assays in a variety of formats; however, their affinities 

were found to be on the order of 10-9 - 10-6 M, and overall assay performance has not proven to be 

better than their antibody-based counterparts.162–173  

One strategy that remains to be pursued for pLDH is the development of bispecific 

molecular recognition elements that target distinct or adjacent epitopes on the protein. pLDH is 

natively a tetramer and current antibodies are known to target at least three distinct epitopes on the 

protein (see Appendix D and Bauer et al.).159 Based on our work with HRP2, it is clear that when 

a molecular recognition element has multiple opportunities (epitopes) to interact with the target, 
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the increased avidity results in stronger interactions. So why not engineer a molecular recognition 

element to do the same for pLDH? Most often utilized in therapeutic applications, bispecific 

antibodies have been developed and employed in diagnostics, although typically only to cross-link 

the target with a detection enzyme.174 Dimerized aptamer pairs have been shown to have affinity 

constants an order of magnitude better than each of the monomers from which they were 

derived.175 Multi-dentate macrocyclic peptides have also leveraged cooperative binding and have 

demonstrated impressive affinities for their targets.176 Whether these strategies would result in 

improved molecular recognition elements for pLDH is unknown. However, it is clear that if 

malaria elimination campaigns must rely on pLDH-based RDTs for case management and 

surveillance, the molecular recognition elements in the tests must be improved. 

Signal amplification is another approach for improving the sensitivity of a diagnostic. For 

the on-bead ELISA format discussed in Chapters V and VI, enzymes are used to generate colored 

signal. Further improvements on the signal-to-noise ratios of these assays could be achieved if a 

kinetic ELISA (measuring the rate of signal generation over time) were performed rather than 

endpoint measurements. For paper-based diagnostic tests, several techniques for enhancing signal 

have been proposed, including nanoparticle dissolution, reductive nanoparticle enlargement/silver 

enhancement, and nanoparticle enzyme mimics. These strategies increase the complexity of the 

tests and require creative device design to incorporate additional chemistry without increasing the 

number of user steps. The Yager and Fu groups have pioneered the development of 2-dimensional 

paper networks (2DPNs), which allow for precisely timed delivery of reagents to a test region and 

have demonstrated promise for enabling signal amplification (particularly silver enhancement) on 

paper-based tests.177–183 Appendix E is a short discussion of partially realized strategies I pursued 

to enable complex chemistry on paper diagnostics using a photopolymerizing valving system. 
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Finally, we must consider the possibility that the most ideal malarial biomarker has yet to 

be discovered. Recently Mu et al. screened proteomic data from 10 different studies in order to 

find a biomarker that combined the desirable characteristics of both HRP2 and pLDH, including 

tandem repeats (HRP2), necessity for parasite survival (pLDH), and conservation across all 

parasite species (pLDH). A previously unexplored biomarker (a Plasmodium homolog of insulin-

degrading enzyme, pIDEh) emerged, and the group developed an ELISA and immuno-PCR assay. 

Although the sensitivity of the pIDEh assay was similar to that of pLDH, the work demonstrated 

that further proteomic research may lead to a more ideal malarial biomarker. 

In the context of malaria elimination, it is worth noting that in certain geographic regions, 

the tools that we currently have are sufficient for achieving elimination. Between 2011 and 2016, 

10 previously malaria-endemic countries reported zero indigenous malaria cases for 3 years or 

more, a measure of elimination established by the World Health Organization.8 However, in 

regions with high malaria burdens, accurate and detailed surveillance are critical for determining 

the diagnostic tools and interventions needed for elimination. Careful tracking of pfhrp2 deletions, 

antimalarial resistance, and insecticide resistance informs elimination strategies by defining the 

constraints and challenges within a given region. For example, in an area with a large subpatent 

infectious reservoir in which there is no evidence of pfhrp2 deletions, the ultrasensitive HRP2 

RDT discussed in Chapter I would likely be the best diagnostic tool to use for case management 

and surveillance. However, in populations where pfhrp2 deletions are on the rise, alternative rapid 

tests are needed. The strategies and potential alternatives discussed above could fill this need. 
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Outlook and Perspective 

 The scientific outcomes of this dissertation and the future work that will follow have and 

will continue to require meticulous lab work and rigorous data analysis. However, the motivations 

behind this work and its potential impact are perhaps best understood by looking beyond the 

laboratory at the broader human context. It does not take many morning newspapers or evening 

news reports to understand that there is extreme inequity in access to healthcare in our own country 

and around the world. That there are entire categories of diseases labeled “diseases of poverty” 

and “neglected tropical diseases” claiming millions of lives every year is telling in and of itself. 

As human beings, we should find it unacceptable that a person’s birthplace, income, education, 

race, ethnicity, zip code, gender, or gender identity defines the standard of care they receive. Poor 

and vulnerable populations die from diseases and conditions that are easily treatable and 

preventable in resource-rich facilities (like Vanderbilt). In the local, national, and global 

communities, these are our neighbors. 

 So what can be done? It is clear that health equity will not be achieved by a single person, 

organization, government, or field of work. Progress will require effort from every field to 

overcome the social, political, medical, and scientific challenges of bringing equitable health 

solutions to communities in poverty. In the increasingly nationalistic—and often discriminatory—

global political climate, we have to be activists for policy and funding to support local, national, 

and global efforts toward health equity.  

 Politics aside, the global health field has never been in a better position to eliminate 

diseases of poverty. Tools and knowledge accumulated over the last several decades of work have 

contributed to improvements in drugs, vaccines, diagnostics, and insecticides. Increased 

connectivity and data processing capacity allows us to look at trends in real time on a population 
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level. Many challenges remain, including those discussed in this dissertation, and they should be 

addressed in a way that empowers those who have the most at stake. Innovative solutions will 

require investment in health and education systems that can support them. Over the last five years, 

I have found purpose in this mission and plan to commit my skills (analytical and others) toward 

health equity for the remainder of my career.  
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APPENDIX A 

 

SUPPORTING INFORMATION: CHAPTER II 

 

Table 9. HRP2 concentrations measured in the heat dissociation and pull-down assays for all 126 patient samples 
analyzed in this study. Grey cells represent samples for which the immune complex assay was not performed. 
 

Sample 
Collection 
Strategy 

Sample ID Symptoms? Parasites/ 
µl 

Heat Dissociation ELISA Immune Complex 
Pull-Down Assay Total HRP2 % Immune-

Complexed HRP2 
Untreated 

[HRP2] 
(pM) 

Error 
Heated 
[HRP2] 

(pM) 
Error 

Complexed 
[HRP2] 

(pM) 
Error pM Error % Error 

Passive 
case 

detection 

VZH060 Y 0 0 0 0 0             
VZH061 Y 0 0 0 0 0             
VZH062 Y 0 0 0 0 0             
VZH064 Y 0 0 0 0 0 0 0 0 0 - - 
VZH065 Y 448 655 35 618 9 3.6 0.7 658.3 35.4 0.55 0.11 
VZH066 Y 171 60 4 14 1 0 0 60.2 3.8 0 0 
VZH067 Y 0 0 0 0 0 0 0 0 0 - - 
VZH070 Y 0 0 0 0 0 0 0 0 0 - - 
VZH071 Y 0 0 0 0 0             
VZH072 Y 0 0 0 0 0 0 0 0 0 - - 
VZH073 Y 0 0 0 0 0 0 0 0 0 - - 
VZH074 Y 0 0 0 0 0 0 0 0 0 - - 
VZH075 Y 0 0 0 0 0 0 0 0 0 - - 
VZH076 Y 0 0 0 0 0 0 0 0 0 - - 
VZH077 Y 0 0 0 0 0 0 0 0 0 - - 
VZH078 Y 0 0 0 0 0 0 0 0 0 - - 
VZH079 Y 85853 912 40 665 65             
VZH080 Y 0 0 0 0 0 0 0 0 0 - - 
VZH082 Y 0 0 0 0 0 0 0 0 0 - - 
VZH083 Y 0 0 0 0 0 0 0 0 0 - - 
VZH084 Y 0 0 0 0 0 0 0 0 0 - - 
VZH085 Y 0 0 0 0 0 0 0 0 0 - - 
VZH086 Y 0 0 0 0 0 0 0 0 0 - - 
VZH087 Y 0 0 0 0 0             
VZH088 Y 0 0 0 0 0 0 0 0 0 - - 
VZH089 Y 0 0 0 0 0             
VZH090 Y 0 0 0 0 0 0 0 0 0 - - 
VZH092 Y 149 1990 87 1787 11 33 12 2024 88 1.6 0.6 
VZH095 Y 0 0 0 0 0 0 0 0 0 - - 
VZH098 Y 0 0 0 0 0             
VZH099 Y 0 0 0 0 0 0 0 0 0 - - 
VZH100 Y 0 0 0 0 0 0 0 0 0 - - 
VZH104 Y 153377 538 25 462 14             
VZH105 Y 89236 1556 45 2646 178 2.6 0.4 1559 45 0.17 0.02 
VZH106 Y 34648 1042 11 1099 58             
VZH107 Y 0 0 0 0 0             
VZH108 Y 0 0 0 0 0 0 0 0 0 - - 
VZH109 Y 0 0 0 0 0 0 0 0 0 - - 
VZH110 Y 0 0 0 0 0 0 0 0 0 - - 
VZH111 Y 48903 332 11 402 32 5.5 0.7 338 11 1.6 0.2 
VZH112 Y 19139 308 24 303 12 3.3 0.3 311 24 1.08 0.12 
VZH113 Y 3978 456 55 436 14 4.9 0.7 461 55 1.1 0.2 
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VZH114 Y 161764 3475 242 4479 155 29 2.6 3504 242 0.83 0.09 
VZH115 Y 0 0 0 0 0 0 0 0 0 - - 
VZH116 Y 0 0 0 0 0 0 0 0 0 - - 
VZH118 Y 0 0 0 0 0             
VZH119 Y 0 0 0 0 0             
VZH120 Y 0 0 0 0 0             
VZH121 Y 0 0 0 0 0 0 0 0 0 - - 
VZH122 Y 3068 64 2 65 4             
VZH124 Y 0 5 0 5 1 0 0 5.0 0.4 0 0 
VZH125 Y 59 20 1 13 0 5.0 0.6 25.0 1.4 20 3 
VZH126 Y 0 0 0 0 0 0 0 0 0 - - 
VZH127 Y 0 0 0 0 0 0 0 0 0 - - 
VZH128 Y 121 6 0 7 1 2.9 0.2 9.3 0.4 31 2 
VZH129 Y 0 0 0 0 0 0 0 0 0 - - 
VZH130 Y 0 0 0 0 0 1.6 0.2 1.6 0.2 100 16 
VZH131 Y 0 0 0 0 0 0 0 0 0 - - 
VZH132 Y 8165 657 54 718 31 34.0 1.3 691 54 4.9 0.4 
VZH133 Y 0 0 0 0 0 1.7 0.4 1.7 0.4 100 33 
VZH134 Y 0 0 0 0 0 0 0 0 0 - - 
VZH135 Y 0 0 0 0 0 0 0 0 0 - - 
VZH136 Y 0 0 0 0 0 0 0 0 0 - - 
VZH138 Y 0 0 0 0 0 0 0 0 0 - - 
VZH139 Y 0 0 0 0 0 0 0 0 0 - - 
VZH142 Y 0 0 0 0 0 0 0 0 0 - - 
VZH143 Y 0 362 22 369 17 3.4 0.2 365 22 0.94 0.08 
VZH144 Y 0 273 51 301 7 4.9 1.1 278 51 1.8 0.5 
VZH145 Y 0 128 4 52 5 0 0 128 4 0 0 
VZH146 Y 1840 1912 115 2211 155 0 0 1912 115 - - 

Active 
Case 

Detection 

VZA301 N 0 0 0 0.10 0.02 0 0 0 0 - - 
VZA302 Y 0 0.25 0.02 0.44 0.02 0 0 0.3 0.2 0 0 
VZA303 Y 0 18.1 1.4 24 3 0 0 18.1 1.4 0 0 
VZA304 N 0 0 0 0 0 0 0 0 0 - - 
VZA305 N 0 0 0 0 0 0 0 0 0 - - 
VZA306 N 0 0 0 0 0 0 0 0 0 - - 
VZA307 N 0 0 0 0 0 0 0 0 0 - - 
VZA308 N 0 0 0 0.12 0.02 0 0 0 0 - - 
VZA309 Y 0 0 0 0 0 0 0 0 0 - - 
VZA310 N 0 0 0 0 0 0 0 0 0 - - 
VZA311 N 0 0 0 0 0 0 0 0 0 - - 
VZA312 N 0 0 0 0.14 0.07 0 0 0 0 - - 
VZA313 N 0 196 9 196 12 13.6 1.3 209 9 6.5 0.7 
VZA314 Y 84 615 30 697 66 7.7 0.2 623 30 1.23 0.07 
VZA315 N 0 0 0 0.10 0.03 0 0 0 0 - - 
VZA316 N 0 0 0 0.08 0.04 0 0 0 0 - - 
VZA317 N 0 0 0 0 0 0 0 0 0 - - 
VZA318 N 0 0 0 0 0 0 0 0 0 - - 
VZA319 Y 0 0 0 0.10 0.03 0 0 0 0 - - 
VZA320 N 0 19.5 0.6 19.8 1.3 1.2 0.3 20.8 0.6 6.0 1.3 
VZA321 N 0 0 0 0 0 0 0 0 0 - - 
VZA322 N 0 0 0 0.08 0.03 0 0 0 0 - - 
VZA323 Y 0 0 0 0 0 0 0 0 0 - - 
VZA324 N 0 0 0 0.09 0.02 0 0 0 0 - - 
VZA325 N 0 0 0 0 0 0 0 0 0 - - 
VZA326 Y 0 0.23 0.03 0.31 0.04 0 0 0.23 0.12 0 0 
VZA327 Y 0 0.0 0.0 0 0 0 0 0 0 - - 
VZA328 Y 0 14.2 0.9 17 2 6.4 0.4 20.7 1.0 31 2 
VZA329 N 0 0 0 0 0 0 0 0 0 - - 
VZA330 Y 0 0 0 0 0 0 0 0 0 - - 
VZA331 Y 0 0 0 0 0 0 0 0 0 - - 
VZA332 N 0 0 0 0 0 0 0 0 0 - - 
VZA333 Y 0 0 0 0 0 0 0 0 0 - - 
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VZA334 Y 0 0 0 0 0 0 0 0 0 - - 
VZA335 Y 0 0 0 0 0 0 0 0 0 - - 
VZA336 N 0 0 0 0 0 0 0 0 0 - - 
VZA338 Y 0 0 0 0 0 0 0 0 0 - - 
VZA339 Y 0 0 0 0 0 0 0 0 0 - - 
VZA340 Y 0 0 0 0 0 0 0 0 0 - - 
VZA341 Y 0 0 0 0.10 0.04 0 0 0 0 - - 
VZA342 N 0 0 0 0 0 0 0 0 0 - - 
VZA343 Y 0 0 0 0 0 0 0 0 0 - - 
VZA344 N 0 0 0 0 0 0 0 0 0 - - 
VZA345 N 0 537 31 336 10 1.7 0.3 539 31 0.32 0.05 
VZA346 N 0 0 0 0.09 0.02 0 0 0 0 - - 
VZA347 N 0 0 0 0.11 0.03 0 0 0 0 - - 
VZA348 N 426 28 2 30 2 1.1 0.2 29 2 3.8 0.7 
VZA349 N 0 0 0 0 0 0 0 0 0 - - 
VZA350 N 0 0 0 0 0 0 0 0 0 - - 
VZA351 Y 0 0.15 0.14 0.11 0.03 0 0 0.1 0.2 0 0 
VZA352 Y 0 0 0 0 0 0 0 0 0 - - 
VZA353 N 0 0 0 0 0 0 0 0 0 - - 
VZA354 N 0 0 0 0 0 0 0 0 0 - - 
VZA355 N 0 0 0 0 0 0 0 0 0 - - 
VZA356 N 0 0 0 0 0 0 0 0 0 - - 
VZA357 N 0 0 0 0.10 0.02 0 0 0 0 - - 
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APPENDIX B 

 

SUPPORTING INFORMATION: CHAPTER IV 

 

Table 10. Binding profiles and fit residuals for α-HRP2 IgG. Data is shown in black, calculated fits are red. 
 

IgG Clone Binding profile Residual plot 
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4D6 
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11E10 

  

11H7 

  

12D4 

  

12F12 
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Table 11. Binding profiles and fit residuals for α-HRP2 IgM. Data is shown in black, calculated fits are red. 
 

IgM Clone Binding profile Residual plot 

MPFM-55A 

  

PTL3 
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Table 12. Binding profiles and fit residuals for α-pLDH IgG against recombinant P. vivax LDH. Data is shown in 
black, while calculated fits are shown in red. 
 

IgG Clone Binding profile Residual plot 
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1246 

  

10-P09CS 

  

10-P09I 
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APPENDIX C 

 

SUPPORTING INFORMATION: CHAPTER VI 

 

Figure 36. Biomarker clearance patterns for individual patients from rural Zambia measured by DBS SCSD ELISA. 
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Table 13. Patient biomarker concentrations over time measured by DBS SCSD ELISA 
 

Patient ID Time (days) Parasites/µl 
[pLDH] pM [HRP2] pM 

Average Error Average Error 

Patient 29 

0 82880 2350 70 16200 900 
0.25 150189 1980 70 14700 900 
0.5 57258 520 13 9800 600 

0.75 1680 49.6 2.0 9500 600 
1 400 42.0 1.9 10400 600 

1.25 112 26.8 1.7 4600 300 
1.5 0 50.0 2.0 5600 300 

1.75 0 35.9 1.8 10900 600 
2 0 22.8 1.6 8688.4 500 
3 0 13 1.6 12200 709.4 
14 0 0 1.5 0 8 
21 0 0 1.5 0 8 
28 0 16.3 1.6 0 8 
35 0 0 1.5 0 8 
42 0 11.6 1.6 0 8 

Patient 30 

0 44400 1840 50 74000 2000 
0.25 22194 428 14 8800 200 
0.5 6280 22.3 1.4 1180 40 

0.75 3400 38.8 1.8 890 30 
1 800 0 1.2 564 19 

1.25 240 0 1.2 700 20 
1.5 112 0 1.2 446 15 

1.75 0 0 1.2 562 19 
2 0 0 1.2 534 18 
3 0 0 1.2 442 15 
7 0 14.7 1.3 134 5 
14 0 0 1.2 14.9 2.0 
21 0 0 1.2 0 2.3 
28 0 0 1.2 0 2.3 
35 0 10.1 1.2 22.9 2.4 

Patient 41 

0 51480 0 1.2 360 12 
0.25 123579 0 1.2 175 6 
0.5 19440 0 1.2 92 4 

0.75 960 0 1.2 58 3 
1 112 0 1.2 52 3 

1.25 0 0 1.2 63 3 
1.5 0 0 1.2 21.6 2.4 

1.75 0 25.3 1.4 38 3 
2 0 0 1.2 43 3 
4 0 0 1.2 63 3 
9 0 0 1.2 73 3 
16 0 0 1.2 87 4 
23 0 0 1.2 27 3 
30 0 0 1.2 26 3 
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44 0 0 1.2 30 3 

Patient 42 

0 194840 9 3 1110 40 
0.25 129298 0 3 417 11 
0.5 74267 0 3 220 6 

0.75 28480 0 3 260 7 
1 20840 0 3 89 3 

1.25 12960 0 3 373 10 
1.5 6800 0 3 123 4 

1.75 1720 0 3 204 6 
2 720 0 3 180 5 
3 0 0 3 264 7 
7 0 0 3 209 6 
14 0 0 3 49.2 1.9 
21 0 0 3 47.8 1.9 
28 0 0 3 0 1.4 
35 0 0 3 7.7 1.4 

Patient 47 

0 2320 0 3 8.8 1.4 
0.25 8200 0 3 53.4 2.0 
0.5 7600 0 3 21.7 1.5 

0.75 4800 0 3 7.4 1.4 
1 3160 0 3 24.8 1.5 

1.25 1040 0 3 41.6 1.8 
1.5 80 0 3 41.6 1.8 

1.75 0 0 3 26.2 1.5 
2 0 0 3 20.6 1.5 
3 0 0 3 23.1 1.5 
7 0 0 3 38.5 1.7 
14 0 0 3 25.9 1.5 
21 0 0 3 18.1 1.5 
28 0 0 3 14.1 1.4 
35 0 0 3 17.2 1.5 

Patient 48 

0 4480 0 2.0 12 8 
0.25 263530 0 2.0 36 8 
0.5 37212 0 2.0 37 8 

0.75 48989 0 2.0 29 8 
1 8080 0 2.0 15 8 

1.25 800 0 2.0 33 8 
1.5 0 0 2.0 44 8 

1.75 0 0 2.0 16 8 
2 0 0 2.0 9 8 
3 0 0 2.0 12 8 
14 0 16.2 2.0 31 8 
21 0 0 2.0 35 8 
28 0 0 2.0 20 8 
35 0 0 2.0 9 8 
42 0 0 2.0 17 8 

Patient 52 0 6080 12.8 2.0 175 12 
0.25 11400 0 2.0 87 9 
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0.5 3320 0 2.0 170 13 
0.75 1760 0 2.0 83 9 

1 160 0 2.0 38 8 
1.25 0 0 2.0 68 8 
1.5 0 0 2.0 15 8 

1.75 0 0 2.0 63 8 
2 0 0 2.0 46 8 
3 0 0 2.0 18 8 
10 0 0 2.0 29 8 
17 0 0 2.0 17 8 
24 0 0 2.0 7 8 
38 0 0 2.0 45 8 
52 0 0 2.0 28 8 

Patient 54 

0 5400 0 5 290 9 
0.25 3480 10 5 145 5 
0.5 2080 0 5 0 0.9 

0.75 32 0 5 37.3 1.5 
1 32 0 5 30.6 1.3 

1.25 0 0 5 36.9 1.5 
1.5 0 0 5 27.5 1.3 

1.75 0 0 5 10.8 1.0 
2 0 0 5 29.5 1.3 
3 0 0 5 8.4 0.9 
7 0 0 5 25.7 1.2 
14 0 0 5 19.7 1.1 
24 0 0 5 10.2 1.0 
35 0 0 5 17.9 1.1 
42 0 0 5 15.9 1.0 

Patient 55 

0 15040 13 5 790 40 
0.25 11160 72 6 2130 90 
0.5 9960 72 6 1710 80 

0.75 800 0 5 237 7 
1 0 0 5 107 4 

1.25 0 38 5 162 5 
1.5 0 0 5 171 5 

1.75 0 0 5 12.8 1.0 
2 0 0 5 28.2 1.3 
3 0 0 5 24.0 1.2 
7 0 0 5 20.9 1.1 
14 0 0 5 15.7 1.0 
21 0 0 5 11.9 1.0 
28 0 0 5 23.7 1.2 
35 0 0 5 11.0 1.0 

Patient 56 

0 7680 0 2.0 1000 90 
0.25 1400 36.7 2.2 660 40 
0.5 224 0 2.0 49.0 1.3 

0.75 32 0 2.0 76.5 2.0 
1 0 0 2.0 37.9 1.0 

1.25 0 0 2.0 16.6 0.5 
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1.5 0 0 2.0 38.1 1.0 
1.75 0 0 2.0 13.7 0.4 

2 0 0 2.0 20.6 0.6 
3 0 0 2.0 18.8 0.5 
7 0 0 2.0 22.6 0.6 
14 0 10 14 8 8 
21 0 0 2.0 29.5 0.8 
28 0 0 2.0 12.5 0.4 
35 0 0 2.0 13.5 0.4 

Patient 57 

0 18440 0 2.0 138 4 
0.25 13320 20.7 2.0 224 6 
0.5 7760 0 2.0 16.6 0.5 

0.75 1360 0 14 10 8 
1 240 0 2.0 15.7 0.4 

1.25 0 0 2.0 12.3 0.4 
1.5 0 0 2.0 9.2 0.3 

1.75 0 0 2.0 9 0.3 
2 0 21 14 0 8 
3 0 0 2.0 13.9 0.4 
7 0 0 2.0 27.7 0.8 
14 0 0 2.0 11.7 0.3 
21 0 0 2.0 15.1 0.4 
28 0 0 2.0 24.9 0.7 
35 0 0 2.0 25.5 0.7 

Patient 58 

0 32360 9 5 3200 300 
0.25 21720 30 5 2900 300 
0.5 4520 0 5 266 4 

0.75 3920 10 5 3500 300 
1 480 0 5 3900 300 

1.25 112 10 5 3900 300 
1.5 0 0 5 182 3 

1.75 0 0 5 77 3 
2 0 0 5 166 3 
3 0 0 5 201 3 
8 0 0 5 910 70 
15 0 0 5 18 3 
22 0 0 5 23 2.0 
29 0 0 5 33 2.0 
36 0 0 5 54 2.0 

Patient 59 

0 3320 49 5 1100 300 
0.25 6880 0 5 283 4 
0.5 22120 85 5 5300 400 

0.75 560 0 5 230 4 
1 0 0 5 250 4 

1.25 0 0 5 339 4 
1.5 0 0 5 16 3 

1.75 0 0 5 25 3 
2 0 0 5 31 3 
3 0 0 5 27 3 
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8 0 0 5 177 3 
15 0 0 5 22 3 
22 0 0 5 0 3 
29 0 0 5 14 3 
36 0 0 5 16 3 

Patient 60 

0 79840 11 3 1960 90 
0.25 15320 0 3 1790 90 
0.5 400 0 3 980 80 

0.75 0 0 3 1550 90 
1 0 0 3 460 40 

1.25 0 0 3 2530 110 
1.5 0 0 3 490 40 

1.75 0 0 3 880 50 
2 0 0 3 290 40 
3 0 0 3 1050 50 
17 0 0 3 19 7 
23 0 0 3 12 7 
30 0 0 3 0 7 
37 0 0 3 0 7 
44 0 0 3 15 7 

Patient 61 

0 3035 6400 300 89000 5000 
0.25 503 1510 100 23700 1300 
0.5 269 360 60 4600 200 

0.75 6 11 3 2400 100 
1 0 0 3 2420 90 

1.25 0 0 3 1390 60 
1.5 0 0 3 1010 50 

1.75 0 0 3 1050 50 
2 0 0 3 750 40 
3 0 0 3 590 40 
9 0 0 3 18 7 
16 0 0 3 0 7 
23 0 0 3 0 7 
30 0 0 3 0 7 
37 0 0 3 0 7 
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APPENDIX D 

 

IMMUNOMAGNETIC CAPTURE AND COLORIMETRIC DETECTION OF MALARIAL 

BIOMARKER PLASMODIUM FALCIPARUM LACTATE DEHYDROGENASEe 

 

Introduction 

 Before developing the pLDH on-bead ELISA and the SCSD ELISA presented in Chapter 

V and evaluated in clinical samples in Chapter VI, I developed an alternative magnetic-bead based 

detection strategy for pLDH. The method leverages the fact that the target itself is an enzyme, 

using pLDH activity to generate colorimetric signal rather than employing an enzyme-conjugated 

detection antibody. As mentioned in Chapter I, pLDH is the terminal enzyme in the glycolytic 

pathway, converting pyruvate to lactate using cofactor NADH.184 Slight structural changes in the 

active site of pLDH result in substrate and cofactor specificity distinguishable from host human 

lactate dehydrogenase (hLDH).185 Specifically, the replacement of Ser 163 in hLDH with Leu 163 

in pLDH confers activity with 3-acetylpyridine adenine dinucleotide (APAD+), an analog of 

NAD+.185 The parasite enzyme is 300 times more active with APAD+ than is hLDH.186 Taking 

advantage of this kinetic difference, Makler and Hinrichs developed the Malstat assay for the 

specific detection of pLDH.187 In this assay (Figure 37), pLDH in an infected lysed blood sample 

oxidizes lactate to pyruvate while reducing cofactor APAD+ to APADH. The APADH then reduces 

a yellow tetrazolium dye, nitroblue tetrazolium (NBT), to a blue diformazan compound with the 

assistance of phenazine ethosulfate (PES). Reaction progress is followed at 650 nm. This assay is 

                                                
e Portions of this chapter were previously published in Markwalter C.F. et al. Analytical Biochemistry, 2016. 493: 30 
- 34. © 2015 The Authors. Published by Elsevier Inc. 
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frequently used to assess parasite viability in drug susceptibility assays, as pLDH activity has been 

shown to follow closely with parasitemia.188  

 

Measuring pLDH activity using the Malstat assay is attractive as a diagnostic tool due to 

its simplicity and short assay time; however studies have shown that samples with low parasite 

densities cannot be measured due to nonspecific reductases in blood.189 To address this, Piper et 

al. developed an immunocapture Malstat assay in which immobilized monoclonal α-pLDH 

antibodies in the wells of a 96-well plate captured P. falciparum lactate dehydrogenase (PfLDH) 

from lysed parasitized blood. The wells were washed and incubated with Malstat reagents, and the 

resulting signal was measured at 650 nm. Although this process eliminated nonspecific reductases 

from blood, the assay only proved to have a sensitivity of 62% for samples with parasite densities 

between 50 and 500 parasites per microliter, likely due to un-optimized signal detection 

conditions.155  

This work sought to increase the analytical sensitivity and decrease the detection limit of 

the Malstat assay into diagnostically relevant parasitemias using antibody-functionalized magnetic 

microparticles to separate and purify PfLDH from parasitized lysed whole blood. 

Immunomagnetic biomarker capture is advantageous because nonspecific reductases and other 

interfering species are eliminated from the detection step. Further, high surface area for antigen 

 
 

Figure 37. The Malstat assay for the detection of Plasmodium lactate dehydrogenase. 
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binding as well as active mixing allow for increased analytical sensitivity and decreased time-to-

result respectively compared to 96-well plate-based immunoassays.  

 

Experimental 

Reagents and materials 

Sodium L-lactate, 3-Acetylpyridine adenine dinucleotide (APAD), and phenazine 

ethosulfate (PES) were purchased from Sigma Aldrich (Cat # L7022, A5251, P4544, respectively). 

Nitroblue tetrazolium chloride (NBT) was purchased from Life Technologies (Cat # N-6495). 

Recombinant P. falciparum lactate dehydrogenase (rcPfLDH) was purchased from CTK Biotech 

(Cat #A3005). P. falciparum D6 strain was cultured in the lab. Anti-P. falciparum LDH antibodies 

were purchased from mybiosource (MBS832018). Dynabeads ® MyOneTM Streptavidin T1 

beads were purchased from Life Technologies (Cat #65601). 

 

Magnetic bead preparation 

Anti-P. falciparum LDH (α-PfLDH) antibodies were biotinylated with EZ-Link NHS-

PEG4-Biotin, No-Weigh Format (Thermo Pierce #21329) in PBS with a 50x excess of NHS-PEG4 

Biotin. Excess NHS-PEG4 biotin was removed using Zebra Spin Desalting Columns with a 7K 

molecular weight cut-off (Thermo Pierce #89882). Next, 3 mg of Dynabeads ® MyOneTM 

Streptavidin T1 were washed three times with PBS containing 0.01% Tween-20 (PBST) before 30 

min incubation with 600 µL of 0.33 mg/mL of biotinylated α-PfLDH antibody in PBS. The beads 

were then washed three times with PBST and blocked with excess D-biotin in PBS for 30 minutes. 

Finally, the beads were washed three times and resuspended in 300 µL of PBST. 
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PfLDH activity assay optimization 

Optimizing the PfLDH activity assay involved maximizing reaction rates and minimizing 

background signal. In the first kinetics experiment, [APAD] was held constant and [L-lactate] was 

varied. A 2.86 M solution of sodium L-lactate 0.22 M TRIS buffer pH 9 (TB) was prepared (3.2g 

in 10 mL) and serially diluted by a factor of two. 62.5 µL of each sodium L-lactate dilution, 62.5 

µL of 1.33 mM APAD in TB, and 50 µL of 7 nM rcPfLDH in TB were placed in wells in triplicate 

of a Costar ® UV Transparent 96-well plate (#3635) such that the final well concentrations were: 

0.474 mM APAD; 2 nM rcPfLDH; and 0.00, 15.9, 31.9, 63.8, 128, 255, 510, and 1020 mM sodium 

L-lactate. The plate was immediately placed in a BioTek Synergy H4 Hybrid Multi-Mode 

Microplate Reader, and APADH generation was measured by absorbance (362 nm, ε = 9.1 x 103 

M-1cm-1)190 in intervals of 25 seconds for 30 minutes. The rate of reaction in each well was 

measured as the slope of the steepest increase in absorbance, namely the interval 0s – 205s. Based 

on these rates, a well concentration of 510 mM sodium L-lactate was chosen for further 

optimization experiments. 

For the second kinetics experiment, [L-lactate] was held constant and [APAD] was varied. 

A 21.3 mM solution of APAD in TB was prepared (70.4 mg in 5 mL) and serially diluted by a 

factor of two. 62.5 µL of each APAD dilution, 62.5 µL of 510 mM sodium L-lactate in TB, and 

50 µL of 7 nM rcPfLDH in TB were placed in wells in triplicate of a UV transparent 96-well plate 

such that the final well concentrations were: 510 mM APAD; 2 nM rcPfLDH; and 0.00, 0.119, 

0.237, 0.474, 0.949, 1.9, 3.8, and 7.6 mM APAD. The plate was immediately placed in a microplate 

reader, and absorbance was measured (362 nm) in intervals of 25 seconds for 30 minutes. The rate 

of reaction in each well was measured as the slope of the steepest increase in absorbance, namely 

the interval 0s – 205s. 
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Finally, the signal-to-noise ratio of the PfLDH activity assay was maximized. First, 25 µL 

of blank (0 nM) or positive control (14 nM) rcPfLDH in TB were placed in separate wells of a 96 

well plate. Next, 25 µL of NBT/PES solution (See PfLDH Activity Assay Reagents), 25 µL of 

3.57 M lactate, and 100 µL of 0.58 mM, 1.16 mM, or 3.32 mM APAD were added to each well. 

The plate was covered with foil and incubated for 30 minutes on an orbital plate shaker before 

measuring absorbance (650 nm) on a plate reader. The assay was performed in triplicate. 

 

PfLDH activity assay reagents 

The PfLDH activity assay required two solutions. First, sodium L-Lactate (4.00 g), 

Tris(hydroxymethy)aminomethane (TRIS) (1.32 g), and APAD (0.022 g) were dissolved in 40 mL 

of DI water, the pH was adjusted to 9, and the solution was diluted to 50 mL. This Malstat solution 

was stored at 4°C. Second, nitroblue tetrazolium chloride (NBT) (0.080 g) and phenazine 

ethosulfate (PES) (0.004 g) were dissolved in 50 mL of DI water. The NBT/PES solution was 

wrapped in foil and stored at 4°C. 

 

On-bead PfLDH activity assay 

Solutions (100 µL) of parasitized lysed whole blood or rcPfLDH-spiked lysed whole blood 

were placed in a Fisherbrand Flat-bottom PS 96-well plate (#12565501). Five µL of α-PfLDH 

magnetic beads (myone Streptavidin T1) were added to each well and incubated on an orbital 

shaker for 15 minutes. Using a MagWellTM Magnetic Separator (EdgeBio #57624), the beads 

were separated from the supernatant and washed three times with 1x TRIS buffered saline with 

0.05% Tween-20 (TBST). On the final wash, the beads were moved to new wells. Next, 25 µL of 

TBST, 25 µL of NBT/PES solution and 125 µL of the prepared Malstat solution were added to 
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each well containing beads. The final concentrations of the PfLDH substrates in each well were: 

510 mM Lactate, 0.474 mM APAD. The plate was immediately covered with Parafilm and foil 

and incubated on an orbital shaker for 30 minutes. PfLDH activity was assessed by measuring 

absorbance (580 nm) on a plate reader. All assays were performed in triplicate. The limit of 

detection (LOD) was calculated as the concentration at the minimum detectable signal (3SDblank + 

sblank). See Figure 38 for a summary of the assay workflow. 

 

Results and Discussion 

PfLDH activity assay optimization 

The Malstat assay for PfLDH activity was optimized through kinetic analysis and 

minimization of background signal. For optimal determination of enzyme concentration, substrate 

concentrations should be saturated to maximize the rate of reaction. Two-substrate enzyme-

catalyzed reactions, such as PfLDH oxidizing lactate to pyruvate using APAD+, obey simple 

Michaelis-Menten kinetics when one substrate is held constant and the other is varied.191 As such, 

initial kinetics experiments were conducted in which [APAD+] was held constant (0.474 mM) and 

[Lactate] was varied (0 – 1.02 M) while rcPfLDH was held constant (2 nM). Production of APADH 

was followed at 362 nm. The corresponding curve (Figure 39A) demonstrated that 0.51 M lactate 

yielded a saturating reaction rate and was selected for further optimization experiments. 

 
 

Figure 38. Summary of workflow for on-bead PfLDH activity assay. 
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Next, [Lactate] was held constant (0.51 M) and [APAD+] was varied (0 – 7.6 mM) at a 

constant rcPfLDH concentration (2 nM). The resulting Michaelis-Menten curve revealed that 

saturating conditions began at 1.9 mM APAD+ (Figure 39B). However, when several APAD+ 

concentrations were tested in the PfLDH activity assay, it was found that saturating conditions 

resulted in high background signal, and 0.474 mM APAD+ yielded the highest signal-to-noise ratio 

(Figure 40A). For this reason, 0.474 mM was selected as the optimal concentration for the PfLDH 

activity assay. 

 

We postulate that the increase in background signal in the PfLDH activity assay with 

increasing [APAD+] could be due to a small amount of APADH contaminant. To support this 

hypothesis, a standard curve of APAD+ in TB was placed in a UV-transparent 96-well plate. As 

 
 
Figure 39. Michaelis-Menten curves for (A) constant [APAD+], varied [Lactate] and (B) constant [Lactate], 
varied [APAD+]. 
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Figure 40. (A) Decreasing signal-to-noise ratios with increasing [APAD+]. (B) Increasing absorbance at 362 nm 
suggests increasing [APADH] contaminant. 

0.47 mM 0.95 mM 1.90 mM
0

2

4

6

8

[APAD+]

S/
N

A B

0 2 4 6 8
0.0

0.5

1.0

[APAD+] mM

A
bs

or
ba

nc
e 

(3
62

 n
m

)



 153 

shown in Figure 40B, absorbance at 362 nm, a maximum for APADH, increased with increasing 

[APAD+], indicating that APADH could account for (1.8 ± 0.5)% reagent contamination. 

Detection of PfLDH was further optimized when it was discovered that, although previous 

literature155,187 measures progress of the Malstat reaction at 650 nm, the wavelength of maximum 

absorbance for the products of the PfLDH activity assay reaction is 580 nm. Others likely follow 

the reaction at 650 nm because oxyhemoglobin in lysed whole blood has a peak in absorbance near 

580 nm, which would interfere with Malstat signal (Figure 41A) when the assay is performed in 

the lysed blood sample.192 Measuring reaction progress at 580 nm results in a nearly two-fold 

enhancement of analytical sensitivity of the Malstat assay (Figure 41B). By using antibody-

functionalized magnetic particles to isolate and purify PfLDH from a blood sample and then 

performing the Malstat assay directly on the solid phase, our assay strategy eliminates the 

interfering species in blood from the detection step and takes advantage of the two-fold 

enhancement at 580 nm.  

 

 
 
Figure 41. (A) Absorbance spectra for lysed whole blood (solid) and products of PfLDH activity assay (dotted). 
(B) Analytical sensitivity of PfLDH activity assay at 580 nm (0.810 ± 0.004 A580/nM) is nearly twice the 
sensitivity at 650 nm (0.479 ± 0.002 A650/nM). 
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Selecting antibodies for on-bead activity assay 

 To perform an on-bead activity assay based on immunomagnetic capture, it is imperative 

that the enzyme target maintains its activity when bound to the capture antibody. Three monoclonal 

antibodies were evaluated for use in the on-bead pLDH activity assay. Recombinant PfLDH was 

incubated with equimolar concentrations of antibody before performing a solution-based Malstat 

reaction. As shown in Figure 42, two of the antibodies completely blocked PfLDH activity in the 

Malstat reaction, indicating that they would not be suitable for the on-bead activity assay. 

However, when PfLDH bound to 10-P09DS, activity was maintained. Thus, 10-P09DS was 

selected for use in the on-bead PfLDH activity assay. 

 

 This experiment demonstrated the utility of the Malstat assay as a tool for “binning” 

monoclonal antibodies in to two categories: (1) those that block pLDH activity and (2) those that 

do not block enzyme activity. This simple categorization could be extremely useful for selecting 

antibody pairs for the enzyme target, since the two groups are exclusive of one another; in other 

words, an antibody that blocks pLDH activity would not bind the same epitope as an antibody that 

does not block pLDH activity. Thus, it is possible that for enzyme targets, if a panel of antibodies 

are first screened by the Malstat assay for initial binning, BLI could be employed to select the best 

 
Figure 42. Malstat activity of recombinant PfLDH with three α-pLDH monoclonal antibodies. Only 10-P09DS 
allowed for turnover of the Malstat reaction. 
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performing antibody pair (based on kon and koff – similar to the analysis for HRP2 in Chapter IV) 

as long as the capture and detection antibodies come from distinct Malstat “bins.” 

 

On-bead PfLDH activity assay 

Capitalizing on the optimized assay conditions and enhanced analytical sensitivity at 580 

nm, we developed a strategy for magnetic capture and purification of PfLDH that eliminated lysed 

whole blood from the assay detection step. Magnetic capture beads were synthesized by coupling 

biotinylated anti-PfLDH antibody to commercially available streptavidin-coated magnetic 

particles. These beads were incubated in a 96-well plate with lysed whole blood spiked with 

rcPfLDH or lysed parasite culture to capture PfLDH, washed, and incubated with PfLDH activity 

assay reagents protected from light at the optimized conditions for 30 minutes. The resulting signal 

was measured at 580 nm. 

 

A standard curve for this immunomagnetic PfLDH activity assay was first developed in 

lysed whole blood spiked with rcPfLDH (Figure 43). The limit of detection of the assay was 25.7 

± 1.1 pM rcPfLDH, on the same order of magnitude of commercially available pLDH ELISA kits. 

However, the developed immunomagnetic PfLDH activity assay is 3 – 5 hours shorter than a 

 
 

Figure 43. rcPfLDH standard curve for immunomagnetic PfLDH activity assay. 
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typical ELISA assay. Figure 44 shows the results of the on-bead PfLDH assay for a titration of 

parasitized whole blood. The limit of detection was found to be 21.1 ± 0.4 parasites/µL. This 

detection limit is two orders of magnitude lower than literature LODs for the Malstat assay 

performed in blood samples due to the removal of blood from the detection step as well as the 

thoroughly optimized substrate conditions and detection wavelength.193 Further, our detection 

limit is less than half of that found by Piper et al. for their 96-well plate-based immunocapture 

pLDH activity assay, and the time-to-result for our immunomagnetic assay (45 minutes) is lower 

than 1 – 2 hours as reported by Piper et al.155  

 

 While, in principle, the developed immunomagnetic assay for PfLDH is similar to the 96-

well plate immunocapture Malstat strategy developed by Piper et al., the activity assay reported 

here affords several advantages. The optimized assay reagent concentrations and detection 

wavelength are responsible, in part, for our improved limit of detection. The use of magnetic 

microparticles for immunocapture and purification also contributes to the improved detection 

limits for this assay; compared to a typical 96-well plate, the microparticles used in this assay offer 

40% more surface area for antibody functionalization and antigen binding (1.3 cm2 vs. 0.9 cm2). 

 
Figure 44. Parasite culture titration for immunomagnetic PfLDH activity assay. 
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Another advantage of capture and detection PfLDH on magnetic particles is the reduced time-to-

result. Active mixing of the magnetic beads with the sample also allows for a faster PfLDH 

association time from a blood sample of 15 minutes compared to 30 – 60 minutes reported by Piper 

et al.155 The decreased time-to-result and low detection limit of the developed PfLDH assay makes 

it an attractive pLDH detection strategy in clinics and hospitals in malaria-endemic areas. 

 Future directions include generalizing the developed assay to detect pLDH from all species 

of malaria by functionalizing magnetic particles with a pan-specific capture antibody or a series of 

species-specific antibodies. Further, aptamers, short single-stranded oligonucleotide sequences 

capable of sensitive and specific recognition of target molecules, are promising molecular 

recognition elements for diagnostic applications due to their thermal stability. In fact, Dirkzwager 

et al. successfully used aptamers in a plate-based assay as capture agents for PfLDH, which was 

then detected with a similar colorimetric pLDH activity assay (LOD 600 parasites/µL).169 

Conjugating an aptamer to magnetic particles for pLDH isolation and purification and using the 

optimized activity assay we developed would lead to a highly sensitive and thermally stable 

diagnostic strategy for malaria. 

 

Conclusion 

We have developed a magnetic bead-based colorimetric assay for PfLDH in which the 

biomarker is extracted from parasitized whole blood and purified based on antigen binding to 

antibody-functionalized magnetic particles. PfLDH activity was measured on-bead using an 

optimized colorimetric enzyme turnover reaction (LOD = 21.1 ± 0.4 parasites/µL). The low 

detection limits and high analytical sensitivity of this assay can be attributed to our optimized assay 

conditions as well as removal of blood from the detection step that would otherwise interfere with 
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colorimetric detection at the maximum wavelength for the diformazan assay products. The 

developed assay represents a simple, effective, and efficient diagnostic strategy for P. falciparum 

malaria that could be utilized in clinics or hospitals in place of time consuming ELISAs for pLDH. 

Future directions include generalizing this method for the detection of all species of malaria by 

functionalizing magnetic particles with a pan-specific pLDH antibody or a series of species-

specific pLDH antibodies.  

 

Acknowledgements 

I would like to thank Keersten Ricks for her contributions to this work. Support for this 

work was provided by the Bill and Melinda Gates Foundation Grand Challenges in Global Health: 

Develop Technologies that Allow Assessment of Multiple Conditions and Pathogens at Point-of-

Care. This material is based upon work supported by the National Science Foundation Graduate 

Research Fellowship Program under Grant No. 1445197. 

 

 

  



 159 

APPENDIX E 

 

TOWARD DYNAMIC PAPER-BASED DIAGNOSTICS 

 

Introduction 

Paper microfluidic devices, which rely on capillary forces to move microliter quantities of 

fluid through porous materials, are currently the best platform for field-applicable diagnostics in 

low-resource settings.10 These devices require no electricity or expertise, and are generally low-

cost and disposable. The LFA is the most widely deployed paper diagnostic.10 While the LFA 

format works well for sandwich immunoassays, the simple design does not allow for more 

complex, multistep processes such as sample preparation and signal amplification. 

 The introduction of novel paper-based devices such as µPADs (microfluidic paper-based 

analytical devices) and 2DPNs has increased the complexity of assays that can be performed in 

paper diagnostics. µPADS consist of hydrophilic cellulose channels bound by hydrophobic 

barriers, such as wax or photoresist, and they allow for the distribution of fluid from a common 

source to multiple detection zones.11 However, these devices are not suitable for complex matrices 

like whole blood, which may interfere with visual detection of colorimetric signal, and require 

preprocessing steps such as plasma separation.10 2DPNs allow for sequential introduction of 

multiple fluids to one detection zone, allowing for multistep processes such as paper-based 

ELISAs.12 However, more tools are needed to develop completely automated paper diagnostics 

capable of multistep processes such as sample preparation, target purification, colorimetric 

chemical detection, and signal amplification. 
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 Dynamic and switchable valves that direct or control fluid flow would greatly enhance the 

capabilities of paper diagnostics. Toley et al. has shown that sponge-based actuators are capable 

of connecting and disconnecting channels in paper microfluidics, thereby allowing and disallowing 

fluid flow to or from particular channels.13 However, these actuators require several reagents and 

processing steps outside of the assay chemistry to achieve actuation. We attempted to employ an 

alternative strategy in which barriers to fluid flow were polymerized directly on the paper substrate 

after the sample has been introduced in order to (i) redirect fluid flow or (ii) capture colorimetric 

signal in a localized chamber. 

 

Results and Discussion 

 An ideal valve for paper microfluidic devices would redirect fluid flow at a precise location 

and at an exact time. Further, for biomarker detection, valve chemistry should involve innocuous 

precursors and gentle reaction conditions. In order to provide maximum spatial and temporal 

flexibility, we first developed valves on a paper substrate via eosin-mediated polymerization of 

polyethylene glycol diacrylate (PEGDA) and 1-vinyl-2-pyrrolidone (VP) using triethanolamine 

(TEA) as a co-initiator. This polymerization reaction, which is initiated with visible light, has 

previously been used for surface-initiated polymerization from silica nanoparticles,15 cell 

encapsulation,16 and as an amplification detection strategy on glass microarrays and paper.17 

 To perform this polymerization on paper, eosin isothiocyanate (EITC) was conjugated to 

BSA, and two lines of the resulting macrophotoinitiator were printed onto a nitrocellulose 

membrane. After the membrane was dried, a polymer precursor mixture of PEGDA, TEA, VP, 

and Eosin Y (to overcome oxygen inhibition) were wicked up the membrane, which was 

subsequently illuminated with green light (522 nm) to initiate polymerization. Next, a small 



 161 

volume of green food dye was added to the membrane in the area between the printed 

macrophotoinitiator lines (Figure 45A).  A similar system using Irgacure® 2959-decorated 

polyacrylic acid (printed macrophotoinitiator), PEGDA, and ascorbic acid with illumination at 365 

nm was also employed, although only one line of initiator was printed, and the ability to stop fluid 

flow of a red dye was measured. In both cases, autopolymerization proved to be a major challenge, 

regardless of the inhibitor concentration. Protecting LFAs from light as the polymer precursor 

mixture wicked up the membrane solved this problem, and as shown in Figure 45B-C we were 

able to demonstrate that, in principle, hydrogel barriers that were polymerized in situ could retain 

fluid on a lateral flow assay. 

 

Conclusion 

 The dynamic walls system requires a significant amount of optimization before it can be 

used to enable complex chemistries on lateral flow membrane. Additionally, a system that cannot 

tolerate exposure to ambient light would not be practical in a diagnostic setting, particularly in a 

 
 
Figure 45. (A) Workflow for EITC-initiated dynamic walls proof-of-concept lateral flow assay. (B) Performance 
of EITC-initiated dynamic walls. (C) Performance of I2959-initiated dynamic walls. 
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low-resource setting. Nonetheless, we have demonstrated in a proof-of-concept format, that 

barriers to fluid flow can be dynamically produced at precise times and locations on a lateral flow 

assay. 
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APPENDIX F 

 

MY PH.D. EXPERIENCE 

 

My experience in graduate school has been more than I ever could have imagined. 

 

Figure 46. My Ph.D. experience in postcards 
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