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CHAPTER I 

 

I. INTRODUCTION 
 
 
Portions of this chapter were reproduced with permission from the American Chemical 

Society’s journal Chemical Reviews 

 

The uses of point-of-care diagnostics 
 

Point-of-care (POC) diagnostic tests have become an essential pillar of healthcare 

systems across the globe. POC diagnostic tests are devices used by patients or 

healthcare providers directly at the point of need to provide a detectable signal that is 

correlated to the presence of a disease or condition. In particular, POC diagnostics are 

needed in developing countries and resource-limited settings where there is a lack of 

infrastructure and trained medical personnel. In these settings, rapid and early diagnosis 

and treatment can have dramatic impacts on patient outcomes.1,2 Their use is critical to 

providing timely management of treatable diseases and conditions for patients and for 

minimizing the use of costly drugs.3,4 Disease surveillance strategies are also significantly 

bolstered by POC diagnostics. They can help to mitigate epidemic to pandemic 

transitions, reduce disease prevalence in high transmission areas, and inform strategies 

such as mass-screen-and-treat (MSaT) and mass drug administration.3,5–7   

In general, a POC diagnostic test can be broken down into five main components 

that are integrated together to comprise a functioning device: (1) the target biomarker, 

which is usually an endogenous or pathogenic protein or nucleic acid sequence, (2) 
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sample preparation, which allows for concentration and/or purification of the target 

biomarker from a biological specimen, (3) molecular recognition elements, which are 

molecules that bind to specific biomarkers with high affinity, (4) signal generation and/or 

amplification, and (5) instrumentation.1 The World Health Organization (WHO) has 

established the “ASSURED” criteria to guide the development of POC diagnostics. These 

criteria recommend that diagnostics used at the point of care be affordable to those who 

need them, sensitive (i.e. minimal false negatives), specific (i.e. minimal false positives), 

user-friendly, rapid and robust, equipment-free, and deliverable to the end user.8  

With regard to sample preparation and signal generation, every method has trade-

offs concerning ease-of-use and interpretation, as well as the complexity of 

instrumentation required. While an ideal POC diagnostic would demonstrate all of the 

ASSURED criteria, different use-cases often prioritize certain characteristics over others 

when selecting diagnostic components. For instance, in the case of controlling outbreaks 

in high transmission regions for a given infectious disease, the affordability and need for 

a user-friendly rapid test likely outweighs the need for sensitivity. In the case of an 

infectious disease elimination campaign, on the other hand, there is a greater need for 

better analytical sensitivity to detect every infection, even asymptomatic infections. 

Therefore, the added cost to create a more sensitive test may be justified in these use-

cases.1 Many formats for sample preparation and signal generation have been used in 

POC diagnostics, but one time-tested device that has proven to be effective across a 

number of disciplines is the lateral flow assay.  
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Lateral Flow Assays 
 

Lateral flow assays (LFAs) are paper-based POC diagnostic tests that have been 

used across a number of disciplines including infectious disease,1,4 veterinary medicine,9 

bioterrorism,10,11 and food safety.12,13 A lateral flow assay is essentially composed of a 

piece of nitrocellulose that is impregnated with reagents for capture and detection of 

target biomarkers and is housed within a plastic casing. Nitrocellulose-based diagnostic 

tests first emerged in the 1980s with the development of serological tests.14 The invention 

of the pregnancy LFA in the 1980s to detect human chorionic gonadotropin (hCG) further 

established the LFA as a viable tool for detecting target biomarkers at the point of care. 

In addition to the nitrocellulose membrane there are several other components 

incorporated into an LFA for the purposes of molecular recognition, sample preparation, 

and signal generation. These include the capture reagents, sample pad, and conjugate 

pad (Figure 1).  

Nitrocellulose is a key component of LFAs. It is prepared through the esterification 

of cellulose with sulfuric and nitric acid and is an attractive material as a diagnostics 

substrate for a number of reasons.14 First, fluid moves through the test by capillary action, 

removing the need for pumps and instrumentation that are used with other microfluidic 

substrates. Second, the hydrophobicity of nitrocellulose allows for immobilization of 

 
 

Sample 
Pad

Conjugate
Pad

Capture 
Reagents

Figure 1. Schematic of a lateral flow assay. 



 4 

protein capture reagents via hydrophobic interactions. Lastly, nitrocellulose is 

inexpensive and easy to dispose of via incineration as compared to other microfluidic 

substrates.15 These benefits of nitrocellulose allow LFAs to satisfy many of the WHO 

ASSURED criteria. Namely, nitrocellulose renders LFAs affordable, user-friendly, rapid 

and robust, equipment-free, and deliverable.  

For the purposes of molecular recognition, the most common biomarker capture 

reagents imbedded in the nitrocellulose membrane are IgG monoclonal antibodies 

(mAbs).15 IgG monoclonal antibodies are proteins with a molecular weight of ~150 kDa 

that demonstrate high specificity for target antigens, which are usually proteins as well.16 

A typical structure for an IgG mAb is shown in Figure 2A, where the mAb is composed of 

two long polypeptides (heavy chains) that are linked to two short polypeptides (light 

chains) via disulfide bonds. Functionally, IgG mAbs consist of an antigen-binding 

fragment (Fab) and a constant fragment (Fc). The Fab contains a variable region that 

allows for recognition of antigens and is responsible for the high specificity of mAbs in 

LFAs. Monoclonal antibodies have long been the established method of molecular 

recognition in LFAs due to their high affinity (low binding constants, KD), fast binding 

kinetics (high association constants, ka), and relatively straightforward ease of production 

 
 

 

Light ChainLight Chain
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Figure 2. (A) An IgG monoclonal antibody and B) aptamer secondary structures. 
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using hybridoma cell models. Their use provides the tests with specificity in accordance 

with the WHO ASSURED criteria.  

Aptamers, which are short single-stranded nucleic acid sequences, have been 

viewed as a potential alternative to antibodies in diagnostic assays.17 Aptamers are 

smaller molecules than antibodies (molecular weight of ~12-30 kDa), and they assume 

secondary and tertiary structures that allow for binding of target antigens with affinities 

that approach those of antibodies (Figure 2B). Additionally, aptamers are inexpensive and 

easy to produce via standard solid-phase DNA synthesis. Aptamers are also less 

sensitive to changes in pH and temperature as compared to antibodies because of the 

increased stability of nucleic acids as compared to proteins. Moreover, aptamer binding 

to target biomarkers is reversible due to a number of biomarker release strategies that 

exist for aptamers (e.g. complementary DNA, ionic strength, cofactor chelation, nuclease 

degradation, and temperature manipulation).18 This expands the possibilities for 

diagnostic assay formats to include methods of sample preparation that allow for 

biomarker capture and release. Release of target antigens from antibodies, on the other 

hand, requires harsh conditions and reagents that often denature the antigen itself, 

hindering downstream detection in a diagnostic assay.19 Since their initial development, 

aptamers have been incorporated into LFAs across many disciplines.17,20–22 Despite all 

the advantages demonstrated by aptamers, most commercialized LFA technologies 

continue to use monoclonal antibodies for molecular recognition due to their well-

established protocols and their superior binding affinities.  

Besides nitrocellulose and embedded capture reagents, the sample pad is also a 

significant component of LFAs for the purpose of sample preparation. The sample pad is 
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a cellulosic material (typically a type of filter paper) that is placed at the beginning of the 

test and is where the sample is applied.15 The sample pad serves several roles. First, it 

allows for a controlled distribution of sample onto the conjugate pad. Second, by 

embedding certain additives into the sample pad (e.g. buffer salts, BSA, detergents, 

sugars), it can modify the sample to minimize non-specific binding, tolerate variations in 

pH, and change the sample viscosity. Third, additives that are embedded into the sample 

pad can promote resolubilization of the nanoparticle conjugate that is dried into the 

conjugate pad. Together, all of these aspects render the sample pads an essential 

component of lateral flow assays for the purpose of sample preparation. However, the 

bed volumes of cellulosic sample pads are limited, particularly for complex biological 

specimens such as whole blood, which limits the amount of sample, and thus amount of 

biomarker, that can be delivered to the test. This constraint limits the sensitivity of LFAs 

and is a contributing factor to why LFAs often do not satisfy the “sensitivity” criteria in 

accordance with the WHO ASSURED guidelines. Further efforts that target improved 

sample preparation for larger sample volumes could make a significant impact on 

improving the performance of LFAs. 

The conjugates pads are also an essential component of LFAs. Conjugate pads 

are usually composed of glass fiber filters and contain dried detection reagents (Figure 

1).15 Many different detection reagents have been integrated into LFA conjugate pads, 

most of which are bioconjugated nanoparticles. Materials produced with nanoscale 

dimensions demonstrate interesting biophysical properties compared to bulk 

counterparts, which can be harnessed for diagnostic purposes; however, in order to apply 

nanoparticles as diagnostic reagents, target-specific molecular recognition elements (i.e., 
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antibodies, aptamers, and oligonucleotide probes) must be functionalized to the 

nanoparticle surface.1  

The bioconjugation chemistry for attaching a molecular recognition element to a 

nanoparticle surface is a key component for transforming a nanoparticle with interesting 

signaling properties into a functional reagent that can be employed in LFAs. The 

bioconjugation is typically accomplished either by noncovalent adsorption, by a biotin-

streptavidin linkage, or by covalent coupling of MREs to the nanoparticle surface.23–28 

Noncovalent adsorption is the simplest method that relies on electrostatic interactions 

between the charged MRE and nanoparticle surface. However, adsorption does not 

guarantee that all of the MREs will be properly oriented on the nanoparticle surface.23,29 

Biotin-streptavidin is a well-established noncovalent conjugation strategy that allows for 

biotinylated MREs to be coupled to streptavidin-coated nanoparticle surfaces.24 There are 

numerous covalent coupling strategies, including EDC/Sulfo-NHS coupling,26,27 dative 

bonding via thiolated MREs,25,27 and heterobifunctional crosslinkers such as Sulfo-

SMCC.27,28 All of these coupling strategies have been employed to prepare detection 

reagents in LFAs. 

Detection reagents that are embedded in the conjugate pads of LFAs use a variety 

of detection platforms, including colorimetry,30,31 luminescence,32–34 electrochemistry,35 

and thermal detection.36 While each of these detection platforms has advantages and 

caveats with regard to analytical sensitivity and complexity of instrumentation required, 

colorimetric detection using nanoparticles in LFAs has been the most widely implemented 

method. Both gold nanoparticles (AuNPs) and silver nanoparticles (AgNPs), collectively 

referred to as noble metal nanoparticles, have been used in LFAs for colorimetric 
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detection.30,31 Noble metal nanoparticles display a vivid color that is observable with the 

naked eye due to surface plasmon resonance (SPR).37 The phenomenon of SPR occurs 

when incoming photons strike the nanoparticle surface and generate a dipole that causes 

electron oscillations (i.e. surface plasmons) with a frequency that resonates with the 

frequency of the incoming light. For noble metal nanoparticles, SPR occurs when the 

nanoparticle surface is struck by visible light, which gives rise to large molar extinction 

coefficients (on the order of ~109 M-1 cm-1) at visible wavelengths.37,38 In fact, the success 

of LFAs can be credited in part to these large molar extinction coefficients that allow for 

visual interpretation of results by the end user. Despite the fact that noble metal 

nanoparticles were an enabling technology incorporated into LFA conjugate pads, LFAs 

often still do not fulfill the WHO ASSURED criteria of being sensitive enough for their 

given use-case scenario.  

The outlook for diagnosis of malaria at the point of care 
 
 One context in which lateral flow assays have been used significantly with varying 

levels of success is the diagnosis of malaria. Since the first diagnoses in the late 19th 

century, malaria has developed into a deadly infectious disease across the globe, despite 

being entirely treatable. Malaria originates from one of five species of Plasmodium 

parasite (P. falciparum, P. vivax, P. ovale, P. malariae, and P. knowlesi) and is transmitted 

by the female Anopheles mosquito vector. As such, the Plasmodium parasite has two 

hosts (humans and Anopheles mosquitos) and has developed lifecycles to propagate 

within each host (Figure 3).39,40 The sexual reproductive cycle within the Anopheles host 

begins with male and female gametocytes that form zygotes in the stomach, eventually 

forming oosysts that rupture and release sporozoites. These sporozoites migrate to the 
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mosquito salivary glands and are injected into humans when the mosquito takes a blood 

meal. Within humans, the sporozoites first migrate to the liver and undergo exo-

erythrocytic multiplication followed by an asexual erythrocytic lifecycle. Some parasites 

continue to multiply within the blood stage lifecycle, while others differentiate into 

gametocytes that are taken up by mosquitos, thus propagating the disease. 

 The erythrocytic lifecycle is responsible for the clinical manifestations of malaria, 

which are typically non-specific symptoms (fever, chills, sweats, headache, etc.) that are 

found in other febrile illnesses. Thus, diagnosis of malaria based on clinical presentation 

alone leads to overdiagnosis and subsequent overuse of antimalarials—i.e. poor 

specificity. Antimalarial overuse results in increased adverse side effects in uninfected 

people, and it also accelerates pressure on Plasmodium parasites to evolve resistance 

to antimalarials.40 Therefore, early LFA developers saw a significant opportunity for 

innovation to improve specificity by detecting malarial protein biomarkers at the point of 

 
 

Figure 3. The lifecycle of the Plasmodium parasite. 
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care. Moreover, widespread use of LFAs had the potential to diagnose more infected 

individuals, thus improving sensitivity. The percentage of patients in sub-Saharan Africa 

who received a diagnostic test (either by LFA or microscopy) increased dramatically over 

an eight year timespan (36% in 2010 to 84% in 2018).41 LFAs have been instrumental in 

interrupting the Plasmodium erythrocytic lifecycle in high transmission areas by detecting 

more infected individuals and allowing for antimalarials to be administered appropriately. 

However, despite the success of many large scale interventions that include the 

distribution of billions of LFAs,42 malaria has resisted elimination in many countries. 

Malaria has persisted for in large part because of the existence of the 

asymptomatic reservoir.43 In both high transmission and low transmission regions there 

are many individuals who are infected at low, subpatent levels before significant parasitic 

multiplication has occurred. These individuals often do not demonstrate any symptoms 

and do not seek care, but they serve as a transmission reservoir. In fact, there is evidence 

that people with submicroscopic gametocyte levels can still infect mosquitos.44 The 

asymptomatic reservoir often goes undetected by point-of-care diagnostics such as LFAs 

due to insufficient diagnostic sensitivity. 

The blood stage parasitic lifecycle gives rise to the protein antigens histidine-rich 

protein 2 (HRP2) and Plasmodium lactate dehydrogenase (PLDH), both of which can be 

detected on LFAs. HRP2 is the most common protein biomarker detected by LFAs and 

is a globular protein of unknown function that consists largely of histidine- and alanine-

rich repeating motifs (e.g. AHHAA and AHHAAD).45 These repeating epitopes render 

HRP2 a particularly advantageous biomarker because the molecular recognition 

elements (MREs) used to bind to HRP2 demonstrate significant avidity. This improves 
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the sensitivity of detection for HRP2 as compared to other protein biomarkers with more 

typical primary and secondary structures.  

However, HRP2 detection on LFAs is not without caveats. HRP2 is only expressed 

in the P. falciparum species of malaria; furthermore, since 2010 numerous reports of P. 

falciparum parasites with hrp2 gene deletions have been documented in regions of South 

America, Asia, the Middle East, and Africa.42 In one study in Peru, ~40% of symptomatic 

malaria patients infected with P. falciparum did not demonstrate a detectable level of 

HRP2, indicating a significant proportion of P. falciparum parasites did not contain the 

hrp2 gene.46 In addition, several studies have indicated that HRP2 remains in blood 

circulation even after the clearance of parasites, which leads to false positive results on 

LFAs when detecting HRP2 alone.47–49 

The second most common biomarker for malaria that is detected using LFAs is 

Plasmodium lactate dehydrogenase (PLDH). PLDH is an essential glycolytic enzyme that 

catalyzes the conversion of lactate to pyruvate with concomitant conversion of cofactor 

NAD+ to NADH. Because PLDH is an essential enzyme, it is found in all five species of 

Plasmodium parasite.45 This indicates a clear advantage over HRP2 as a malaria 

biomarker in that it can be used to detect species other than P. falciparum. Moreover, the 

clearance of PLDH from circulation coincides with parasite clearance, meaning detection 

of the PLDH biomarker mitigates the false positives associated with persistent HRP2.49 

Detection of PLDH in addition to HRP2 is further warranted because the treatment 

regimens differ between P. falciparum and other malaria species (the most common of 

which is P. vivax).50 However, PLDH detection with LFAs is far less sensitive than HRP2 

detection for two main reasons: (1) the circulating concentration of PLDH is an order of 
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magnitude lower than HRP2,51 and (2) PLDH does not contain repeat motifs like HRP2 

and thus MREs for PLDH do not demonstrate the avidity for PLDH as compared to MREs 

for HRP2.  

The Global Technical Strategy (GTS) for malaria 2016-2030 asserted in 2015 that 

92 countries were still considered endemic for malaria; however, the GTS also 

established that there were 10 countries that had eliminated malaria since 2000 and 21 

more who have the potential to eliminate malaria by 2020.42 LFAs with superior 

sensitivities have the potential to be beneficial in a number of elimination strategies, 

including targeted mass drug administration (MDA), mass-screen-and-treat (MSaT), and 

focal-screen-and-treat (FSaT). Targeted MDA is a strategy in which an effective anti-

malarial therapeutic is administered to an entire target population, regardless of whether 

individuals are infected or not.52 While each individual is not necessarily tested in targeted 

MDA, diagnostics are used to screen a subset of the population prior to provision of anti-

malarial therapeutics to gauge the parasitological burden in the population. If a certain 

threshold of infection in the population is met, then MDA is triggered. Diagnostics are also 

employed following MDA for case management. More sensitive LFAs could be integrated 

with MDA and would enable better surveillance of the population both prior to and 

following MDA. LFAs with improved sensitivity could potentially detect subpatent 

infections and trigger MDA in regions that otherwise would not have met the 

parasitological threshold, therefore improving the MDA strategy.53  

Screen-and-treat strategies such as MSaT and FSaT differ from MDA in that not 

every individual in the population is administered an anti-malarial. In MSaT, the entire 

population is screened with a diagnostic test (often an LFA), and those who test positive 
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for malaria are administered anti-malarial drugs.5 FSaT is similar in principle but has more 

narrow geographical constraints (often limited to a household or group of households). In 

FSaT, index cases from symptomatic patients who seek care trigger more extensive 

diagnostic testing of the region in which the patient lives.6 Screen-and-treat strategies 

using current commercial LFAs are thought to be too resource-intensive while yielding 

marginal outcomes. More sensitive LFAs that could detect submicroscopic infections 

would improve these screen-and-treat elimination strategies, as more people who were 

asymptomatically infected would be treated.     

Novel strategies and opportunities in lateral flow assays 
 
Methods for improving lateral flow assay sensitivity 
 
 Novel methods in sample preparation and signal amplification have the potential 

to improve the sensitivity of LFAs. In essence, sample preparation is a form of 

chromatography that serves two purposes with regard to diagnostics: (1) separation of a 

biomarker from interferents in a complex matrix, and (2) increasing the concentration of 

target biomarker for downstream detection. Importantly, sample preparation methods can 

be incorporated with existing commercial LFAs, allowing for current LFA infrastructure 

and production to be preserved. Given that the quality, availability, and regulation of LFAs 

varies widely,40 sample preparation methods that are agnostic to the downstream 

diagnostic test could have wide-ranging positive impacts on LFA sensitivity. Two common 

methods for sample preparation in diagnostics include the use of cellulosic (paper) 

supports and the use of magnetic microparticles (beads). Cellulosic supports such as filter 

paper and glass fibers have been used in the separation of red blood cells from plasma 

and for the extraction of nucleic acids from whole blood matrices.54,55 Cellulose-based 
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materials for sample preparation have the benefit of using capillary action for wicking and 

are biocompatible for various modification strategies. However, many cellulose-derived 

materials suffer from long equilibration times and limitations in sample volume that can 

be tolerated.56  

Magnetic beads, on the other hand, are biocompatible microparticles that 

demonstrate rapid binding to target biomarkers. While many magnetic materials have 

been used (e.g. Fe, Ni, and Co), the most commonly used materials for diagnostic 

applications are iron oxide (Fe3O4) microparticles and nanoparticles.57 The main 

advantage afforded by magnetic beads is that they are superparamagnetic. 

Superparamagnetism is the result of decreasing the size of the material from the bulk to 

micro/nanodimensions and can be understood as a function of the coercivity of the 

material.58 As particle radius decreases, the number of magnetic domains decreases until 

the point where the particle contains only one magnetic domain. A single-domain 

magnetic particle with a radius below a critical threshold has a coercivity of zero, meaning 

the particle does not demonstrate any resistance to changes in magnetic field strength. 

Furthermore, particles at this size do not exhibit any hysteresis, or “magnetic memory,” in 

response to the magnetic fields as compared to ferrimagnetic materials. The end result 

is that superparamagnetic beads possess magnetic moments when in the presence of a 

magnetic field but lose this magnetization when the magnetic field is removed.  

The phenomenon of superparamagnetism makes magnetic beads particularly 

advantageous in the realm of diagnostics. Because magnetic beads undergo typical 

Brownian motion in solution in the absence of a magnetic field, magnetic beads can be 

actively mixed with biological samples. The large surface area to volume ratio combined 
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with the ability to undergo active mixing means that magnetic beads demonstrate rapid 

biomolecular reaction kinetics. Similar to other nanoparticles, molecular recognition 

elements can be coupled to the magnetic bead surface through various bioconjugation 

strategies (e.g. EDC/Sulfo-NHS coupling, biotin-streptavidin interaction, conjugation to 

the silica shell).57,59 This includes the bioconjugation of antibodies or aptamers to the 

magnetic bead surface, which can be harnessed for the purposes of sample preparation 

in diagnostic assays (Figure 4).60,61  

In fact, numerous reports have shown how magnetic beads have been used to 

improve diagnostics for infectious disease.60 For example, immobilized metal affinity 

chromatography (IMAC) magnetic beads have previously been used to isolate HRP2 from 

blood specimens spiked with P. falciparum (Figure 4).62,63 This biomarker capture strategy 

capitalized on the high affinity interaction of IMAC metals (i.e. Fe, Co, Ni, and Zn) with the 

abundant histidine motifs in HRP2. By incubating large volume (~100 to 200 µL) blood 

specimens with IMAC magnetic beads, HRP2 could be isolated, enriched, and 

subsequently released from the bead surface into small volumes that could be deposited 

on an LFA. While these methods improved the HRP2 detection sensitivities in commercial 
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LFAs, the methods relied on the unusual histidine-rich primary structure of HRP2 for 

biomarker capture. By expanding the magnetic bead surface chemistries used, these 

methods could be generalized and employed for other protein biomarkers, including 

PLDH.  

While sample preparation enables purification and enrichment of biomarkers on 

the front end of LFAs to improve sensitivity, signal amplification platforms allow for 

improvement of sensitivity on the back end of LFAs. Signal amplification refers to the 

concept of generating multiple signaling molecules per one biomarker molecule. In 

general, standard sandwich LFAs use one AuNP (or other signaling molecule) per one 

biomarker and therefore do not exhibit any signal amplification. The most prevalent signal 

amplification method used for protein detection is the enzyme-linked immunosorbent 

assay (ELISA), a laboratory-based assay conducted in a microwell plate.64 ELISAs use 

an antibody sandwich-based approach much like those of LFAs; however, the detection 

system consists of an enzyme-antibody conjugate as opposed to a AuNP-antibody 

conjugate. The enzymes used are typically horseradish peroxidase or alkaline 

phosphatase, which catalyze the conversion of colorless substrate molecules into colored 

product molecules (Figure 5). Importantly, there are thousands of product molecules 

produced per one biomarker molecule, rendering ELISAs a highly sensitive method for 
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protein biomarker detection. However, ELISAs require numerous user steps that must be 

conducted in a laboratory setting with trained personnel. While there have been efforts to 

minimize the user steps of ELISAs by employing paper as a substrate,65–67 another 

limitation of ELISAs is the instability of the reagents that are used. Enzymes are not 

tolerant of hot temperatures, while other reagents (e.g. hydrogen peroxide) are also 

unstable, meaning ELISA reagents require cold chain storage. Therefore, reagents for 

ELISAs do not lend themselves to point-of-care tests.  

The limitations posed by ELISA reagents warrant the development of novel 

methods of signal amplification to be used in LFAs. One such method that has been 

implemented in LFAs is reductive nanoparticle enlargement.1 In this strategy, the 

standard gold nanoparticle (AuNP) that serves as the LFA detection modality also serves 

as a nucleation site for silver ions, allowing for a large shell of silver to encapsulate the 

AuNP. This deposition of silver ions drastically increases the size of the signaling 

molecule, facilitating naked eye detection at lower concentrations of biomarker; for 

instance, Wada et al. demonstrated a 50 nm AuNP encapsulated with silver yielded a ~10 

µm particle, indicating a ~200-fold increase in size for the detection particle.68 This 

method of signal amplification increased the sensitivity of detection for the LFA, and it 

mitigated the shortcoming of reagent instability that is posed by ELISAs. However, 

reductive nanoparticle enlargement is just one method out of a number of novel signal 

amplification methods that have been initially developed. Other methods include 

nanoparticle-assisted enzymatic signal amplification,69 nanoparticles as enzyme 

mimics,70,71 and nanoparticle dissolution.72 Expanding the repertoire of signal 
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amplification methods could enable novel POC assays to be developed that meet the 

sensitivity needs of a given use-case scenario.    

Expansion of lateral flow assays into educational contexts 
 

The recent increase in remote learning programs has presented an opportunity to 

expand the use of LFAs into chemistry educational contexts. To date, the invention of 

LFAs has been instrumental for making progress in several realms of point-of-care 

medicine: epidemiological surveillance, disease management strategies, and most 

recently mitigating the transmission of the novel SARS coronavirus 2 (SARS-CoV-2). 

While LFAs have been developed as a tool to curb the transmission of SARS-CoV-2, 

LFAs can also be used to address the issue of adapting laboratory classes to remote 

learning settings. As many universities transitioned to remote-only or hybrid learning 

models during the COVID-19 pandemic, laboratory classes that were traditionally 

conducted in person had to change their curricula. Delivering hands-on laboratory content 

in these circumstances is challenging; however, the use of LFAs represents an 

opportunity to bring the lab to the student. Further, previous studies have shown how 

LFAs can be quantified using cell phones and cell phone attachments.73,74 This would 

allow for students to obtain quantitative results for a lab while participating remotely or in 

a hybrid model. Integrating LFAs with cell phone quantification constitutes a promising 

method for hands-on analytical chemistry learning in remote-only or hybrid settings. 

 

Scope of this work 
 
 In this work, various strategies for improving lateral flow assays or expanding their 

applications are described. Chapter II details the use of aptamer-functionalized magnetic 
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beads combined with complementary DNA (cDNA) as sample preparation reagents. 

These reagents form the basis for a method to improve the signal in lateral flow assays 

for malaria. In Chapter III, efforts to improve upon this methodology are described. 

Various aptamers were evaluated using biolayer interferometry (BLI) for their ability to 

bind to malarial biomarkers P. falciparum lactate dehydrogenase (PfLDH) and P. vivax 

lactate dehydrogenase (PvLDH). Subsequently, a sample preparation strategy to improve 

detection of biomarkers Plasmodium lactate dehydrogenase and histidine-rich protein 2 

(HRP2) on lateral flow assays is delineated. This strategy employed aptamer-

functionalized magnetic beads combined with immobilized metal affinity chromatography 

(IMAC) magnetic beads. Importantly, both magnetic bead constructs that captured 

different biomarkers were able to be eluted onto an LFA using a common elution reagent, 

ethylene diamine tetraacetic acid (EDTA). In Chapter IV, lateral flow assays were utilized 

in an undergraduate analytical chemistry module for teaching the concepts of point-of-

care diagnosis, diagnostic specificity vs. sensitivity, and receiver operating characteristic 

(ROC) curves. The module was taught in a hybrid learning format (part in-lab and part 

remote). This LFA module enabled the instructors to mitigate the challenges posed by 

remote learning and continue to deliver laboratory content in the midst of the COVID-19 

pandemic.  
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Chapter II 

 

II. COMPLEMENTARY DNA AS A BIOMARKER RELEASE AGENT FOR APTAMER-

BASED SAMPLE PREPARATION AND ITS UTILITY IN ENHANCING MALARIA 

LATERAL FLOW ASSAYS 

 

Introduction 
 
 Ever since Ellington and Szostak reported the first nucleic acid aptamers, their use 

in diagnostic applications has continually expanded.17,75,76 Coming from the Latin aptus, 

meaning “to fit,” aptamers are oligonucleotides that serve as molecular recognition 

elements much like antibodies but are relatively smaller in size. Aptamers are isolated 

through the cyclic process of SELEX (Systematic Evolution of Ligands by EXponential 

enrichment), whereby ~1014-1016 randomly generated DNA sequences are evaluated for 

their ability to bind to a target biomarker (Figure 6). The iterative cycles of incubating the 

DNA sequence library with the target biomarker in SELEX enable high-affinity DNA 

sequences for the target biomarker to be enriched and identified. Most commonly, 

validated aptamers have been immobilized on solid supports (e.g. cellulose materials, 

nitrocellulose membranes, polystyrene microtiter plates, magnetic beads) for the 

purposes of biomolecular recognition or sample preparation.77 These solid supports 

enable target biomarkers to be isolated from interferents in the sample matrix (i.e. whole 

blood or serum) by means of a high-affinity aptamer.  
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 Following biomarker isolation using aptamer-loaded solid supports, biomarkers 

can be eluted from these solid supports by one of several strategies, including  antisense 

complementary DNA (cDNA), nuclease degradation, and temperature-based elution.18,78–

80 Elution with antisense cDNA has been implemented in a number of diagnostic assays 

that use aptamers specific for cancer cells,78,79 and this elution method circumvents some 

challenges posed by nuclease degradation and temperature manipulation. Nuclease-

based release involves enzymatic digestion of the aptamer primary structure, whereas 

temperature-based elution results in unfolding of the aptamer secondary/tertiary 

structure.18,80 Both methods allow for release of the target protein biomarker or target cell. 

However, both nucleases and increased temperatures can potentially damage the target 

protein or cell, rendering that protein or cell non-viable for downstream detection. These 

methods of biomarker release therefore do not lend themselves to more fragile proteins 
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or cells. Antisense cDNA elution, on the other hand, releases biomarkers by competing 

with the target protein/cell for binding of the aptamer. This competitive binding mechanism 

of biomarker release does not cause damage to the target protein or cell, enabling release 

of even fragile targets.  

 Herein, we propose a sample preparation method for enriching malaria biomarker 

Plasmodium falciparum lactate dehydrogenase (PfLDH) from whole blood specimens that 

used an aptamer-conjugated magnetic bead for biomarker capture and antisense cDNA 

for biomarker release (Figure 7). To the best of our knowledge, the antisense cDNA 

biomarker release strategy has not been employed using malaria-specific aptamers. A 

study published by the Tanner group identified the 2008s aptamer, which has a high 

affinity (~nM KD) for PfLDH.81 The Tanner group has used the 2008s aptamer in a number 

of assays, immobilizing the aptamer to solid supports such as magnetic beads,82 

microbead-embedded filter paper,82 and polystyrene microtiter plates.83 We sought to 

utilize 2008s aptamer-conjugated magnetic beads to enrich the concentration of PfLDH 

 
 Figure 7. LFA sample preparation workflow for capture and release of PLDH. 
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from large volume (50-200 µL) blood samples into a small eluant volume (10 µL). We 

deposited these small volume eluants onto two brands of commercial lateral flow assays 

for malaria, potentially improving the PfLDH LFA signal into the asymptomatic regime. 

With this work, we have demonstrated a generalizable sample preparation method that 

expanded upon existing strategies for improving the sensitivity of LFAs.  

 

Methods 
 
Reagents and materials 
 
 Gibco 10x phosphate buffered saline (PBS) solution (pH 7.4), Tween-20, Triton X-

100, and D-Biotin were all purchased from Fisher Scientific (cat. nos. 70-011-044, BP337-

100, X100, BP232-1, respectively). D-(+)-Trehalose dihydrate and sucrose were 

purchased from Sigma-Aldrich (cat. nos. T9531 and S5016, respectively). Dynabeads 

MyOne Streptavidin T1 (10 mg/mL) were purchased from ThermoFisher Scientific (cat. 

no. 65602). Biotinylated 2008s DNA aptamer (5’-/5Biosg/CTG GGC GGT AGA ACC ATA 

GTG ACC CAG CCG TCT AC-3’) and 2008s antisense complementary DNA (5’-GTA 

GAC GGC TGG GTC ACT ATG GTT CTA CCG CCC AG-3’) were purchased from 

Integrated DNA Technologies. Recombinant P. falciparum LDH and P. vivax LDH were 

purchased from CTK Biotech (cat. nos. A3005 and A3004, respectively). Malaria Antigen 

ELISA kits were purchased from apDIA Group (cat. no. 650101). ICT ML03 Malaria Dual 

Kits were purchased from ICT International. Malaria Pf/Pan Ag Rapid Test CE Kits (cat. 

no. R0113C) were purchased from CTK Biotech. Human whole blood (CPD-stabilized, 

pooled, mixed gender) was purchased from BioIVT. P. falciparum D6 strain (43,600 

parasites/µL) was cultured in the lab.  
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2008s aptamer conjugation to magnetic beads 
 
 200 µL of streptavidin Dynabeads (10 mg/mL) were washed twice with 2X DNA 

binding buffer (10 mM Tris HCl, 1 mM EDTA, 2 M NaCl, pH = 7.4). 80 µL of 5 µM 

biotinylated 2008s aptamer in 2X DNA binding buffer were then added to the Dynabeads 

and incubated for 15 min. The beads were separated with a magnet and washed twice 

with 2X DNA binding buffer. To quench open biotin binding sites, the streptavidin 

Dynabeads were then incubated with 200 µL of 500 µM biotin in 1X DNA binding buffer 

for 30 min. The beads were separated with a magnet and washed twice with 1X DNA 

binding buffer. The beads were then washed in 1X PBS with 0.1% Tween-20 (1X PBST) 

and stored in 1X PBST until needed.  

 

PfLDH capture and elution optimization 
  
 An apDIA ELISA kit was used to quantitate PfLDH, allowing the 2008s aptamer-

magnetic bead-based capture and antisense cDNA-based elution of PfLDH to be 

optimized. To optimize (1) the 2008s aptamer surface coverage on the magnetic 

microparticles, (2) the PfLDH capture incubation time, (3) the effect of increasing 

parasitemia on PfLDH capture, (4) the blood sample volume, and (5) the 2008s antisense 

cDNA elution concentration, the following experimental parameters were held constant 

(unless otherwise specified). 2008s aptamer-functionalized magnetic beads were 

prepared as shown above. Parasitized lysed blood samples were prepared by lysing 50 

µL of whole blood 1:1 with lysis buffer (1X PBST with 0.5% Triton X-100) and spiking the 

lysed blood samples with P. falciparum culture at a parasitemia of 450 parasites/µL. 
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Added to 100 µL of parasitized lysed blood sample were 10 µL of 2008s aptamer-

functionalized magnetic beads (n=3), which were incubated for 10 min. Magnetic beads 

were separated from the sample solutions or elution buffers using an external magnetic 

rack. All original samples, capture supernatants, and eluants (if applicable) were diluted 

into the linear range of the apDIA ELISA (25-600 pM recombinant PfLDH) and analyzed.  

(1) For the optimization of the 2008s aptamer surface coverage on the magnetic 

microparticles, 6 batches of 40 µL of magnetic beads functionalized with varying amounts 

of 2008s aptamer (0, 40, 80, 160, 320, and 400 pmol) were prepared according the 

method listed previously. (2) For the PfLDH capture incubation time study, the 

functionalized magnetic beads were incubated for various amounts of time (1, 5, 10, 15, 

20, and 30 min.). (3) To test the effect of increasing parasitemia on biomarker capture, 

100 µL blood samples (50 µL whole blood lysed 1:1) of 500, 750, 1000, 1250, 1500, and 

2000 parasites/µL were prepared (n=3). (4) To optimize the blood sample volume, blood 

samples of 50, 100, 150, and 200 µL were evaluated. (5) To evaluate the optimal 2008s 

antisense cDNA elution concentration after the PfLDH capture step, the magnetic beads 

were incubated with 10 µL of various concentrations of 2008s antisense cDNA (0, 4, 8, 

16, 32, and 64 µM) in 1X PBST for 1 min (n=3). The beads were isolated, and the eluants 

were removed and diluted to 100 µL. 

 

Functionalized bead lyophilization study 
 
 The effect of lyophilization on the 2008s aptamer-functionalized magnetic beads 

was evaluated using sucrose and trehalose as stabilizing reagents. 2008s aptamer-

conjugated magnetic beads were prepared as described in the previous section. 10 µL of 
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functionalized magnetic beads were added to 200 µL of one of three buffers: 1X PBST, 

1X PBST with 10% sucrose, and 1X PBST with 10% trehalose (n=3 for each buffer 

condition). Each magnetic bead sample was individually wrapped with a Kimwipe and 

frozen at -80°C overnight and subsequently lyophilized for 24 hr. Non-lyophilized 

functionalized magnetic beads were prepared as well for comparison.  

To all of the lyophilized magnetic bead samples 200 µL of rehydration buffer (DI 

H2O with 0.5% Triton X-100) and 200 µL of parasitized whole blood (900 parasites/µL) 

was added and incubated for 10 min. For the non-lyophilized samples, 200 µL of lysis 

buffer (with a corresponding amount of sucrose or trehalose) and 200 µL of parasitized 

whole blood were added to 10 µL of functionalized magnetic beads. The beads were 

isolated and the supernatants were removed. To each tube 10 µL of 8 µM antisense cDNA 

was added and incubated for 1 min. The beads were then isolated and the eluants 

removed and diluted to 200 µL. All original samples, capture supernatants, and eluants 

were diluted into the linear range of the apDIA ELISA and quantified.  

 

Test line signal enhancement on two commercial brands of lateral flow assay for PfLDH 
 
 The sample preparation method that was optimized in the previous sections was 

used to enhanced the PfLDH test line signal in two brands of commercial LFAs. All 

samples were prepared by spiking P.falciparum D6 culture into 200 µL of whole blood 

(not lysed) for a given parasitemia. The parasitemias tested ranged from 25-400 

parasites/µL. For the bead-based capture and elution method, the 200 µL whole blood 

samples were lysed with 200 µL of lysis buffer (1X PBST with 0.5% Triton X-100) (n=3). 

A given sample was incubated with 10 µL of 2008s aptamer-conjugated magnetic beads 
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for 10 minutes. The beads were then isolated with a magnet, and the blood matrix was 

removed. The beads were incubated with 10 µL of 8 µM 2008s antisense cDNA for 1 min. 

The beads were then isolated with a magnet and the supernatant was removed and 

deposited onto a commercial lateral flow assay. The commercial LFA was then run 

according to the manufacturer protocol. These capture-and-elution samples were 

compared to unenhanced 5 µL whole blood samples (not lysed) spiked with P. falciparum 

D6 culture at a corresponding parasitemia. The unenhanced LFAs were run according to 

the LFA manufacturer protocol (n=3). The signal from both enhanced and unenhanced 

lateral flow assays was quantified using a Qiagen ESEQuant lateral flow reader.  

 

Results and Discussion 
 
PfLDH capture and elution optimization 
  

In order to develop an effective sample preparation system, we first had to optimize 

the 2008s aptamer-magnetic bead capture reagent for two criteria: aptamer loading 

density on the magnetic beads and PfLDH capture incubation time. All experiments were 

performed in whole blood spiked with D6 P. falciparum culture, which served as a mock 

patient sample. We optimized all parameters using a commercially available ELISA kit 

that quantified the concentration of PfLDH. With regard to on-bead aptamer density, we 

found that optimal capture of PfLDH from lysed blood samples was achieved when 50% 

of the bead surface was functionalized with aptamer (Figure 8A). We hypothesize that 

steric factors play a role governing the binding of the 2008s aptamer-magnetic bead 

reagent to PfLDH, as a fully saturated bead surface resulted in suboptimal biomarker 

capture. With an incubation time study, we concluded that the biomolecular interaction of 
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the 2008s aptamer and PfLDH had reached equilibrium after 10 min, allowing for the 

maximal amount of PfLDH to be captured from lysed blood samples (Figure 8B).  

We then wanted to assess if the capture reagent was able to capture samples with 

increasing parasitemia and, therefore, increasing concentrations of PfLDH. The results of 

this experiment are shown in Figure 8C. Even at a parasitemia of 2,000 parasites/µL, 

which is a high parasitemia relative to the linear range of lateral flow assays, the 2008s-

aptamer conjugated magnetic beads were capable of capturing the same percentage of 

PfLDH as compared to 500 parasites/µL. We then assessed the effect of changing the 

sample volume on the percentage of PfLDH captured (Figure 8D). We found that there 

was no statistical difference in the percentage of PfLDH captured for a 50 µL whole blood 

sample compared to a 200 µL whole blood sample; however, in the 200 µL whole blood 

sample, more total PfLDH was captured. As a result, 200 µL of whole blood was used 

 
 

0 1 2 3
0

25

50

75

100

2008s Aptamer Concentration (Fold Excess)

%
 P
fL

D
H

 C
ap

tu
re

d

A

1 5 10 15 20 30 
0

25

50

75

100

Incubation Time (min)

%
 P

fL
D

H
 C

ap
tu

re
d

B

0 500 1000 1500 2000
0

25

50

75

100

Parasitemia (parasites/µL)

%
 P
fL

D
H

 C
ap

tu
re

d 

C D

0 50 100 150 200 250
0

25

50

75

100

0

100

200

300

Sample Volume (µL)

%
 P
fL

D
H

 C
ap

tu
re

d

To
ta

l P
fL

D
H

 C
ap

tu
re

d 
(fm

ol
)

Figure 8. Optimization of the 2008s aptamer-magnetic bead capture reagent. (A) 2008s aptamer loading 
density on magnetic beads. (B) Capture incubation time study. (C) Effect of increasing parasitemia on % of 
PfLDH captured. (D) Effect of increasing sample volume on % and total amount of PfLDH captured.  



 29 

when employing our sample preparation method to enhance commercial lateral flow 

assays.  

 Following optimization of the 2008s aptamer-magnetic bead capture reagent, we 

sought to determine the optimal elution conditions and to evaluate possible methods of 

long-term storage of the capture reagent. Using the optimal PfLDH capture conditions, 

we titrated the beads with increasing concentrations of 2008s antisense cDNA. We 

ultimately found that 10 µL of 8 µM cDNA proved sufficient for eluting the captured PfLDH 

from the functionalized magnetic beads (Figure 9A). With an optimized capture and 

release system for PfLDH, we then investigated whether lyophilization could provide long-

term stability to the capture reagent. Further, we investigated whether a disaccharide was 

necessary as a lyophilization additive, as disaccharides (e.g. trehalose and sucrose) have 

been shown to prevent aggregation of lyophilized nanoparticles.84 We evaluated three 

lyophilization conditions for capture and elution of PfLDH: (1) no disaccharide, (2) 10% 

trehalose, and (3) 10% sucrose. These conditions were compared to non-lyophilized 
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magnetic beads as a control. The results of this experiment are shown in Figure 9B. 

Notably, there was no statistically significant difference between the lyophilized samples 

containing either disaccharide compared to the non-lyophilized control with respect to 

capture and elution of PfLDH. However, the ability to capture PfLDH was significantly 

diminished in the samples that were lyophilized in the absence of disaccharide. We 

hypothesized that this diminished PfLDH capture ability was the result of either 

nanoparticle aggregation or destabilization due to the mechanical stress imposed by 

crystallization. This finding indicates that either sucrose or trehalose are necessary as 

cryoprotectants when freeze-drying the functionalized nanoparticles for long-term 

storage.    

 

Test line signal enhancement on two commercial brands of lateral flow assay for PfLDH 
 
 Having optimized aptamer-based biomarker capture and cDNA-based elution for 

the purpose of sample preparation, we applied the system to enhance the sensitivity of 

commercial malaria lateral flow assays as a proof-of-principle. Utilizing the system in 

combination with two commercial LFAs, we measured the analytical sensitivity, as well 

as the limit of detection (Armbruster and Pry method),85 in the enhanced LFAs compared 

to unenhanced LFAs (Table 1 and 2 and Figure 10). For ICT Dual and CTK Dual LFAs, 

the analytical sensitivity was enhanced 7-fold and 18-fold, respectively. The calculated 

limit of detection for PLDH was improved from ~400 parasites/µL to ~10 parasites/µL in 

both brands of lateral flow assay; however, the lowest parasitemia tested was 25 

parasites/µL. Conservatively, we concluded that the PLDH test line signal was improved 

approximately 16-fold in both assays. This result was concordant with previous magnetic 
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bead-based enhancement strategies for detecting malaria biomarkers HRP2 and PLDH 

on lateral flow assays.63,86 

Table 1. Sensitivity and Limits of Detection for Unenhanced ICT Dual RDTs vs. Enhanced RDTs 
Sample Type Sensitivity (slope of best fit line) Limit of Detection (parasites/µL) 
 PLDH HRP2 PLDH HRP2 
Unenhanced 0.1573 ± 0.0286 0.7805 ± 0.0819 397.9 ± 0.2 22.62 ± 1.11 
Enhanced 1.169 ± 0.118 N/A 7.78 ± 2.26 N/A 

 
Table 2. Sensitivity and Limits of Detection for Unenhanced CTK Dual RDTs vs. Enhanced RDTs 
Sample Type Sensitivity (slope of best fit line) Limit of Detection (parasites/µL) 
 PLDH HRP2 PLDH HRP2 
Unenhanced 0.08486 ± 0.01075 0.4639 ± 0.0702 433.1 ± 0.1 293.16 ± 0.18 
Enhanced 1.474 ± 0.100 N/A 4.26 ± 5.72 N/A 

 

 

Discussion 
 

The improvements we observed in analytical sensitivity and LoDs for PfLDH 

detection on commercial malaria LFAs demonstrated the utility of such sample 

preparation methods. Within the context of malaria diagnosis, the detection limits 

exhibited for PfLDH when our sample preparation assay is combined with commercial 

LFAs are well within the asymptomatic detection regime.5 The World Health Organization 

has set a threshold that all rapid diagnostic tests for malaria be able to detect 200 
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Figure 10. Comparison of PLDH test line signal in unenhanced commercial lateral flow assays vs. lateral 
flow assays enhanced with the capture and release sample preparation workflow for (A) ICT Dual lateral 
flow assays and (B) CTK Dual lateral flow assays. 
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parasites/µL (ref);87 however, neither of the unenhanced LFAs were capable of detecting 

samples at a parasitemia of 200 parasites/µL. Only when the LFAs were augmented with 

our sample preparation method were the tests able to surpass the WHO detection 

threshold. Moreover, our method was performed in whole blood and did not require any 

filtration or treatment other than lysis. This suggests that the aptamer-magnetic bead 

reagent could be applied to field research using finger-prick blood samples that are simply 

lysed and processed through the sample preparation workflow. 

 While our sample preparation method demonstrated promise for improving malaria 

lateral flow assays, it possessed two limitations. First, our method was specific for the 

PfLDH biomarker and did not enrich the HRP2 biomarker, even though the LFAs used 

were designed to detect both PLDH and HRP2. In fact, HRP2 was actually discarded in 

our workflow with the blood supernatant because it was not captured by the functionalized 

magnetic beads. Because HRP2 persists in the blood after parasite clearance, detecting 

both HRP2 and PLDH enables active infection—(+)-PLDH, (+)-HRP2—to be 

distinguished from a cleared infection—(-)-PLDH, (+)-HRP2. LFAs capable of detecting 

HRP2 as well as PLDH therefore have greater diagnostic utility. Second, the 2008s 

aptamer is reported to be specific for P. falciparum LDH, meaning that it does not bind to 

P. vivax LDH.81,83 P. vivax is the second most virulent species of malaria parasite and is 

the most prevalent species in regions outside of Africa, namely in Central and South 

America and in Southeast Asia.88 Moreover, infection with P. vivax requires a different 

treatment regimen than P. falciparum, underlying the importance of being able to 

distinguish between the two malaria species. The use of a pan-specific aptamer would 

render our sample preparation technology more widely applicable.   
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The work presented here represents the first use of aptamer-based capture and 

cDNA-based elution for enriching biomarkers for lateral flow assays. This method could 

be applied to any biomarker for which there is a validated aptamer. The aptamer industry 

has continued to grow since its inception in 1990; in 2020, the aptamer industry was 

expected to be valued at ~245 million USD, compared to an estimated 108 million USD 

valuation in 2015.77 With the number of aptamer companies continuing to increase, novel 

uses of aptamer technology, such what we have described, contribute to the expanding 

field of biomolecular recognition, potentially ushering in a new era of aptamer-based 

diagnostics.  

 

Conclusion 
 
 We hypothesized that two reagents—an aptamer-functionalized magnetic bead 

and antisense complementary DNA—could be used to enrich malaria biomarkers from 

whole blood samples for downstream detection on lateral flow assays. After optimizing 

the reagents, we used them in a sample preparation workflow to improve the test line 

signal in two commercial malaria lateral flow assays. Inclusion of this sample preparation 

step in LFA workflows would improve LFA sensitivity for any biomarker for which there is 

a validated aptamer. To further expand upon this work, we plan to integrate the method 

described here with a method for enriching malaria biomarker HRP2 in addition to PLDH. 

Capture and elution of both biomarkers would make our sample preparation method even 

more widely applicable as a useful tool in malaria LFA workflows.    
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CHAPTER III 

 

III. An Antibody-Free Dual-Biomarker Rapid Enrichment Workflow (AnDREW) Improves 

the Sensitivity of Malaria Rapid Diagnostic Tests 

 

Portions of this chapter were reproduced with permission from Elsevier’s journal 

Analytical Biochemistry 

 

Introduction 
 

Malaria is a treatable infectious disease caused by Plasmodium parasites that has 

resisted elimination in large part due to the asymptomatic transmission reservoir.5,43 This 

reservoir is defined as the population of individuals who harbor low levels of malaria 

parasites without clinical symptoms. This population sustains disease transmission and 

presents a major challenge to elimination campaigns.  

Central to the success of malaria elimination campaigns are the diagnostic 

methods that enable detection of infected individuals in resource-limited regions.89 Of the 

existing malaria diagnostics, rapid diagnostic tests (RDTs) are the most commonly utilized 

because they are inexpensive, easy to use, and do not require a centralized laboratory.41 

Thus, RDTs can be used directly at the point of care.14,90 RDTs are paper-based sensors 

that employ a lateral flow assay format. They require a small sample volume of blood (~5 

µL) and utilize gold nanoparticle (AuNP)-conjugates as signaling modalities that are 

visible to the naked eye (Figure 11a and 11b). The majority of commercial RDTs detect 

histidine-rich protein 2 (HRP2), a protein that is specific to the P. falciparum species.41 
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However, commercial dual biomarker RDTs detect HRP2 as well as Plasmodium lactate 

dehydrogenase (PLDH), which is expressed by all malaria species, including P. vivax. 

Because the treatment regimens differ between P. falciparum and P. vivax, dual 

biomarker RDTs that detect HRP2 and PLDH make the tests more clinically informative.  

Despite the numerous benefits of RDTs, they suffer from poor sensitivity, 

particularly for diagnosing asymptomatic malaria cases, which have lower relative 

parasite densities.89 Slater et al. demonstrated that the World Health Organization RDT 

detection standard enables diagnosis of only 55% of the infectious reservoir.41,53 The 

inability to detect asymptomatic malaria due to false negative diagnoses by RDTs limits 

the efficacy of active case detection strategies.5  

RDTs perform poorly at low parasite densities for a multitude of reasons, including 

insufficient filtering of blood interferents, small blood sample volumes tolerated (~5 µL), 

and substandard affinity reagents.1,40,91 With regard to affinity reagents, several groups 

have developed novel single-stranded nucleic acid aptamers that bind to specific malaria 

biomarkers, including HRP2, PLDH, and Plasmodium glutamate dehydrogenase 

(PGDH).81,92–96 Aptamers have become increasing used as a molecular recognition 

element in diagnostic assays owing to their improved thermal stability as compared to 

antibodies while still demonstrating high target affinity.97 Researchers have utilized these 

malaria-specific aptamers in colorimetric and electrochemical assays by functionalizing 

various surfaces, including magnetic beads,82,94,98,99 gold nanoparticles (AuNPs),81,100,101 

and electrodes.92,93,95,96 

Sample preparation methods that enrich biomarkers from large blood sample 

volumes (100-150 µL) into RDT-compatible buffer volumes (~5-10 µL) address the issues 
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of blood interferents and limited sample volume. Importantly, these methods enrich 

biomarkers regardless of the affinity reagents used on the downstream RDT. Such 

methods have been developed that enrich malaria biomarker histidine-rich protein 2 

(HRP2), improving the detection limit of commercial RDTs into the asymptomatic 

detection regime.62,63,102 Recently, Bauer et al. developed a method that improved the 

detection limit of a commercial RDT for both HRP2 and PLDH by ~20-fold.86 This method 

utilized Ni(II)NTA magnetic beads functionalized with His6-tagged PLDH-antibodies for 

capture of PLDH followed by release of antibody-PLDH immune-complexes using 

imidazole. Notably, the IMAC antibody conjugation strategy coupled with gentle elution 

avoided harsh conditions (e.g. chaotropic agents or extremely low/high pH) typically 

needed to elute proteins from a covalently conjugated antibody.19 

However, the authors noted that this platform was only compatible with one brand 

of commercial RDT due to what we have hypothesized as the “3 antibody problem.” The 

commercial RDTs use two distinct monoclonal antibodies that are specific for different 

epitopes of PLDH. One antibody serves as the RDT test line capture antibody, while the 

other is conjugated to an AuNP and serves as a detection moiety. The sample preparation 

method proposed by Bauer et al. introduces a 3rd anti-PLDH antibody with a His6-tag into 

the system. This 3rd antibody is released from the Ni(II)NTA magnetic beads as an 

immune-complex with captured PLDH.86 With the exception of one brand of RDT, this 3rd 

antibody likely interferes with either the test line antibody or the AuNP-conjugate (Figure 

11b).   
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 As a proof-of-principle, we propose a method for improving the sensitivity of dual 

biomarker RDTs—the Antibody-free Dual-biomarker Rapid Enrichment Workflow 

(AnDREW)—that mitigates the “3 antibody problem.” Notably, we chose to use nucleic 

acid aptamers to capture PLDH because their use eliminates the “3 antibody 

problem.”97,103 In this approach, two magnetic bead constructs were optimized, with one 

being specific for PLDH and the other for HRP2 (Figure 11c). To capture PLDH from large 

volume blood samples (150 µL), we screened several available PLDH-specific DNA 

aptamers for their binding kinetics. We then conjugated the best performing aptamer to 

magnetic microparticles. We used Zn(II)NTA magnetic beads to capture HRP2 from large 

volume blood samples, which was modeled after previously published work.102 Both 

magnetic bead constructs could be used simultaneously in a large volume blood sample, 

and both biomarkers were subsequently eluted into a RDT-compatible volume using 

ethylene diamine tetraacetic acid (EDTA). The AnDREW was then used to enhance the 

test line signal in commercial RDTs.  

 
 

Figure 11. (A) Illustration of a standard RDT after the test is run. The density of AuNP conjugate that 
accumulates at the test line and control line enables the user to see clearly defined red lines with the 
naked eye. (B) Depiction of the “3 antibody problem” encountered by Bauer et al. while attempting to 
enhance the signal of commercial RDTs. Using a His6-tagged antibody for capture and elution of PLDH 
from large volume blood samples resulted in decreased or absent PLDH test line signal. (C) The magnetic 
bead conjugates used in the AnDREW for the enrichment of HRP2 and PLDH from large volume blood 
samples.  
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Methods 
 
Reagents and materials 
 
 Gibco 10x phosphate buffered saline solution (pH 7.4), Tween-20, Triton X-100, 

and ethylene diamine tetraacetic acid solution were all purchased from Fisher Scientific 

(cat. nos. 70-011-044, BP337-100, X100, BP2482-500, respectively). Dynabeads MyOne 

Streptavidin T1 (10 mg/mL) were purchased from ThermoFisher Scientific (cat. no. 

65602). Zn(II)NTA magnetic beads were purchased from Cube Biotech (cat. no. 31525-

Zn). Streptavidin (SA) Dip and Read biosensors were purchased from Fortebio (cat. no. 

18-5020). Black 96-well microplates for biolayer interferometry experiments were 

purchased from Greiner Bio One International (cat. no. 655076). Single-stranded DNA 

oligonucleotides were purchased from Integrated DNA Technologies. The M86 X-

aptamer was purchased from AM Biotechnologies. Recombinant P. falciparum LDH and 

P. vivax LDH were purchased from CTK Biotech (cat. nos. A3005 and A3004, 

respectively). ICT ML03 Malaria Dual Kits were purchased from ICT International. Malaria 

Pf/Pan Ag Rapid Test CE Kits (cat. no. R0113C) were purchased from CTK Biotech.  

Human whole blood (CPD-stabilized, pooled, mixed gender) was purchased from BioIVT. 

P. falciparum D6 strain was cultured in the lab.     

 

Zn(II)NTA magnetic bead preparation 
 

Zn(II) NTA magnetic beads were washed two times with phosphate buffer (10 mM 

sodium phosphate, 0.1% Tween-20, pH =7.4) immediately before use.   
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PLDH-specific aptamer conjugation to magnetic beads 
 

80 µL of 5 µM biotinylated PLDH-specific aptamer (5T pL1 aptamer) were added 

to 200 µL of streptavidin Dynabeads (10 mg/mL) in 2X DNA binding buffer (10 mM Tris 

HCl, 1 mM EDTA, 2 M NaCl, pH = 7.4) and incubated on a rotary for 1.5 hours. The beads 

were isolated with a magnet and washed twice with 2X DNA binding buffer. To quench 

open binding sites, the streptavidin Dynabeads were then incubated with 80 µL of 10 µM 

biotinylated DNA spacer (5T spacer) in 1X DNA binding buffer (5 mM Tris HCl, 0.5 mM 

EDTA, 1 M NaCl, pH = 7.4) on a rotary for 1.5 hours. The beads were isolated with a 

magnet and washed twice with 1X DNA binding buffer. The beads were then washed with 

phosphate buffer (10 mM sodium phosphate, 0.1% Tween-20, pH = 7.4) and stored in 

phosphate buffer until further use.  

 

Binding kinetics studies of aptamers to recombinant PLDH using Biolayer Interferometry 

(BLI) 

Using the ForteBio Octet RED96 platform, the binding kinetics of each biotinylated 

aptamer to P. falciparum and P. vivax LDH were evaluated. All solutions for BLI 

experiments were prepared in kinetics buffer (1X PBS with 0.02% Tween-20 and 1 mM 

MgCl2). Eight parallel Dip and Read Streptavidin biosensors were first equilibrated for 60 

s in buffer and then loaded with 50 nM biotinylated aptamer for 120 s. The aptamer-loaded 

sensors were then washed in buffer for 30 s, and a baseline was then measured for 90 s. 

An association step was then performed by transferring the aptamer-loaded sensors to 

wells containing recombinant P. falciparum or P. vivax LDH (2-fold serially diluted from 

25 to 400 nM) for 300 s. The sensors were then transferred back to buffer wells to allow 
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for dissociation of PfLDH or PvLDH for 500 s. A global fit for a 1:1 binding model was 

applied to the association and dissociation steps of the assay to derive the kinetic 

parameters (KD, kon, koff) for interaction of aptamers with PfLDH and PvLDH. 

 

PLDH capture and elution optimization 
 

An in-house pan-LDH ELISA was used to optimize the aptamer-functionalized 

magnetic bead capture and elution assay for PLDH (see Appendix C for ELISA protocol). 

All samples were composed of 300 µL of lysed blood (i.e. 150 µL whole blood lysed with 

150 µL of lysis buffer) spiked to 450 parasites/µL with lysed D6 P. falciparum culture 

(stock concentration: 43,600 parasites/µL). Each aptamer was conjugated to streptavidin 

Dynabeads and evaluated for its ability to capture PfLDH from lysed blood samples. Next, 

the following parameters were optimized for the best performing aptamer by monitoring 

the % of PfLDH captured or recovered: concentration of aptamer incubated with the 

magnetic beads, lysis buffer composition, bead amount per sample, PfLDH capture 

incubation time, EDTA elution concentration, and EDTA-based elution time.    

 

HRP2 capture and elution optimization 
 

The Zn(II)NTA magnetic bead capture and elution assay for HRP2 was optimized 

using a HRP2-specific ELISA that was published previously.62 All samples were 

composed of 300 µL of lysed blood (i.e. 150 µL whole blood lysed with 150 µL of lysis 

buffer) spiked to 450 parasites/µL with lysed D6 P. falciparum culture (stock 

concentration: 43,600 parasites/µL). The following parameters were optimized by 
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monitoring the % of HRP2 recovered: Zn(II)NTA bead amount, Zn(II)NTA bead capture 

incubation time, and EDTA-based elution time. 

   

AnDREW for enhancement of commercial dual RDTs 
 

A simple bead-based enhancement protocol was followed to demonstrate 

enhancement of the PLDH and HRP2 test lines on ICT Dual and CTK Dual RDTs for 

malaria. For a given sample, 150 µL of lysis buffer (10 mM phosphate, 10 mM MgCl2, 2% 

Triton X-100, 0.5% Tween-20, pH = 7.4) was added to 150 µL whole blood spiked with 

D6 P. falciparum culture in a microcentrifuge tube. To this lysed blood sample 15 µL of 

pL1 aptamer-functionalized streptavidin Dynabeads and 15 µL of Zn(II)NTA magnetic 

beads were added. After incubating the beads with the sample for 2.5 min, the beads 

were pelleted for 5 min, and the blood sample was discarded. To each sample 10 µL of 

elution buffer was added (10 mM phosphate, 100 mM EDTA, 0.025% Tween-20, pH = 8) 

and incubated for 5 min. The beads were then pelleted, and the eluant (plus carryover 

volume) was run on an RDT according to the manufacturer instructions. Note: For CTK 

Dual RDTs, only 5 µL of eluant was spotted onto the RDT. This RDT enhancement 

method was compared to running 5 µL of P. falciparum-spiked whole blood at the 

corresponding parasitemia on a RDT according to the manufacturer instructions. A range 

of parasitemias (3.13 to 800 parasites/µL) was tested in triplicate for both the enhanced 

and unenhanced RDTs. The signal from RDTs was evaluated visually and quantified 

using a Qiagen ESEQuant lateral flow reader.   
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Results and Discussion 
 
PLDH-specific aptamer binding studies by Biolayer Interferometry (BLI) and ELISA 
  
 We first evaluated the kinetics of binding of each aptamer (M86 X-aptamer, 2008s 

aptamer, and pL1 aptamer) to both P. falciparum and P. vivax LDH using BLI. The 2008s 

aptamer and pL1 aptamer have been extensively studied and their binding mechanisms 

to Plasmodium LDH elucidated.81,93,104 We sought to compare their binding kinetics to 

that of the M86 X-aptamer, which has non-natural nucleic acids incorporated into its 

sequence that are hypothesized to increase target affinity (see Appendix C Table 6 for 

aptamer sequences).105  

The observed binding constants (KD’s) for the 2008s and pL1 aptamers (Table 3) 

were consistent with previous findings.81,93 Also consistent with previous findings was the 

observation that the pL1 aptamer was pan LDH-specific, whereas the 2008s aptamer was 

P. falciparum LDH-specific. Importantly, BLI kinetics experiments showed that the M86 

X-aptamer, like the pL1 aptamer, was able to bind to both Pf- and PvLDH. The M86 X-

aptamer demonstrated a slightly better affinity for Pf- and PvLDH compared to the other 

two aptamers. However, this improvement was modest considering each aptamer still 

demonstrated strong (~nM) affinities for PLDH. 

Table 3. Binding kinetics of various aptamers to P. falciparum LDH and P. vivax LDH 
Aptamer Biomarker KD (nM) ka (M-1 s-1 • 104) kd (s-1 • 10-4) 

M86 X-aptamer 
P. falciparum LDH 

3.61 ± 0.06 2.92 ± 0.01 1.06 ± 0.02 
2008s aptamer 13.3 ± 0.2 1.99 ± 0.01 2.63 ± 0.04 
pL1 aptamer 13.86 ± 0.07 4.39 ± 0.02 6.09 ± 0.02 

     
M86 X-aptamer 

P. vivax LDH 
9.98 ± 0.13 1.46 ± 0.01 1.45 ± 0.02 

2008s aptamer NB NB NB 
pL1 aptamer 15.85 ± 0.09 3.42 ± 0.01 5.42 ± 0.02 
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 We also conjugated each biotinylated aptamer to streptavidin-coated magnetic 

beads to evaluate the ability to bind to PfLDH from parasite culture in lysed blood 

samples. These samples effectively serve as a model for patient samples, and evaluating 

the aptamer performance in complex matrices is critical to assessing their utility in 

downstream diagnostic applications. Each aptamer-magnetic bead construct was 

incubated with parasitized lysed blood samples, and the % PfLDH captured was 

monitored by ELISA. While the 2008s aptamer and the pL1 aptamer were able to capture 

the majority of PfLDH in the sample, the M86 X-aptamer demonstrated no appreciable 

binding in the blood matrix (Figure 12). The X-aptamer contains eight non-natural 

nucleotides that were intended to increase target affinity; however it is known that 

modifications to nucleic acid aptamers can potentially increase non-specific 

interactions.106 We hypothesize that the non-natural nucleotides increased non-specific 

interactions with interferents in the blood matrix. The 2008s and pL1 aptamers are both 

composed of solely natural nucleic acids, and thus were not as prone to non-specific 

binding in biological matrices. Considering the BLI and ELISA data together, we selected 

the pL1 aptamer for further assay development given its pan-specific binding and its 

binding capability to PLDH in whole blood.   
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Figure 12. PfLDH capture of each aptamer-conjugated magnetic bead construct in parasitized lysed 
blood samples as monitored by PLDH ELISA. 
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PLDH capture and elution optimization 
 

Using the pL1 aptamer-magnetic bead conjugate for capture and elution of PfLDH 

from large volume (150 µL) blood samples, we optimized several assay parameters for 

biomarker capture: the concentration of aptamer incubated with the beads, lysis buffer 

composition, beads per sample, and capture incubation time. Monitoring by ELISA, we 

varied the biotinylated aptamer excess incubated with the streptavidin-coated magnetic 

beads. We observed that an aptamer concentration that was 0.5X of the bead surface 

binding capacity (400 pmol ssDNA binding capacity) proved optimal for PfLDH capture 

(Figure 13). Further increases in the aptamer excess diminished PfLDH capture, likely 

indicating that over-crowding the bead surface with aptamer prevents PLDH capture due 

to steric constraints. 

We also investigated the effect of Mg2+ concentration on the binding constant (KD) 

for Pf- and PvLDH using BLI. Previous work by Choi and Ban elucidated a novel Mg2+-

dependent binding motif for the pL1 aptamer to PvLDH. A Mg2+ ion was found to not only 

stabilize the specific fold of the single-stranded DNA but also formed a salt bridge with a 

lysine residue of the PvLDH target protein.104 We observed a modest improvement in the 

KD with a 10-fold increase in Mg2+ concentration, and no binding was observed in the 

absence of Mg2+ (Figure 14a). These results were further corroborated by monitoring 
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Figure 13. Optimization of pL1 aptamer surface coverage on streptavidin-coated magnetic beads for 
capturing PfLDH from parasitized lysed blood samples. 
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PfLDH capture from whole blood samples by ELISA (Figure 14b). Using the optimal 

aptamer excess (0.5X) and Mg2+ concentration in the lysis buffer (10 mM), determining 

the optimal number of beads per sample (1.5 x 108) and capture incubation time (1 min) 

was straightforward (Figure 15). We ultimately optimized the assay to capture ~100% of 

the PfLDH in a mock patient sample in just 1 min of capture incubation time. 

 Captured PfLDH was eluted off of the aptamer-bead conjugates using ethylene 

diamine tetraacetic acid (EDTA). The affinity of EDTA for Mg2+ is significant (logKf = 8.79), 

and we demonstrated that Mg2+ was essential for binding of the pL1 aptamer to PLDH 

(Figure 14).107 Based on previous studies, we hypothesized that excess EDTA could be 

used to chelate the Mg2+, destabilizing the pL1 aptamer-PLDH complex and releasing 

PLDH into solution.19,108 This EDTA-based elution strategy offers two main advantages: 

(1) EDTA is inexpensive compared to other eluants, and (2) the eluted PLDH is not 
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Figure 14.The presence of Mg2+ is essential for the pL1 aptamer to bind to either Pf- or PvLDH. (A) 
Using biolayer interferometry (BLI) no binding was observed in the absence of Mg2+. (B) The presence 
of Mg2+ in the lysis buffer improved binding of the pL1 aptamer to PfLDH in a whole blood matrix. 

Figure 15. Optimization of (A) the pL1-aptamer streptavidin beads per sample, and (B) PfLDH capture 
incubation time. 
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complexed to a molecular recognition element. The previous work completed by Bauer 

et al. demonstrated elution of PLDH; however, the PLDH was bound to a monoclonal 

antibody in an immunocomplex.86 This immunocomplex was only detectable on one brand 

of RDT likely because the antibody bound to PLDH interfered with either the RDT test line 

antibodies or AuNP conjugates. Because our method releases non-complexed PLDH, we 

posit that it can be detected on any brand of commercial RDT.  

 We optimized the EDTA-based elution of PLDH for a 10 µL elution volume. We 

chose this volume because it was the highest volume that still allowed for clearance of 

the blood matrix on RDTs, which was demonstrated previously by Ricks et al.109 We found 

that further reducing the elution volume below 10 µL results in practical challenges 

regarding bead manipulation. With a 10 µL elution volume, we evaluated the 

concentration of EDTA and the elution time by ELISA, finding that 100 mM EDTA and 5 

min. elution time were optimal (Figure 16). 

 

Dual biomarker capture and elution optimization 
 
 We chose to use Zn(II)NTA beads to capture HRP2 from 150 µL large volume 

blood samples given the high affinity of Zn(II) for HRP2 (KD = 9.0 nM).102 We hypothesized 

that EDTA could be used to strip the Zn(II) metal from the bead surface due to the greater 
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Figure 16. Optimization of (A) the EDTA concentration and (B) elution time for eluting PLDH off of pL1-
aptamer conjugated streptavidin magnetic beads. 
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formation constant of EDTA relative to NTA for Zn(II) (EDTA logKf = 16.5; NTA logKf = 

10.6).110 The addition of EDTA would therefore release the captured HRP2. We optimized 

several assay parameters (beads per sample, capture incubation time, and EDTA-based 

elution time) by monitoring the percentage of HRP2 recovered by ELISA. We used the 

optimal elution volume (10 µL) and EDTA concentration (100 mM) that were determined 

from the PLDH capture and elution assay with the ultimate goal of multiplexing the two 

assays. We determined that 15 µL of Zn(II)NTA beads per sample incubated for 2.5 min 

followed by a 1 min EDTA elution step was optimal for recovering 88.0 ± 5.2 % HRP2 

(Figure 17).  

 We next sought to integrate the PLDH and HRP2 capture and elution assays such 

that they could be conducted simultaneously on the same sample. We evaluated elution 

time by ELISA using the optimized capture parameters (2.5 min capture incubation time) 

and 10 µL of 100 mM EDTA for elution. We found that both biomarkers could be eluted 

in as little as 1 min. However, we chose to set the elution time at 5 min for the AnDREW 

due to the smaller standard deviation demonstrated at 5 min (Figure 18). Importantly, the 

simultaneous capture and elution assays were not statistically different from the individual 

assays for each respective biomarker (Figure 16B, Figure 17C, and Figure 18). This 
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Figure 17. Optimization of (A) the Zn(II)NTA beads per sample, (B) bead incubation time, and (C) EDTA-
based elution time for capture and elution of HRP2 from 150 µL blood samples. 
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finding indicates that the two different bead capture chemistries are orthogonal and do 

not interfere with each other.    

 

Dual biomarker rapid diagnostic test enhancement with AnDREW 
 

After optimizing the individual biomarker assays and the multiplexed assay, we 

sought to use this approach for enriching the signal on commercial rapid diagnostic tests. 

We ran the tests for a range of parasitemias (3.13 to 800 parasites/µL) using the AnDREW 

and then compared to unenhanced tests run according to the manufacturer instructions 

(Figure 19a). Test signal was quantified using an RDT reader. We found a line of best fit 

for the data set of each biomarker by fitting a curve to the linear portion of the data 

(Appendix C Table 7). By including the rapid AnDREW sample preparation method (~13 

min), we observed a significant improvement in the analytical sensitivity for the detection 

of both biomarkers (~9-fold improvement for PLDH and ~11-fold improvement for HRP2). 

Moreover, the limit of detection (Armbruster and Pry method) for PLDH was improved 

from 42.3 parasites/µL to 3.8 parasites/µL using the AnDREW, representing a ~11-fold 

improvement (Table 4).85 Although we observed a marked improvement in analytical 

sensitivity for HRP2 using AnDREW, expected signal variation at low concentrations led 
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to modest enhancement of the HRP2 LoD. However, the precision of the HRP2 signal on 

LFAs was improved using the AnDREW (F-test, F(2,2) = 182.3 > Fcritical). Using our in-

house ELISA, we estimated the PLDH LoD to be equivalent to ~16-20 pM PfLDH 

(Appendix C Figure 33 and Table 8). This LoD is comparable to several other aptamer-

based diagnostic assays for malaria biomarkers.92,94–96 Importantly, the AnDREW was 

applied to whole blood samples as opposed to the other assays that were applied to 

simpler matrices such as diluted serum. 

Table 4. Sensitivity and Limits of Detection for Unenhanced RDTs vs. AnDREW 
Sample Type Sensitivity (slope of best fit line) Limit of Detection (parasites/µL) 

 PLDH HRP2 PLDH HRP2 
Unenhanced 0.7456 ± 0.0452 1.162 ± 0.094 42.3 ± 0.3 12.5* 

AnDREW 6.605 ± 0.403 13.25 ± 0.98 3.8 ± 0.4 2.6 ± 0.3 
*The method of Armbruster and Pry yielded a LoD of 3.1 ± 4.6. Because this value lacks 
physical meaning, we estimated the LoD to be the closest detectable parasitemia with 
n=3.  
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Figure 19. (A) Test line signal on ICT Dual RDTs. The AnDREW PLDH signal (blue, left) was compared to 
unenhanced tests (black, left). The AnDREW HRP2 signal (red, right) was compared to unenhanced tests 
(black, left). The insets show the low parasitemia region for both biomarkers. (B) Visual comparison of the 
test line signals between an unenhanced test and a test processed by AnDREW. 
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The improved detection of PLDH by using the AnDREW demonstrates how 

incorporating biomarker enrichment into diagnostic assays is beneficial. It would improve 

the diagnostic sensitivity of RDTs for detecting P. vivax, which does not express HRP2 

and is the second most virulent malaria species besides P. falciparum. Moreover, 

circulating parasite densities in P. vivax are an order of magnitude lower than in P. 

falciparum.111 Thus, methods such as the AnDREW permit the capture and detection of 

P. vivax LDH using RDTs in low parasitemia samples. Also, by detecting PLDH in addition 

to HRP2, biomarker enrichment methods such as AnDREW could improve the diagnostic 

specificity of dual RDTs. HRP2 persists in the bloodstream for up to one month after 

treatment and parasite clearance, while PLDH is cleared concomitantly with the 

parasite.112 Detecting solely HRP2 can thus lead to false positive results on RDTs for P. 

falciparum. Improving the limit of detection of PLDH into the same regime as HRP2, as 

we did with the AnDREW, gives dual RDTs better specificity (Table 4). In Figure 19b, the 

unenhanced RDT shows a faint HRP2 line and no PLDH line for a 50 parasites/µL 

sample. This result would appear both for a previously P. falciparum-infected patient with 

persistent HRP2 as well as a patient with an active P. falciparum infection. By enhancing 

the PLDH test signal with AnDREW, however, this test can be appropriately interpreted 

as a true positive for P. falciparum because both HRP2 and PLDH lines are present. 

 An additional benefit of the AnDREW was that it mitigated the “3 antibody problem” 

encountered by Bauer et al.86 Their proposed “Capture and Release” (CaR) method used 

an antibody-magnetic bead conjugate for the capture of PLDH, which was consequently 

released as an antibody-biomarker complex. This complex was not detectable on many 

brands of RDTs due to the presence of 3 antibodies (CaR antibody, RDT test line 
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antibody, and RDT detection antibody-Figure 11a). The AnDREW used an aptamer-

magnetic bead conjugate for the capture and elution of non-complexed PLDH. To support 

our claim we demonstrated the AnDREW using a second brand of RDT on whole blood 

samples of 200 parasites/µL. The unenhanced RDTs showed a barely visible HRP2 test 

line, while AnDREW-enhanced RDTs demonstrated HRP2 and PLDH lines that were 

visible to the naked eye (Figure 20).  

Improving the sensitivity of point-of-care diagnostics for malaria could have a 

significant impact on the success of elimination campaigns. The current standard for RDT 

detection limit set by the World Health Organization is 200 parasites/µL; however, the 

model established by Slater et al. suggested that this detection limit only identifies ~55% 

of the infectious reservoir.53 This shortcoming curbs the success of active case detection 

strategies such as reactive screen-and-treat or mass screen-and-treat.5 According to that 
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same model established by Slater et al., the commercial tests enhanced with AnDREW, 

which gave a detection limit of ~4 parasites/µL, could theoretically identify ~95% of the 

infectious reservoir.53,86 Therefore, the addition of sample preparation methods to RDT 

workflows could significantly improve the efficacy of active case detection strategies. 

 The AnDREW demonstrated a promising proof-of-principle for improving detection 

of multiple malaria species by enriching two biomarkers from large blood sample volumes 

into RDT-compatible volumes. Future directions of this work include developing a device 

that integrates the chemistry of AnDREW with an RDT so as to minimize user 

manipulation. Several iterations of devices have been engineered previously that 

incorporate magnetic bead-based sample preparation into malaria RDT workflows.63,109 

However, these devices were used with RDTs that solely detected HRP2. Incorporating 

the AnDREW into an all-in-one device would enable the point-of-care detection of HRP2 

and PLDH at low parasitemias, improving the sensitivity and specificity of RDTs. 

  

Conclusion 
 

We have developed a sample preparation platform for improving the detection of 

malarial biomarkers HRP2 and PLDH on RDTs. We captured both biomarkers from large 

volume (150 µL) blood samples using two different functionalized magnetic beads and 

eluted both biomarkers into small, RDT-compatible volumes (10 µL). We applied this 

sample preparation method to improving the analytical sensitivity and limit of detection 

for a commercial brand of dual biomarker RDT (LOD = 3.80 parasites/µL). Our method 

improves upon existing systems by eluting both biomarkers such that the biomarkers are 

not complexed to antibodies. These commercial tests enhanced with our method could 
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theoretically identify ~95% of the infectious reservoir. The addition of sample preparation 

methods such as ours to RDT workflows could significantly improve the efficacy of active 

case detection strategies. Future directions include combining the chemistry of our 

sample preparation method with 3-D printed devices that allow for our method to be 

applied directly at the point of care. 
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CHAPTER IV 

 

IV. INCORPORATING LATERAL FLOW ASSAYS INTO UNDERGRADUATE AND 

ANALYTICAL CHEMISTRY LAB CURRICULA FOR IN-PERSON, HYBRID, AND 

REMOTE LEARNING FORMATS 

 

Portions of this chapter were submitted to the American Chemical Society’s journal The 

Journal of Chemical Education 

 

Introduction 
 

The catalog of online pedagogical resources for chemistry instructors has 

drastically expanded in recent years, allowing instructors to explore various methods of 

delivering content to their students.113–115 For instance, with improved capabilities of 

delivering high-quality, pre-recorded lectures many instructors flip the classroom so as to 

maximize the in-class meetings to address specific student questions and 

weaknesses.116,117 Further, these online resources enable instructors to transition their 

lecture content relatively easily to remote-learning scenarios (as many institutions were 

forced to during the COVID-19 pandemic). Adapting laboratory classes to hybrid or 

remote learning formats, however, is far more challenging. There are numerous benefits 

to laboratory classes and experiential learning: greater depth of understanding, improved 

creativity, and improved critical and independent thinking skills.118 Transitioning labs to a 

hybrid learning or remote learning format thus represents an opportunity for innovation to 
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develop new modules that allow the students to obtain all the benefits afforded by 

experiential learning.  

Recently, several educators have demonstrated how hands-on science learning 

that is typically facilitated in on-campus laboratories can be adapted to at-home 

formats.119,120 Schultz et al. described how various household items could be used to 

demonstrate general chemistry concepts.119 For instance, the authors had students 

obtain red cabbage, which could be used as a colorimetric indicator to conduct acid-base 

reactions. To date, the reported at-home collegiate chemistry labs were designed for 

introductory chemistry courses. To the best of our knowledge, there have been few 

reports of remote chemistry labs for analytical chemistry classes. While there is software 

that allows students to run instruments remotely, it would still be difficult to accomplish 

pedagogical goals given the hands-on nature of the sample preparation and 

instrumentation.  

In this particular year, the authors incorporated a module on sensors in both lecture 

and lab because of the current relevance of diagnostic tests amidst the COVID-19 

pandemic. In this module, the students conducted an experiment using lateral flow assays 

(LFAs), which are currently one of the most prevalent forms of paper-based point-of-care 

diagnostics in use.4,121 The overarching goal was to use LFAs as a means to begin 

broader conversations about false positives and negatives in test results by examining 

specificity and sensitivity when building a receiver operating characteristic (ROC) curve. 

LFAs are advantageous for a remote teaching lab for many of the same reasons 

that they are suitable for point-of-care diagnosis: they are relatively inexpensive, have 

rapid time to result, and are easy to use. Paper-based diagnostics have only been 
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scarcely employed in chemistry educational contexts, making them an excellent choice 

for developing novel educational materials.122 We had three learning objectives for this 

LFA module: (1) the students learn the basic principles of lateral flow assays, (2) the 

students expand their understanding of diagnostic specificity, sensitivity, and ROC 

curves, and (3) the students engage in cooperative learning by pooling data, therefore 

encouraging collaboration in remote learning environments. 

The module was delivered in a hybrid format but could easily be adapted for 

remote-only learning scenarios with the data that the authors are providing to the reader. 

While this module was used as an experiment in an established analytical laboratory 

course, it can be easily modified for an in-class lecture demonstration or out-of-class 

homework. Constructing ROC curves creates a unique teaching opportunity for students 

to gain first-hand knowledge of the balance between sensitivity and specificity in point-of-

care diagnostics. Moreover, this activity allows students to gain an understanding of 

competing factors that arise in test development such as the tradeoff between improved 

test accuracy and cost of development.   

 

The Course 
 

This experiment was included in the Introduction to Analytical Chemistry 

Laboratory, the hands-on component to Introduction to Analytical Chemistry lecture. This 

laboratory is a mixture of quantitative analysis and instrumental analysis. The laboratory 

course typically has ~35 students split between two laboratory sections. This particular 

year was populated with 9 students in two sections on Monday and 16 students in two 

sections on Thursday (four sections total) to optimize physical distancing. It is typical for 
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the student population to be approximately 50/50 in sophomores and juniors with the 

occasional freshman and/or senior. This course serves chemistry majors and minors as 

well as biochemistry and chemical biology majors. 

 

The Laboratory 
Lab Format 

The lab was split into three segments: pre-lab videos, face-to-face (F2F) 

laboratory, and remote data analysis (Figure 21). Prior to the F2F laboratory, students 

were instructed to watch three short videos that addressed relevant background topics: 

(1) basics of lateral flow assays, (2) diagnostic specificity and sensitivity, and (3) receiver 

operator characteristic (ROC) curves (see Appendix D for links to the videos). The F2F 

segment and remote analysis segment were each able to be completed in 1.5-2 hours. 
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The F2F segment in which the students ran LFAs was facilitated by two teaching 

assistants and the instructors participated via video conferencing software. The remote 

analysis segment was conducted at a separate time via remote conferencing software. 

Six students participated completely remotely and therefore did not run their own LFAs. 

At the conclusion of the remote segment, the students completed a brief, anonymous six 

question survey regarding the effectiveness of various aspects of the module. The 

protocol for the entire lab, as well as the survey questions we asked the students, can be 

found in Appendix D. 

Pre-lab Content 
 
Background: Lateral Flow Assays 
 

Lateral flow assays (LFAs) are used across a number of disciplines, such as 

infectious diseases (malaria, HIV, COVID-19) and family planning (i.e. pregnancy rapid 

tests).4,121,123 They are composed of a piece of nitrocellulose paper that is housed inside 

of a plastic casing. Because LFAs are made of paper, the sample is simply applied to one 

end of the test and flows by capillary action, making LFAs amenable to resource-limited 

settings. LFAs are a real-world example of affinity chromatography, where biomolecules 

embedded in the nitrocellulose react specifically with one particular target biomarker, 

typically a protein molecule, separating it from the other biomolecules in the sample. The 

biomolecule embedded in the nitrocellulose that separates the protein biomarker is often 

a monoclonal antibody. A monoclonal antibody is a Y-shaped protein that binds with high 

affinity to a specific protein target at the antibody’s variable region (Fv). The monoclonal 

antibody that separates and binds to the biomarker in a particular region of the test is 

called the “test line antibody.”121,124 
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In addition to the “test line antibody” and the biomarker, LFAs contain a detection 

element and a “control line antibody.” The detection element is what allows the user to 

visualize a signal that is correlated to the presence of biomarker in the sample. 

Historically, gold nanoparticles (AuNPs) conjugated to monoclonal antibodies have been 

used as the detection element.29 AuNPs are used due to their large molar attentuation 

coefficients, which allow LFA users to observe the detection element with the naked 

eye.38 The monoclonal antibody conjugated to the AuNP is also specific for the biomarker. 

This AuNP-conjugate is dried down into the sample pad of the test. Many LFAs use a 

“sandwich” assay format for signal visualization (Figure 22), where the AuNP conjugate 

and test line antibody simultaneously bind to the biomarker. Lastly, the control line 

antibody is specific for the antibody attached to the AuNP. Because the AuNP-conjugate 

is always present in a given LFA, it should always bind to the control line antibody and 

produce a visual signal in a successful LFA.  Such a design allows for the appearance of 

one line (the control line) to indicate a negative result, whereas the appearance of two 

lines (the test line and control line) indicates a positive result.  

 

Background: Diagnostic Specificity and Sensitivity 
  

Diagnostic specificity and sensitivity are clinically relevant metrics to characterize 

diagnostic assays. These metrics are an application of the statistical concepts of 
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hypothesis testing as well as type I and type II errors. Diagnostic specificity is also known 

as the true negative rate and is defined in Equation 1. As diagnostic specificity is improved 

for a given assay, more patients are correctly assessed as being negative for the 

disease/condition being tested. In the realm of statistics, the null hypothesis would be that 

Patient X does not have the disease/condition. Improved diagnostic specificity is akin to 

minimizing type I error or minimizing the likelihood of rejecting a true null hypothesis. 

Diagnostic sensitivity, on the other hand, is known as the true positive rate and is 

defined in Equation 2. As diagnostic sensitivity is improved for a given assay, more 

patients are correctly assessed as being positive for the disease or condition being tested. 

If the null hypothesis is that Patient X does not have the disease/condition, then improved 

diagnostic sensitivity is akin to minimizing type II error--or minimizing the likelihood of 

failing to reject a false null hypothesis. Diagnostic assays inherently have associated type 

I and type II errors, the magnitude of each being dictated by factors such as biochemical 

limitations of the test (e.g. binding ability of the antibodies used), manufacturing 

parameters, and ease of interpretation. Diagnostic specificity and sensitivity are 

essentially a means to elucidate the accuracy of the test by assessing type I and type II 

errors. 

diagnostic	specificity = 	
true	negatives

true	negatives + false	positives 

 

diagnostic	sensitivity = 	
true	positives

true	positives + false	negatives 

To determine the diagnostic specificity and sensitivity of a novel assay, the true 

positives and true negatives must first be determined. These are established by analyzing 

(1) 

(2) 
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all samples by the best existing method for comparison, which is known as the ‘gold 

standard.’ The same samples are then analyzed using the novel method. The positive 

and negative results for the novel assay are established by setting a threshold signal 

value, where signals above the threshold are positive and below which are negative.  

For example, suppose we are developing a novel assay to detect a particular 

disease. We obtain 100 specimens and analyze them using both the gold standard and 

the novel assay. In this example, the gold standard returned 70 positive results (true 

positives) and 30 negative results (true negatives). For a given signal threshold, this novel 

assay returned 90 results above the signal threshold (positive results) and 10 results 

below the threshold (negative results). Of the 90 positive results from the novel assay, 68 

are true positives (positive by both assays), while 8 of the negative results are true 

negatives (negative by both assays). This means that 22 of the positive results from the 

novel assay are false positives, while 2 of the negative results from the novel assay are 

false negatives. From this data, the diagnostic specificity and sensitivity can be calculated 

according to the aforementioned definitions and summarized in a table known as a 

‘confusion matrix’ (Table 5). 

Table 5. Example data to calculate diagnostic specificity and sensitivity 
  Gold Standard 
  Positive Negative 

Novel Assay Positive 68 22 
Negative 2 8 

  Sensitivity = 68/(68+2) = 97% Specificity = 8/(8+22) = 27% 
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What this example reveals is that the novel assay demonstrates sufficient 

sensitivity (97%) but at the expense of poor specificity (27%). These metrics were the 

result of the signal threshold being set at a low value (Figure 23A). If the signal threshold 

were set at a higher value, the number of true positives would be fewer, but the number 

of true negatives would be greater. Therefore, the diagnostic specificity would be 

significantly better, but at the expense of diagnostic sensitivity (Figure 23B). When setting 

the signal threshold, one metric will be improved at the expense of the other. Knowing 

where to set this threshold requires context. If the test is being used for screening 

purposes, then the threshold should likely be biased towards better sensitivity, so as to 

detect as many individuals as possible, even at the expense of greater false positives 

(type I error). If the test is being used for confirmatory diagnostic purposes, then the 

threshold should be biased towards better specificity so as to be certain of the positive 

result, even if that means greater false negatives (type II error). The optimal value for the 

signal threshold is not always straightforward but can be elucidated with receiver 

operating characteristic (ROC) curves. 
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Background: Receiver Operating Characteristic Curves 

Determining the optimal signal threshold for a diagnostic assay can be aided by 

plotting a receiver operating characteristic (ROC) curve. A ROC curve (Figure 24) 

compares sensitivity against the false positive rate (1-specificity). An important metric 

measured by ROC curves is the area under the curve (AUC), which gives an overall 

indication of the accuracy of the diagnostic assay. A ROC curve for an optimal assay 

would have an AUC that approaches 1, and the curve would approach the upper left 

corner of the graph. An AUC that approaches 1 means that the sensitivity approaches 1 

and the false positive rate (1-specificity) approaches 0. The dashed line represents an 

AUC of 0.50, which means the diagnostic assay predicts the correct result 50% of the 

time. An AUC <0.50 indicates an assay that actually confuses more positive and negative 

results than it predicts correctly. From the ROC curve, the researcher can choose the 

threshold to bias the results towards more desired specificity or sensitivity. The threshold 

that they choose depends on the use-case scenario, as was discussed in the previous 

section.  

 
In-Lab Segment 
   

For the in-lab segment of this module, 25 students were split into four sections. In 

a given section, each student ran 2-3 LFAs for 15 minutes using samples provided by the 
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lab teaching assistants. Sixty samples (numbered 1-60) were prepared by a teaching 

assistant, of which 36 contained the biomarker of interest at various concentrations 

(positive samples) while 24 did not (negative samples). The numbering of the samples 

was randomized so that the students were blinded as to whether their samples were true 

positive samples or true negative samples. 

The LFA used in the lab was prepared in-house and catered specifically to this 

course. The LFA detected Plasmodium lactate dehydrogenase (PLDH) (CTK Biotech cat. 

no. A3005), a well-established biomarker for malaria, in a typical sandwich assay 

format.45 Immobilized to the nitrocellulose membrane of the test were two monoclonal 

antibodies: (1) a mouse anti-PLDH antibody to function as the test line and (2) a goat anti-

mouse antibody that serves as a control line. A gold nanoparticle (AuNP)-antibody 

conjugate was prepared as the signaling molecule and dried into the conjugate pad of the 

test. The AuNP was conjugated to a 2nd mouse anti-PLDH antibody that enabled the 

antibody “sandwich” to form at the test line in the presence of biomarker; furthermore, the 

AuNP-antibody conjugate is also captured by the goat anti-mouse control line antibody 

regardless of whether the sample contains biomarker. This results in two red lines for a 

positive test and one red line for a negative test.  

After running the LFAs, the students placed the LFA on the LFA placemat, 

captured pictures using smartphones, and uploaded the pictures to a web application. 

While the web app software was customized for this particular LFA module, it was based 

on a previously published method that enables the LFA signal to be quantified using a 

smartphone camera.73 The authors originally developed the app as a means to improve 

LFA data collection and aggregation for the purpose of malaria surveillance. The 



 65 

integration of the method into an educational lab module was a relatively straightforward 

extension of this author’s research.  

The web app served three main functions in this module (Figure 25). First, it had 

an input for the students’ name, their LFA photo, and the sample ID number for that 

particular LFA. Second, it provided the students with instant feedback. Each student 

received numerical data for the test line signal, control line signal, and test:control ratio 

for a given LFA within a few seconds. Furthermore, each student received information for 

how their images were processed. Briefly, the software used the colored circle fiducial 

markers on the LFA placemat to orient the LFA properly. Then, the software detected the 

control line and test line as a function of pixel location relative to the colored circles. The 

software then integrated the area under the curve for the control and test lines to quantify 

the LFA signal. Lastly, the web app sent all of the data captured by the students (including 

their name, sample ID number, test line signal, control line signal, and test:control ratio) 

to REDCap (http://www.projectredcap.org), a free and secure web application for 

research data management. The combination of the web app with REDCap allowed for 

students to collect data individually on each of their smartphones while compiling the data 

together in REDCap.  
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Remote Segment 
 

For the remote segment of this module, the students, instructors, and teaching 

assistants met during the regularly scheduled lab times via remote conferencing software. 

There were three main objectives for the students: (1) plot a ROC curve based on the 

collective class data, (2) manually process their own LFA images via ImageJ (to 

demonstrate how the web application performs image processing), and (3) discuss post-

lab critical thinking questions.  

The students were provided an Excel spreadsheet that contained the collective 

test line signal data collected by all the students (See Appendix D Table 10 for collective 

class data). To prepare the spreadsheet, the instructors took the test line signal data in 
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REDCap and sorted it into columns of true positives and true negatives based on the 

sample number. The students were given guidelines in the lab protocol to construct their 

ROC curve in Excel.  

Following completion of the ROC curve, the students manually processed one of 

their LFA images in ImageJ, a free image processing program that can be downloaded 

from the NIH (https://imagej.nih.gov/ij/download.html). Using this program, they were able 

to generate a plot profile of the test and control lines of the LFA, with signal plotted on the 

y-axis and distance (in pixels) plotted on the x-axis. The overall ImageJ workflow is 

described in Figure 26. This method was based on a previously published study using a 

flatbed scanner125 and allows for the students to quantify the test line signal of photos 

obtained from smartphones using ImageJ. The students processed their images in 

grayscale and in hue saturation value (HSV) color space to compare and contrast the 

differences between the two color spaces. This aspect of the remote lab allowed the 

students to develop a better understanding of the inner workings of the web application 

that they used in the laboratory. In the event that an educator wants to replicate this lab 

and does not have access to a cell phone app, image processing of LFA photos using 

ImageJ is a suitable alternative. Comparing and contrasting two or more methods of 

analysis (e.g. visual analysis, ImageJ, web application) would be a natural extension of 

this laboratory module. 
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Lastly, the instructors and students collectively answered a series of critical 

thinking questions pertaining to LFAs, diagnostic sensitivity and specificity, image 

processing, and ROC curves. The questions were used as a guide to foster broader 

discussion about diagnostic sensitivity and specificity and the decision-making process 

of developing a diagnostic test. 

 

Hazards 
 
 The face-to-face laboratory portion of this experiment contains few hazards. 

Borate buffer, the main aqueous buffer used in this lab, is an irritant if it comes into 

contact with skin or eyes. Gloves and eye protection should worn at all times to protect 

from aerosols produced by pipetting, and hand-washing before and after the laboratory 

should be done to mitigate irritation. The recombinant malaria antigen used for this 

laboratory is produced in E. coli and poses no risk of infection.  
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Figure 26. ImageJ workflow for quantifying the LFA test line signal. 
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Results and Discussion 
 
In-lab segment 
 

The face-to-face lab provided the students with hands-on experience with LFAs. 

It allowed the students to recall content they understood from the video on LFAs and to 

apply this knowledge to successfully run their own LFAs, which satisfied one of our key 

learning criteria. One aspect of the face-to-face lab that we found to be particularly 

impactful was the use of the web app. As smartphones have become ubiquitous across 

colleges and universities, the web app showed the students a real-world application of 

how their smartphone can be used to make analytical chemistry measurements. 

Moreover, this iteration of the web app is still in the development phase and has not 

been fully optimized to correct for factors such as varying lighting conditions or 

differences in phone camera resolutions. As a result, many of the students had to take 

several photos until an acceptable photo was obtained for which the test line could be 

quantified. Using an app that was in the development phase challenged the students to 

apply problem-solving skills, such as trying various camera angles, varying lighting 

conditions, or assessing different phone cameras, in order to obtain results for their 

LFAs. This process also made it clear to the students how a seemingly good test can 

yield false positives and false negatives and highlighted the importance of assessing 

diagnostic specificity and sensitivity of novel tests. Future iterations of this module could 

take these conditions that the students evaluated incidentally and incorporate them into 

the lab pedagogy intentionally. For instance, the students could generate their own 

hypotheses regarding conditions such as lighting or camera resolution and then 

evaluate the effect on diagnostic specificity and sensitivity in the subsequent remote lab 
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analysis. This future direction would in effect crowdsource the development of the web 

app and give the students the opportunity to create their own original work that 

contributes to real-world research.  

Remote analysis 

Once the LFA signal data was obtained from the web app, compiled in REDCap, 

and downloaded by the instructor, the students performed data analysis remotely via 

conference software. Using the LFA signal data from the entire class, the students were 

able to calculate the specificity and sensitivity of the diagnostic test and plot a ROC curve, 

with sensitivity vs. false positive rate on the y and x axes, respectively. A detailed 

description of the data analysis and a spreadsheet with all the pertinent equations is 

provided in the Supporting Information. Ultimately, the collective LFA data of the students 

yielded a ROC curve with an area under the curve (AUC) of 0.64 (Figure 27). This result 

indicated that the integrated LFA and web app method for detecting the biomarker proved 

to be slightly better than a coin flip (AUC = 0.64 > 0.50).  
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Figure 27. ROC Curve produced from the collective class lateral flow assay data. 
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Survey Results 
 

Immediately after the remote analysis was complete, we asked the students to 

participate in a blind survey of which 92% of the students (23 out of 25) participated. We 

used the survey to gauge if the module improved overall comprehension of LFAs as well 

as probe any differences in remote vs. hybrid learning. The survey was composed of 8 

multiple choice questions regarding delivery method, knowledge level before and after 

the module, and the role of the pre-lab videos. One free-response question was included 

at the end of the survey for general comments. Of the participants, 26% (6) were ‘remote 

only’ while 74% (17) were hybrid.  

 When asked how much the module improved overall understanding of LFAs, 91% 

of the students reported significant improvement. No one reported ‘not any better,’ and 

the 9% that reported ‘somewhat improved’ were ‘remote only’ students. When asked if 

the module improved their understanding of sensitivity/specificity/ROC curves, 78% 

reported significantly improved with zero responses of ‘not any better.’ Of the 22% that 

reported ‘somewhat improved,’ 9% were hybrid and 13% were ‘remote only.’ In both 

questions, the middle-ground answers of ‘somewhat improved’ were largely given by 

‘remote only’ students, leading us to conclude that the hands-on learning session is 

important for module pedagogy.  

 In addition to the overall impression of the module, we wanted to probe the 

effectiveness of the pre-lab video content. When comparing knowledge gain to laboratory 

preparedness from all three pre-lab videos, no statistical difference was observed 

(ANOVA, alpha = 0.05). In other words, the pre-lab videos were equally valuable to the 

students for both general content and laboratory preparedness. When comparing remote 
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only students to hybrid students for each individual question, there were no statistical 

differences (t-tests, alpha = 0.05). This suggests the videos equally prepared both hybrid 

and remote only students in general knowledge as well as laboratory readiness. This 

finding is not in accord with the questions about improvement, which indicated that there 

was perhaps a better improvement in understanding among the hybrid students as 

compared to remote-only students. This indicates that the hands-on portion of the 

laboratory increased the confidence of the hybrid students. 

Qualitatively, the two teaching assistants and two instructors noted that the 

students demonstrated interest in the material and scientific curiosity with regard to the 

experiment. Overall, the students reported positive comments about the experiment and 

learning materials they were given. One student stated, “I really enjoyed both the in-

person and remote components! It was super helpful in enhancing my understanding of 

LFAs”. Another said, “Presentation was straightforward for the complexity of the content.” 

When examining the feedback from the students, the instructors found that the initial goal 

of teaching students why point-of-care diagnostics produce false positives/negatives was 

met. For instance, “I also now understand the benefit and tradeoff of specificity vs. 

sensitivity and how scientists decide which to prioritize in diagnostic testing.” Finally, the 

students reported the efficacy of the laboratory to the lecture material: “I was able to 

complete my assessment for lecture with flying colors based on (the) video lectures.”    

 

Conclusion 
 

This lateral flow assay module can be used in several ways as an in-person, hybrid 

or remote only laboratory experiment or as a supplement to lecture content. We have 
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included all data from this experiment for lecturers to incorporate into lessons as they see 

fit. To make this module more accessible to chemistry departments that do not have LFA 

specialists in house, we suggest using over the counter pregnancy tests as an alternative. 

Instructors could prepare an array of concentrations of pregnancy biomarker (human 

chorionic gonadotropin-hCG) for students to test. In the absence of a smartphone app for 

LFA quantification, the students could judge how clear the line appears on a scale of 0-5 

so that a ROC curve could be constructed.126 This naked eye quantification could then be 

compared to quantification with ImageJ using ROC curves for analysis to assess the two 

different methods of quantifying LFAs. A future direction for this module will be to make 

all the components stable such that they can be packaged into a kit and shipped without 

a cold chain. This would allow the lab to be conducted completely remotely, including the 

hands-on component, permitting the remote students to benefit from the hands-on 

experiential learning. 
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CHAPTER V 

 

V. SUMMARY AND OUTLOOK 
 

In this work, strategies for improving malaria lateral flow assays and expanding 

their applications were described. In Chapter II, we utilized aptamer-functionalized 

magnetic beads to enrich malaria biomarker Plasmodium lactate dehydrogenase (PLDH) 

from whole blood specimens, and we combined the magnetic beads with antisense 

complementary DNA (cDNA) to elute the captured PLDH. We then used these reagents 

in a sample preparation workflow to improve the PLDH test line signal in two commercial 

malaria LFAs. We further improved upon this sample preparation workflow in Chapter III. 

We used biolayer interferometry (BLI) to evaluate the available PLDH-specific aptamers 

for their ability to bind to P. falciparum LDH (PfLDH) and P. vivax LDH. We then integrated 

the best performing aptamer-functionalized magnetic beads with immobilized metal 

affinity chromatography (IMAC) magnetic beads to enrich both PLDH as well as histidine-

rich protein 2 (HRP2) from whole blood specimens. The two magnetic bead reagents 

captured two distinct biomarkers simultaneously; however, a singular eluant, ethylene 

diamine tetraacetic acid (EDTA), could be used to elute both biomarkers onto an LFA. 

This sample preparation methodology integrated with commercial LFAs enabled the 

detection limit of both biomarkers to be below 5 parasites/µL, potentially permitting 

detection of asymptomatic malaria. In Chapter IV, we demonstrated how LFAs could be 

incorporated into an undergraduate analytical chemistry module designed to teach the 

concepts of point-of-care diagnosis, diagnostic specificity vs. sensitivity, and receiver 

operating characteristic (ROC) curves. This module enabled us to continue to deliver 
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laboratory content during the COVID-19 pandemic that was relevant to the real world but 

also exemplified concepts of analytical chemistry. 

 Lateral flow assays continue to be the principal point-of-care diagnostic format as 

evidenced by their breadth of use across various disciplines. Given the existing 

manufacturing/distribution infrastructure and end user familiarity with LFAs, simply 

building upon LFA workflows by adding sample preparation and/or signal amplification 

methods is an attractive path to follow. These approaches allow for gains in assay 

sensitivity to be made without necessarily uprooting the entire assay infrastructure. By 

enriching the biomarker concentration with affinity-based interactions, as was described 

in this dissertation, or by amplifying the number of signaling molecules per biomarker 

molecule, existing test formats can be augmented for better performance.  

Attempting to improve molecular recognition is another approach to advancing the 

field of diagnostics. Essential to the vast majority of commercial LFAs are the high-quality 

monoclonal antibodies that are embedded within the nitrocellulose and conjugated to 

AuNPs. However, aptamers have been advertised since their inception as an alternative 

to antibody-based diagnostics, overcoming the shortcomings of monoclonal antibodies 

such as temperature sensitivity and batch-to-batch variation. The work presented in this 

dissertation made a case for the use of aptamer-conjugated magnetic beads as sample 

preparation reagents to be used in conjunction with commercial LFAs. However, the tests 

that we improved using aptamer-based sample preparation were, in fact, antibody-based 

LFAs. Aptamers have shown significant promise in molecular recognition and have 

certain features, such as facile biomarker release strategies, that can be advantageous 

in assay development. Yet, they still have not quite demonstrated the target affinities that 
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monoclonal antibodies have demonstrated. To recall what a Vanderbilt professor opined 

after hearing me outline my project: “Aptamers are the technology of the future, and 

always will be.” It remains to be seen whether aptamer technology will be able to have 

the same impact as monoclonal antibodies and whether aptamers could ultimately 

replace antibodies in an assay such as an LFA. Monoclonal antibody technology, 

however, did not germinate overnight. The first report of hybridoma cells that could 

produce specific clones of antibodies was published by Köhler and Milstein in 1975.127 It 

took over 40 years for some of the uses of monoclonal antibodies in diagnostics and 

therapeutics to be realized, and this innovation is ongoing. With the first report of 

aptamers by Ellington in 1990,75 aptamer-based diagnostics may still be in their infancy 

from a market perspective. The next decade or two will be telling as to how aptamer-

based diagnostic technologies mature.  

In spite of continuing innovation and improvements, LFAs have intrinsic limitations 

that can be difficult to surmount. In particular, a limitation that stands out is difficulty with 

multiplexing. Multiplexed POC tests have significant value as a screening tool. Many 

treatable tropical diseases are transmitted in the same geographical regions with similar 

symptom presentations such as fever and general malaise. This fact confounds proper 

diagnosis, and therefore proper treatment, of febrile patients with nonspecific symptoms. 

Thus, multiplexed POC tests that could detect 3 or 4 distinct biomarkers for tropical 

diseases would be valuable in screening febrile patients for a putative diagnosis. While 

multiplexed LFAs have been developed for diagnosis of distinct diseases as a proof-of-

principle,30 the development of such assays is challenging. Antibody cross-reactivity with 

antigens and other antibodies often leads to false positive results in multiplexed LFAs.128 
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Moreover, there are physical limitations with regard to placing multiple (e.g. 4 or more) 

lines on a singular LFA. It is well-established that test line placement significantly 

influences the LFA signal.15 As the number of antigens detected is increased, there is 

likely a difference in performance across the different antigens. Therefore, maintaining a 

consistent performance across all biomarkers in a given multiplexed LFA is challenging 

and sometimes unattainable. 

Vertical flow assays (VFAs) have demonstrated promise as an alternative to LFAs 

that may address some of the shortcomings of LFAs. VFAs are composed of membranes 

that are stacked on top of one another such that the fluid flow exhibited is vertical, as 

opposed to the parallel flow exhibited by LFAs.129 Many of the assay components are 

similar for both VFAs and LFAs, such as the use of sandwich assay formats, monoclonal 

antibodies for molecular recognition, and gold nanoparticle (AuNP)-antibody conjugates 

as detection molecules. However, the most common VFA detection schemes use 

spatially separated spots that significantly outnumber the test lines on multiplexed LFAs. 

The capacity for multiplexed assays is thought to be more attainable using a VFA format 

as opposed to an LFA format. This improved ease of multiplexing could allow VFAs to 

fulfill the need for multiplexed POC screening tests. 

Regardless of assay format, we have shown how incorporating research topics 

such as diagnostic assays into undergraduate curricula can have significant pedagogical 

value. Further, implementing research modules in undergraduate curricula can help to 

address some of the deficiencies of lab curricula. Currently, much of chemistry lab 

curricula are centered around executing a series of actions to demonstrate technical 

proficiency and/or concept mastery. Oftentimes there is a desired outcome (e.g. high 
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yield/purity of a synthesis, correct titration endpoint, etc.) for a given lab, where proper 

technique and concept comprehension will result in perceived success for the students. 

While these types of labs are important because technical proficiency is a part of 

chemistry, these labs do not closely approximate a true research experience. True 

research does not have predefined outcomes that can be used as metrics to gauge 

student success. By designing labs with general goals but without specific predefined 

metrics, the students are given exposure to the process of research. These lab modules 

elicit student creativity and problem-solving by virtue of the fact that the modules are 

novel. While some students may struggle with the adjustment to a module without an 

“answer,” we have learned that the students ultimately benefited from the exposure to a 

process that more closely resembles research.  

As beneficial as these types of modules appear, they can be difficult to execute. 

They require that the instructor becomes “comfortable with being uncomfortable,” so as 

to encourage the students to do the same. Trust has to be built between the students, 

teaching assistants, and instructor to give the students the freedom and confidence to 

take risks and think creatively. By empowering the students to take ownership of science, 

they can comprehend new topics and improve technique while also honing their practice 

of the scientific method. This is a challenge for educators and one that they must be willing 

to embrace as they groom future generations of aspiring scientists.  
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APPENDIX 
 

A. PROGRESS TOWARDS A CU(I) NANOPARTICLE DISSOLUTION-BASED SIGNAL 

AMPLIFICATION STRATEGY 

 
Introduction 

 Signal amplification is a hallmark of sensitive diagnostic assays for protein 

detection. In essence, signal amplification is defined as the production of multiple 

signaling molecules for every one biomarker molecule in an assay. The gold standard 

method for sensitive protein detection is the ELISA (enzyme-linked immunosorbent 

assay), which employs metalloenzymes (e.g. horseradish peroxidase, alkaline 

phosphatase, and catalase) conjugated to molecular recognition elements (MREs) such 

as antibodies for enzymatic signal amplification.130 The enzymes convert colorless 

substrate molecules into thousands of colored product molecules per every one 

biomarker molecule. Though the ELISA is still widely employed for protein detection, 

several other signal amplification methodologies have emerged that utilize nanoparticles 

in various capacities to provide sensitive signal generation. These methods include 

nanoparticle-assisted enzymatic signal amplification,69,131–134 nanoparticles as 

metalloenzyme mimics,70,71,135,136 and nanoparticle dissolution.72   

Nanoparticle-assisted enzymatic signal amplification has been employed in novel 

assays to detect protein biomarkers in so-called “plasmonic” ELISAs.  As opposed to 

using conventional metalloenzyme substrates, plasmonic ELISAs employ the 

metalloenzyme as a kinetic tool for nanoparticle nucleation. The plasmonic ELISA 

pioneered by de la Rica and Stevens69 utilized a catalase-conjugated detection antibody 
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that altered the growth of AuNPs via catalase-mediated disproportionation of H2O2. In the 

absence of biomarker, the catalase-conjugated antibody was also absent, allowing for 

bulk Au(III) to be reduced by H2O2. This formed stable, spherical AuNPs that appeared 

red in color. In the presence of biomarker, the catalase-conjugated detection antibody 

was present and catalyzed H2O2 disproportionation. The resulting consumption of H2O2 

led to kinetically slower nucleation of AuNPs, forming aggregated AuNPs with poorly 

defined morphology that appeared blue in color. The red-shift in the SPR was highly 

sensitive toward H2O2 concentration; thus, depletion of H2O2 with catalase that was only 

present in biomarker-positive samples allowed for very sensitive detection of biomarker 

with the naked eye. This method proved to be quite sensitive; however, it did not 

circumvent the main shortcoming of ELISAs in that it still used a metalloenzyme and 

substrate (H2O2) which require a cold chain for storage. 

The method of using nanoparticles as enzyme mimics addresses, in part, the 

shortcoming of cold chain storage of enzymes. In 2007, Gao et al. made the remarkable 

discovery that Fe3O4 nanoparticles were able to serve as catalytic sites for the turnover 

of the substrates originally used with horseradish peroxidase (e.g. TMB and DAB).70 By 

replacing the metalloenzyme with a so-called “nanozyme” and subsequently conjugating 

the nanozyme to an MRE, sensitive protein detection assays could be demonstrated that 

no longer needed an enzyme for signal amplification. Besides Fe3O4, several other 

materials have been used as nanoparticle enzyme mimics, including gold,135 platinum,136 

and hybrid core-shell materials.71 For instance, Loynachan et al. used core-shell Au@Pt 

nanoparticles conjugated to MREs as a detection reagent in an LFA.71 In biomarker-

positive samples, the nanozymes were arrested at the test line, forming the typical LFA 
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antibody “sandwich.” Subsequent addition of the substrate molecules CN and DAB (4-

chloro-1-naphthol and 3,3′-diamino-benzidine tetrahydrochloride, respectively) in 

conjunction with H2O2 allowed for the formation of a black precipitate at the test line that 

was visible with the naked eye. The sensitivity of the assay that included signal 

amplification was far greater than a corresponding assay without signal amplification. 

While this assay demonstrated how incorporating a nanoparticle-based signal 

amplification strategy into a lateral flow assay improved the sensitivity, it still used H2O2 

as an oxidizing agent, thus requiring a cold chain for at least one assay reagent.  

 One strategy for signal amplification that could potentially eliminate the cold chain 

requirement is nanoparticle dissolution, which was first reported by Tong et al.72 In this 

strategy, the authors utilized a standard “sandwich” immunoassay format much like a 

lateral flow assay, with one notable exception: the detection reagent of the assay was an 

iron oxide nanoparticle conjugated to an MRE. After formation of the antibody-biomarker 

“sandwich,” the nanoparticle was dissolved with acid to yield thousands of Fe2+ ions. 

These iron ions were detectable using the Fe2+-specific ligand ferrozine, which forms a 

brightly colored complex in the presence of Fe2+. The Fe2+ ions could be quantitated, 

which in turn could be correlated to biomarker concentration in the immunoassay. This 

method of signal amplification has advantages. Importantly, the assay used neither an 

enzyme nor a substrate that required a cold chain. Further, the sensitivity of the assay 

could be tuned by varying the size of the nanoparticle used in detection. Larger 

nanoparticles resulted in a greater number of Fe atoms within the lattice, which in turn 

resulted in more detectable Fe atoms per biomarker. 
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 The nanoparticle dissolution platform for signal amplification has the potential to 

be expanded to include various different inorganic nanoparticles and ligand-binding 

chemistries. We report progress towards a nanoparticle dissolution strategy that utilizes 

Cu(I)-containing nanoparticles that can subsequently be detected by two different 

commercially available Cu-specific ligands. Copper-based nanomaterials are 

advantageous in diagnostic assays because they are inexpensive, thermally stable, and 

easily detectable.137 We prepared crystal-bound Cu2S nanocrystals capped with the 

ligand D3MP (dodecyl 3-mercaptopropanoate) according to a previously published 

method.138 We then conducted studies regarding the water solubility of the nanocrystals 

as well as a comparison of two commercial ligands (neocuproine and cuprizone) for 

detecting Cu ions, and the preliminary results are presented herein.  

 

Methods 

Reagents and materials 

 Copper(II) acetylacetonate (97%), cuprizone, and hydroxylamine hydrochloride 

were obtained from Sigma Aldrich (cat. nos. C87851, C9012, and 379921, respectively). 

Dodecyl 3-mercaptopropanoate (D3MP) was provided by the Macdonald lab at Vanderbilt 

University. Poly(ethylene glycol) (average Mn 20,000) was obtained from Polysciences 

Inc. (cat. no. 22568). Neocuproine was obtained from Acros Organics (cat. no. 

AC153320250). Conventional air-free Schlenk techniques were used for synthesis of 

Cu2S nanoparticles using Ar or N2 as the inert gas. A J-KEM Scientific Model 210 

precision temperature controller and a thermocouple were used for synthesis of Cu2S 

nanoparticles. Transmission electron microscopy images were obtained using an FEI 
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Tecnai Osiris scanning/transmission electron microscope. TEM grids were obtained from 

Ted Pella (cat. no. 01844N).  

 

Synthesis of Cu2S nanocrystals capped with D3MP 

 The D3MP-capped Cu2S nanocrystals were prepared accordingly to a literature 

method. Copper(II) acetylacetonate (0.666 mmol, 261.76 g/mol) and 5 mL of D3MP were 

added to a 3-neck 25 mL round-bottom flask and stirred at 1200 rpm. The flask was 

purged with N2 and then stirred for 20 min. under vacuum, and this process was repeated 

for a total of two N2 purges. The flask was placed under N2, wrapped with aluminum 

foil/glass wool, and heated to 200 °C (temperature controller power output setting: 50-

500 mL). The flask was heated for 1 hr. once the flask reached 200 °C. After 1 hr, the 

reaction mixture turned a dark brown color and was removed from the heat. The 

nanoparticles were washed with IPA and centrifuged at 8700 rpm for 5 min. The IPA was 

decanted, and the nanoparticles were washed with CHCl3 and then vortexed and 

sonicated to disperse the nanoparticles. The nanoparticles were centrifuged at 8700 rpm 

for 5 min, and the supernatant containing nanoparticles was removed. IPA was added to 

the nanoparticles (~3 mL), forming a white precipitate. The solution was centrifuged at 

8700 rpm for 5 min. and the supernatant was removed and stored in CHCl3 for 

subsequent analysis and experiments. 

 

Hydrolysis of D3MP-capped Cu2S Nanocrystals 

 The solvent was removed from Cu2S nanoparticles dispersed in CHCl3 by rotary 

evaporation, and the nanoparticles were redispersed in 2 mL of THF. To the nanoparticles 
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was added 1 mL of 0.1 M KOH, and the reaction was heated to 50 °C for 2 hr. The 

nanoparticles were isolated by centrifugation at 4400 rpm for 5 min. The nanoparticles 

were washed with 2 mL of EtOH and centrifuged at 8700 rpm for 5 min. This step was 

repeated for a total of 2 washes with EtOH. The nanoparticles were then dispersed in 

H2O with 2% PEG20,000 to final concentration of 10 mg/mL. Yield of hydrolyzed Cu2S 

nanoparticles: 27.1 mg.  

 

Transmission Electron Microscopy (TEM) analysis  

 Diluted solutions (1:5 and/or 1:10) of nanoparticles dispersed in the appropriate 

solvent were prepared, and TEM grids were submerged in the solution and then air-dried 

for subsequent imaging. Nanoparticle size and size distribution was determined by TEM 

(n=201).  

 

Cu2S nanoparticle dissolution assays for quantitation of Cu ions 

 The procedure for nanoparticle dissolution assays was modeled after established 

protocols.72,139 Standard solutions of CuSO4 were prepared in DI H2O (200 µL of 0.0313 

to 2 mM, 2-fold serial dilution). Solutions of Cu2S NPs dispersed in DI H2O were prepared 

(200 µL of 0.100 mg/mL to 6.40 mg/mL, 2-fold serial dilution). In a 96-well microtiter plate, 

50 µL of CuSO4 standard solution or Cu2S NP solution was added (n=3 for each 

concentration). To each well 50 µL of 6 M HCl was added and incubated for 15 min. Next, 

to neutralize each well, 75 µL of 4 M NaOH was added, followed by 25 µL of 2 M NH4Ac. 

To each well 25 µL of 20 mM Cu-binding ligand was added (neocuproine in EtOH or 

cuprizone in H2O). For neocuproine assays, 50 µL of 200 mM NH2OH•HCl was added to 
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each well. Absorbance was measured at 450 nm for neocuproine assays or 600 nm for 

cuprizone assays on a BioTek Synergy H4 microplate reader.  

 

Results and Discussion 

Cu2S nanocrystal synthesis and water solubilization   

To produce Cu-based nanomaterials for signal amplification, we first synthesized 

Cu2S nanocrystals that were capped with crystal-bound D3MP (dodecyl 3-

mercaptopropanoate) ligands based on a literature method.138 D3MP was employed as 

the ligand because it contains a midchain ester that, when cleaved with base, yields a 

corona of carboxylates that have been reported to render the nanocrystals water-soluble. 

Solubility in aqueous/biological matrices is critical to subsequent assay development. 

Further, the carboxylate functional group would allow for conjugation of a molecular 

recognition element. The Cu2S nanocrystals were prepared by solvothermal synthesis 

and characterized by TEM, yielding a particle diameter of 22.9 ± 2.4 nm (n=201) (Figure 

28A). The water-soluble Cu2S nanocrystals were characterized by TEM (Figure 28B) and 

UV-Vis (Figure 28C), with the UV-Vis demonstrating a characteristic plasmonic 

resonance in the 900-1100 nm region of the spectrum.138  

While hydrolysis of the D3MP ester bond yielded water-soluble Cu2S 

nanoparticles, the stability of the nanoparticles in aqueous solution was limited. After 2-3 

days, the nanoparticles dispersed in H2O would irreversibly aggregate, preventing further 

studies conducted in aqueous media. To ameliorate this issue, we drew inspiration from 

a previous study which demonstrated that high molecular weight poly(ethylene glycol) 

(PEG) could be used to stabilize gold nanoparticles in water for up to 2 months.140 
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Importantly, it did so without adsorbing to the nanoparticle surface, thus leaving the 

surface accessible for functionalization with a molecular recognition element. We applied 

this method to the Cu2S NPs and found that storing the Cu2S NPs in water with 2% high 

molecular weight PEG (PEG-20,000) greatly improved the long-term stability. The 

nanoparticles were stable for up to ~4 weeks, as compared to just 1-2 days in pure water. 

Figure 28D compares the dispersion of Cu2S NPs in each solvent after one week. It shows 

that the Cu2S NPs stored in H2O without PEG aggregated irreversibly (Figure 28D, left), 

while the NPs stored in H2O with high MW PEG were still evenly dispersed (Figure 28D, 

right). As a result, the hydrolyzed Cu2S nanocrystals were dispersed in H2O with 2% high 

MW PEG for long-term storage. 

 

Calculation of the theoretical signal amplification afforded by the Cu2S nanocrystals 

 To establish the theoretical signal amplification that would be afforded by Cu2S 

nanoparticle dissolution, we estimated the number of copper atoms that are contained 

within a single Cu2S nanocrystal. Cu2S belongs to the chalcocite crystalline phase and 
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possesses a primitive monoclinic crystal system, containing 48 Cu2S formula units per 

unit cell.141 A straightforward calculation (shown below) indicated the theoretical number 

of Cu atoms per Cu2S nanocrystal. 

Vunit cell (monoclinic) = a • b • c • sinb  

a = 1.5246 nm, b = 1.1884 nm, c = 1.3494 nm, b = 116.35° 

Vunit cell (monoclinic) = 2.1909 nm3 

Vnanoparticle = !
"
 • p • (#

$
)3 = !

"
 • p • ($$.&	()

$
)3 = 6287.9 nm3 

*(+,	-.//0
(1(2314,+-/.

 = 5!"!#$"%&'()*
5+!'&	(*))

 = 6$78.&	()
-

$.9&:&	()- = 2870 unit cells per Cu2S nanoparticle 

!7	;*.<	=24)*/1	*(+,0
*(+,	-.//

 = 96 Cu atoms per unit cell 

&6	;*	1,2)0
*(+,	-.//

 • $78:	*(+,	-.//0
(1(2314,+-/.

 = 2.8 • 105 Cu atoms per nanoparticle 

The calculation reveals a theoretical signal amplification factor of 2.8 • 105 if the Cu2S 

nanocrystal were to be incorporated into a nanoparticle dissolution assay. Importantly, 

this signal amplification factor is in the same regime as horseradish peroxidase, the 

mostly commonly used enzyme in ELISAs.130  

 

Antibody functionalization of Cu2S nanocrystals 

 Developing a signal amplification platform that employs nanoparticle dissolution 

requires conjugation of the nanoparticle to a biomarker-specific molecular recognition 

element. With respect to bioconjugation strategy, we initially elected to use EDC/Sulfo-

NHS to couple the carboxylate of the nanoparticle ligand to the primary amines on an IgG 

antibody (Figure 29). We posited that TEM with negative staining using phosphotungstic 

acid would enable us to visualize the presence of IgG antibody on the nanoparticle 
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surface. First attempts at this imaging methodology were unsuccessful. While the addition 

of high molecular weight PEG improved nanoparticle dispersibility in aqueous media, we 

hypothesized that the presence of polymer in the sample prohibited proper TEM imaging. 

Further optimization of the staining procedure will be necessary. Alternatively, other 

methods such as Fourier transform infrared spectroscopy (FT-IR) or conjugation of FITC-

labelled antibodies could be employed. Refining the nanoparticle characterization will 

allow us to better assess the bioconjugation and to examine how the bioconjugation 

affects particle morphology. 

 

Cu2S nanoparticle dissolution assays for quantitation of Cu ions 

 Dissolution of the Cu2S nanoparticles with subsequent colorimetric detection using 

Cu-specific ligands is a critical facet of the assay development process. To this end, we 

demonstrated proof-of-principle with colorimetric Cu-specific ligands neocuproine and 

cuprizone (Figure 30A). We digested the nanoparticles with HCl and neutralized with 

NaOH before adding one of the two Cu-specific ligands. The UV-Vis in Figure 30B shows 
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Figure 30. (A) Cu-specific ligands for detection of Cu ions following nanoparticle dissolution. (B) UV-Vis 
of Cu2S NPs before dissolution and detection (black), after dissolution and detection using neocuproine 
(orange trace), and after dissolution and detection using cuprizone (blue trace). 
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a constant concentration of nanoparticles (3.2. mg/mL) before dissolution (black trace) 

and after dissolution and detection with either neocuproine or cuprizone (orange and blue 

traces, respectively). The UV-Vis plasmonic region (900-1100 nm) for the nanoparticles 

before dissolution completely diminished and was replaced by peaks for each respective 

colored Cu complex. We performed a titration series for nanoparticle dissolution to show 

a Cu2S NP concentration dependent visual signal for each ligand (Figure 31). 

Neocuproine gave a limit of detection = 30.1 µg/mL, and cuprizone yielded a limit of 

detection = 138 µg/mL. While these preliminary results suggest that neocuproine is the 

superior ligand due to its lower limit of detection, this result is surprising given the larger 

molar absorptivity of cuprizone compared to neocuproine.142 Notably, the cuprizone is 

poorly soluble, which could potentially explain the difference in detection limit. Synthesis 

of a water-soluble analog of cuprizone could potentially address this shortcoming.143 
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Conclusion 

 We have made progress towards a signal amplification platform that employs Cu-

based nanoparticle dissolution. With the addition of a high molecular weight polymer, we 

were able to significantly improve the aqueous stability of the hydrolyzed Cu2S 

nanoparticles. Using commercially available Cu-specific ligands, we were able to digest 

the nanoparticles and subsequently demonstrate a nanoparticle concentration-dependent 

colorimetric response. Future directions will include coupling an IgG antibody specific for 

malarial biomarker Plasmodium lactate dehydrogenase to the nanoparticle surface such 

that a full “sandwich” assay can be developed for diagnosis of malaria. Further, there are 

a growing list of Cu-specific ligands that produce a colorimetric or fluorescent response 

in the presence of Cu ions.144–146 The expanding catalog of nanoparticles and ligands will 

pave the way for the next generation of multiplexed assays that employ nanoparticle 

dissolution for ultrasensitive signal amplification. 
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APPENDIX B 

 

B. EVALUATION OF MONOCLONAL ANTIBODIES SPECIFIC FOR PLASMODIUM 

LACTATE DEHYDROGENASE AND THEIR APPLICATION IN THE DEVELOPMENT 

OF A LATERAL FLOW ASSAY 

 

Introduction 

 Essential to all diagnostic assays are the biomolecules used for molecular 

recognition of the biomarker and the methods for immobilizing the molecular recognition 

elements (MREs) to a solid surface. Monoclonal antibodies have been a workhorse MRE 

for decades, being used in Western blots, enzyme-linked immunosorbent assays 

(ELISAs), and lateral flow assays (LFAs).31,64,147 With the introduction of the lateral flow-

based pregnancy test in the 1980s, monoclonal antibodies have become ubiquitous in 

LFA technology, being used for family planning, infectious disease detection, 

environmental monitoring, and food safety testing.31 One of the most important factors in 

developing a lateral flow assay is the use of MREs with a high affinity (KD = ~nM to pM) 

for the target biomarker. As such, characterization of the biomolecular interactions 

between the monoclonal antibody and target biomarker are critical.  

Characterizing the biomolecular interactions of monoclonal antibodies and 

biomarkers requires a dependable method for measuring the kinetics of binding. One 

such method is biolayer interferometry (BLI), a label-free optical biosensor technology 

that measures how interference patterns of white light change in response to the binding 

of biomolecules. BLI utilizes “dip-and-read” biosensors composed of optical fibers and a 
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surface to which biomolecules can be conjugated. As the sensor tip is first immersed in a 

solution containing antibody, followed by immersion in a solution containing biomarker, 

the interference profile of the white light changes in accordance with the growth of the 

biolayer. The light interference profile is then monitored in real time and fit with a global 

1:1 binding model in order to derive kinetic binding data such as ka, kd, and KD.  

With regard to functionalization of the sensor tip surface, many methods of 

bioconjugation exist; however, one of the most dependable methods is the use of biotin-

streptavidin, which is the predominant affinity-based bioconjugation system. Biotin is a 

small molecule that binds with an extraordinarily high affinity (KD = 1.3 x 10-15 M) to the 

bacterial protein streptavidin.24 Streptavidin is an approximately 60 kDa tetrameric 

protein, permitting a 4:1 stoichiometry of biotin to streptavidin. In BLI, streptavidin is 

adsorbed to the sensor surface, while the monoclonal antibody is biotinylated, commonly 

by coupling of NHS-(PEG)n-biotin to a primary amine of the antibody. Therefore, 

biotinylation of antibodies followed by monitoring of binding to biomarkers using BLI is a 

suitable method of characterization for selecting the optimal monoclonal antibodies for a 

lateral flow assay.  

After characterizing and selecting high affinity antibodies, these antibodies can be 

employed in the development of a lateral flow assay. Monoclonal antibodies are 

immobilized to the lateral flow assay surface and to the detection moiety (i.e. gold 

nanoparticle) by simple adsorption. Due to the hydrophobic nature of nitrocellulose, the 

antibodies adsorb to the nitrocellulose using hydrophobic interactions that are common 

among proteins.14 On the other hand, adsorption of antibodies to the nanoparticle 
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detection reagent is largely governed by electrostatic interactions between the 

nanoparticle surface and the charged residues of the antibody.29  

Herein, we present initial progress towards the development of a lateral flow assay 

for malaria biomarker Plasmodium lactate dehydrogenase (PLDH). First, we 

characterized the binding of numerous commercially available monoclonal antibodies to 

Plasmodium falciparum LDH and Plasmodium vivax LDH using BLI. Subsequently, we 

evaluated the performance of a pair of these monoclonal antibodies on an LFA. One of 

the monoclonal antibodies was embedded in the nitrocellulose as the biomarker capture 

antibody, while the other monoclonal antibody was conjugated to a gold nanoparticle 

(AuNP) and used as the detection modality. The LFA was subsequently utilized in an 

educational module on the topic of LFAs and diagnostics for an undergraduate analytical 

chemistry laboratory (Chapter IV).  

 

Methods 

Reagents and materials 

 Gibco 10x phosphate buffered saline solution (pH 7.4), Tween-20, and bovine 

serum albumin (BSA) were purchased from Fisher Scientific (cat. nos. 70-011-044, 

BP337-100, and BP1600 respectively). Monoclonal antibodies 10P09DS, 10P09CS, and 

goat a-mouse IgG antibodies (cat. no. 41-GM25) were obtained from Fitzgerald Industries 

International. Monoclonal antibodies 17e4, 13h1, 3h8, 19g7, and 12g1 were obtained 

from Vista Diagnostics International. Recombinant P. falciparum LDH and P. vivax LDH 

were purchased from CTK Biotech (cat. nos. A3005 and A3004, respectively). 

Streptavidin (SA) Dip and Read biosensors were purchased from Fortebio (cat. no. 18-
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5020). Black 96-well microplates for biolayer interferometry experiments were purchased 

from Greiner Bio One International (cat. no. 655076). FF80HP polystyrene-backed 

nitrocellulose cards, CF7 wicking pad reels, and CF5 sample pad reels were purchased 

from Cytiva Life Sciences (cat. nos. 10547020, 8117-2250, and 8115-2250, respectively). 

Pierce Protein-Free T20 (PBS) Blocking Buffer, SuperBlock T20 (PBS) Blocking Buffer, 

Pierce 20X borate buffer, EZ-Link NHS-PEG4-Biotin, and Zeba Spin desalting columns 

were purchased from ThermoFisher Scientific (cat. nos. 37573, 37516, PI28341, 21362, 

and 89890 respectively). Glass Fiber conjugate pad reels (cat. no. GFDX001000) were 

purchased from EMD Millipore. D-(+)-Trehalose dihydrate (cat. no. T9531) was 

purchased from Sigma-Aldrich. 40 nm OD1 gold nanoparticles (cat. no. 15707) were 

purchased from Ted Pella Inc. Lateral flow cassettes (cat. no. MICA-125) were purchased 

from DCN Diagnostics.  

 

Binding kinetics studies of monoclonal antibodies to recombinant PLDH using Biolayer 

Interferometry (BLI) 

All monoclonal antibodies were biotinylated and desalted using EZ-Link NHS-

PEG4-Biotin and Zeba Spin desalting columns according to the manufacturer protocols. 

Using the ForteBio Octet RED96 platform, the binding kinetics of each biotinylated 

monoclonal antibody to P. falciparum and P. vivax LDH were measured. All solutions for 

BLI experiments were prepared in kinetics buffer (1X PBS with 0.02% Tween-20 and 

0.1% BSA). Eight parallel Dip and Read Streptavidin biosensors were first equilibrated 

for 300 s in buffer and then loaded with biotinylated monoclonal antibody for 400 s. A 

baseline was then measured for 60 s. An association step was then performed by 
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transferring the antibody-loaded sensors to wells containing recombinant P. falciparum or 

P. vivax LDH for 400 s. The sensors were then transferred back to buffer wells to allow 

for dissociation of PfLDH or PvLDH for 900 s. A global fit for a 1:1 binding model was 

applied to the association and dissociation steps of the assay to derive the kinetic 

parameters (KD, kon, koff) for interaction of antibodies with PfLDH and PvLDH. 

 

Preparation of OD10 a-PLDH antibody-AuNP conjugates  

 4 mL of stock AuNPs were gently agitated with 40 µL of 1 mg/mL Fitzgerald 

10P09CS antibody for 30 min. To the antibody-AuNP mixture 404 µL of conjugate 

blocking buffer (1X Borate with 10% BSA) was added and gently agitated for 1 hr. The 

mixture was then centrifuged for 30 min. (2500g, 4 °C). The supernatant was removed, 

the pellet washed in conjugate diluent (1X Borate with 1% BSA), and the mixture 

centrifuged for 30 min. (2500g, 4 °C). The supernatant was removed, and the pellet was 

resuspended in conjugate diluent to OD10. The Fitzgerald 10P09CS-AuNP conjugate 

was stored at 4 °C until needed. 

 

Preparation of lateral flow assay test strips for PLDH 

 LFA half-strips were prepared using the BioDot AD1520 Aspirate/Dispense 

Platform. The Vista 19g7 a-PLDH antibody (1 mg/mL) and goat a-mouse IgG antibody (1 

mg/mL) were dispensed onto a FF80HP polystyrene-backed nitrocellulose card. The 

nitrocellulose card was then dried in an oven at 40 °C for 2 hr., blocked with Pierce 

Protein-Free T20 (PBS) Blocking Buffer, and dried in the oven for 3 hr. The CF7 wicking 

pad was then attached to the nitrocellulose card, and the card was cut into 4 mm half-
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strips using the BioDot CM4000 Guillotine Cutting System. The LFA half-strips were 

stored in a dessicant chamber until needed.  

 To prepare full LFA test strips, 4 mm glass fiber conjugate pad strips were cut, 

blocked with 10 µL of blocking buffer (SuperBlock T20 PBS Blocking Buffer + 10% 

trehalose) per strip, and dried in the oven for 1 hr. To each blocked conjugate pad 10 µL 

of previously prepared (see above) Fitzgerald 10P09CS-AuNP conjugate was added, and 

the conjugate pads were then dried for 1 hr. 4 mm CF5 sample pads were cut, and the 

sample pads and AuNP-loaded conjugate pads were attached to the previously prepared 

LFA half-strips. The assembled LFA was then placed inside a plastic LFA cassette and 

stored in a foil pack containing desiccant until needed.  

 

Detection of recombinant PfLDH using the in-house lateral flow assay 

 A standard curve of recombinant PfLDH was performed using the developed LFA. 

LFAs were run at 6 concentrations (0, 0.5, 1, 2, 4, and 8 µM) of PfLDH in duplicate. For 

a given LFA, 10 µL of PfLDH prepared in 1X borate buffer was added to the LFA sample 

inlet. 100 µL of running buffer (1X borate buffer) was then added to the sample inlet, and 

the LFA was allowed to run for 15 min. A picture of each LFA was taken using a 

smartphone, and the signal was quantified in ImageJ using the method outlined in Figure 

26. 

 

Results and Discussion 

 Biotinylation of the a-PLDH antibodies was straightforward, allowing for 

immobilization of seven different antibodies onto streptavidin-coated BLI sensor tips. Of 
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the seven antibodies we tested, two were specific for P. falciparum LDH (Fitzgerald 

10P09DS and Vista 17e4), two were specific for P. vivax LDH (Vista 13h1 and Vista 3h8), 

and three were capable of binding to both P. falciparum and P. vivax LDH (Vista 19g7, 

Vista 12g1, and Fitzgerald 10P09CS). The kinetic parameters derived from a global 1:1 

binding model for the BLI data are shown in Table 6. The kinetic data revealed that of all 

the antibodies characterized, each a-PLDH antibody class (PfLDH-, PvLDH-, and 

panLDH) contained at least one antibody that demonstrated a sub-picomolar binding 

constant (KD). 

 

*Fitzgerald 10P09CS data provided courtesy of Dr. Christine Markwalter 

 Following BLI characterization of the antibody-PLDH binding, we prepared a lateral 

flow assay using two of the antibodies. We elected to use two of the panLDH antibodies 

in our assay, as this would allow the assay to be more widely applicable, enabling 

detection of both P. falciparum or P. vivax LDH. We utilized Vista 19g7 panLDH antibody 

as the capture antibody that was immobilized on the nitrocellulose, while Fitzgerald 

10P09CS pan LDH antibody was adsorbed to AuNPs. The decision to use Vista 19g7 as 

the capture antibody was informed by the BLI data. As can be seen in Table 6, Vista 19g7 

Table 6. Binding kinetics of monoclonal antibodies to P. falciparum LDH and P. vivax LDH 
Antibody Biomarker KD (nM) ka (M-1 s-1 • 104) kd (s-1 • 10-4) 
Fitzgerald 10P09DS (PfLDH) P. falciparum LDH 0.375 ± 0.002 37.10 ± 0.10 1.39 ± 0.01 
Vista 17e4 (PfLDH) <0.001 23.00 ± 0.06 <0.001 
     
Vista 13h1 (PvLDH) P. vivax LDH 0.287 ± 0.003 22.40 ± 0.05 0.645 ± 0.007 
Vista 3h8 (PvLDH) <0.001 18.40 ± 0.06 <0.001 
     
Vista 19g7 (panLDH) 

P. falciparum LDH 
<0.001 18.40 ± 0.03 <0.001 

Vista 12g1 (panLDH) 0.231 ± 0.013 5.67 ± 0.06 0.131 ± 0.007 
Fitzgerald 10P09CS (panLDH)* <0.001 14.50 ± 0.03 <0.001 
     
Vista 19g7 (panLDH) 

P. vivax LDH 
0.752 ± 0.002 17.60 ± 0.02 1.32 ± 0.02 

Vista 12g1 (panLDH) 0.506 ± 0.006 10.00 ± 0.03 0.507 ± 0.006 
Fitzgerald 10P09CS (panLDH)* <0.001 3.48 ± 0.001 <0.001 
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demonstrates the greatest association constant (ka) of the three panLDH antibodies 

tested. Biomolecular interactions in LFAs are not allowed to come to equilibrium; rather, 

the interactions are heavily influenced by fast binding kinetics. Previous work has 

suggested that the kinetics of the test line interactions can have a significant influence on 

whether the test is able to detect biomarker reliably.71 As such, we elected to immobilize 

Vista 19g7 as the capture antibody on the LFA.  

 An initial titration of recombinant PfLDH demonstrated the proof-of-principle for the 

development of an LFA. A concentration dependent response was observed for the lateral 

flow assays over the range of 1 to 8 µM for recombinant PfLDH spiked into borate buffer 

(Figure 32). This preliminary result showed that the pair of antibodies in the LFA allowed 

for biomarker concentration-dependent signal, indicating that the two antibodies 

presumably bind to two distinct epitopes of the PfLDH protein. This is essential when 

developing LFAs that use a traditional antibody “sandwich” approach.  
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Ultimately, we used the LFA in an educational laboratory module on the topic of 

LFAs for undergraduates (Chapter IV). We should note that the concentrations of PfLDH 

used for this particular lab were significantly higher (by orders of magnitude) than clinical 

ranges. For the purposes of the educational module, we deemed it unnecessary to utilize 

a test that was consistent with clinical biomarker ranges provided that we informed the 

students of this fact. However, further optimization of this LFA would permit more clinical 

relevance and utility. Several parameters of the LFA could be evaluated to improve the 

sensitivity, including capillary flow time, blocking reagent conditions, and running 

buffer.14,15 

 For this particular LFA, capillary flow time of the nitrocellulose would likely be the 

most consequential parameter to optimize. Capillary flow time is defined as the amount 

of time needed for a sample to flow along and saturate a nitrocellulose membrane of a 

given length.14 Membranes with large capillary flow times demonstrate slower capillary 

flow rates and typically higher sensitivities (and vice versa) because the LFA reagents 

and biomarker have more time to interact. We chose to develop the test using 

nitrocellulose with a low capillary flow time (e.g. fast-wicking nitrocellulose) to decrease 

the assay time for the purposes of an educational module. However, if we needed to 

adapt the assay to a clinical or field application, then using a nitrocellulose membrane 

with a greater capillary flow time would be the first measure taken to improve assay 

sensitivity.  

 Optimization of the blocking reagents and running buffer would also be critical to 

improving the LFA we developed. We applied the capture reagents to the nitrocellulose 

membrane during production, followed by blocking reagents, which is a typical workflow 
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for LFA development. Various protein blocking reagents have been employed in LFAs, 

including bovine serum albumin (BSA), casein, and other proprietary formulations (e.g. 

Pierce Protein-Free Blocking Buffers). Blocking reagents are essential for reducing 

nonspecific interactions of the antibody-AuNP conjugates with interferents in a blood 

matrix. Further developing this LFA for use in a clinical setting would require a careful 

optimization of blocking reagents so as to minimize the nonspecific interactions that arise 

in blood samples. Moreover, the LFA running buffer would need to be investigated. 

Standard running buffer formulations include phosphate-buffered saline or borate buffer, 

and the addition of detergents, such as Triton X-100, are added for the purpose of red 

blood cell lysis. Consideration of each of these parameters would allow for a more 

sensitive test to be developed that can detect clinically relevant concentrations of 

biomarker.  

 

Conclusion 

 We have evaluated the binding kinetics of seven monoclonal antibodies that bind 

to P. falciparum LDH, P. vivax LDH, or both, and we have employed two of these 

antibodies in a lateral flow assay. While histidine-rich protein 2 (HRP2) has been the 

predominant protein biomarker for malaria, it has significant shortcomings as a 

biomarker (discussed in Introduction). Plasmodium LDH has gained greater diagnostic 

relevance as malaria control and surveillance efforts have improved over time. This 

kinetic data and preliminary LFA results lay the groundwork for the development of an 

LFA that uses solely a-PLDH antibodies, mitigating the challenges associated with 

current HRP2-based LFAs.  
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APPENDIX C 

 

C. SUPPORTING INFORMATION: CHAPTER III 
 

Reagents and materials  
 
 Immulon 2HB 96-well ELISA plate (ThermoFisher Scientific) 
 Promega TMB One Solution (Fisher Scientific) 
 Non-fat dried milk (Kroger) 
 Recombinant PfLDH (CTK Biotech) 
 Vista 19g7 monoclonal antibody (1 mg/mL) 
 Vista 1201-HRPx Conjugate (0.85 mg/mL) 
 
In-house Plasmodium Lactate Dehydrogenase ELISA protocol. Vista 1201 antibody was 
conjugated to horseradish peroxidase (HRPx) according to the EZ-Link Plus Activated 
Peroxidase Kit (cat. No. 31489) manufacturer protocol and stored in single-use aliquots. 
100 µL of 2 µg/mL Vista 19g7 mAb was prepared in 1X PBS, added to each well of an 
Immulon 2HB 96-well microplate, and incubated for 1 hr. The microplate was washed 
with 300 µL of 1X PBST a total of three times. The microplate was then blocked for 2 
hrs with 300 µL of 1X PBST with 15% (by weight) non-fat dried milk. The microplate was 
washed a total of three times. 100 µL of samples or recombinant PfLDH standards were 
then incubated for 2 hrs. Note: The working range of this ELISA is 0.03-2 nM PfLDH, so 
all samples were diluted into this range with 1X PBST containing 0.1% non-fat dried 
milk. The microplate was washed a total of four times. 100 µL of 2 µg/mL Vista 1201-
HRPx detection conjugate was added to each well and incubated for 1 hr while 
protected from light. The microplate was washed a total of four times. 100 µL of TMB 
One solution was then added to each well and developed for 15 minutes while protected 
from light. The reaction was stopped with 100 µL of 2 M H2SO4, and the absorbance 
was read at 450 nm using a BioTek Synergy H4 microplate reader. 
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Table 7. Nucleic acid aptamer sequences and sources. 
Aptamer/Spacer Name Sequence Source 

Biotinylated 5T M86 X-
aptamer* 

5’- /Biotin/TTTTT ACGA 
YCGGTTWCATTWCCAWWWTTWTWTC 

TCGT TTTTT -3’ 
AM Biotechnologies 

Biotinylated 2008s aptamer 5’- /5Biosg/CTG GGC GGT AGA ACC ATA 
GTG ACC CAG CCG TCT AC -3’ IDT 

Biotinylated 5T pL1 aptamer 5’- /5Biosg/TTT TTG TTC GAT TGG ATT 
GTG CCG GAA GTG CTG GCT CGA AC -3’ IDT 

Biotin 5T spacer 5’- /5Biosg/TTT-TT -3’ IDT 
 
*Note: Y nucleotides in the Biotinylated 5T M86 X-aptamer denote a thymine with an 
indole moiety incorporated at the 5’ position. W nucleotides denote a thymine with a 
phenol moiety incorporated at the 5’ position.  
 
Table 8. Lateral Flow Reader (LFR) Limit of the Blank (LoB), LFR Signal Limit of Detection (LoD), Lines 
of Best Fit, and Analyte LoD of HRP2 and PLDH RDT test line signals for unenhanced and AnDREW-
enhanced RDTs (a=5%). 

Sample Type LFR LoB 
(mV*mm) 

LFR Signal 
LoD (mV*mm) Line of Best Fit Analyte LoD 

(parasites/µL) 

Unenhanced PLDH 8.76 34.29 y = (0.7456 ± 0.0452)x + 
2.743 ± 7.886 42.31 ± 0.26 

AnDREW-enhanced PLDH 0.00 35.09 y = (6.605 ± 0.403)x +   
9.998 ± 8.791 3.80 ± 0.36 

Unenhanced HRP2 32.83 41.45 y = (1.162 ± 0.094)x +   
37.87 ± 16.43 3.08 ± 4.59 

AnDREW-enhanced HRP2 29.46 54.868 y = (13.25 ± 0.98)x +     
20.16 ± 11.60 2.62 ± 0.34 
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Figure 33. In-house ELISA plots of (A) recombinant PfLDH standard curve and (B) P. falciparum D6 culture 
titration series. 

 
Table 9. Conversion of parasitemia to [PfLDH] using in-house ELISA. 

Parasitemia (parasites/µL) Absorbance [PfLDH] (pM) 
15.6 0.197 ± 0.006 24.1 ± 1.1 
31.3 0.366 ± 0.011 109.1 ± 0.2 
62.5 0.691 ± 0.028  272.5 ± 0.1 
125 1.308 ± 0.034 582.4 ± 0.1 
250 2.471 ± 0.071 1167 ± 0.1 
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APPENDIX D 

D. SUPPORTING INFORMATION: CHAPTER IV 
 

Links to videos on background content: 
 
Video 1_LFA background: https://youtu.be/wUDKZ8uxkIE 

Video 2_Dx sensitivity and specificity: https://youtu.be/LS9jE99qZko 

Video 3_ROC Curves: https://youtu.be/taXJz4e8jIo 

Lateral Flow Assay Lab Protocol 
 

CHEM 2100L 
 

Background:  
 

You are an analytical chemist working on a team for a start-up company that 
develops assays to detect infectious diseases. You know that lateral flow assays (LFAs) 
are one of the most common forms of diagnostic tests in use today and that they have 
been developed for diagnosing a plethora of infectious diseases, including malaria, HIV, 
and COVID-19. Your team recently developed an LFA that detects malaria biomarker 
Plasmodium lactate dehydrogenase (PLDH). PLDH is an essential glycolytic enzyme for 
the malaria parasite; therefore, the presence of the PLDH protein in someone’s blood is 
a good indication that they are infected with malaria parasites. Your boss has tasked 
you with assessing the diagnostic sensitivity and specificity of the LFA developed by 
your team.  
 

Your team has also developed a smartphone app to quantify the signal produced 
on the lateral flow assay. Mobile phone-based diagnostics is a rapidly evolving field as 
the use of smartphones has become more widespread across the globe. By running 
LFAs and quantifying the signal with a smartphone app, you will be able to construct a 
receiver operating characteristic (ROC) curve to assess the LFA.  
 
Purpose: Develop a receiver operator characteristic curve for a lateral flow assay for 
malaria using a smartphone app for LFA signal quantification. 
 
Materials: 
 

• Lateral flow assays (2 per person) 
• Running buffer (1X Borate Running Buffer) 
• Numbered samples (2 per person)  
• LFA placemat  
• Smartphone camera 
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• ImageJ (free image processing program-https://imagej.nih.gov/ij/download.html) 
• DCN Plastic Cassettes, MICA 125, TOP and BOTTOM (2 full cassettes per 

student) 
 
LFA Procedure:  
 

1. Obtain two LFAs and two plastic cassettes. Each cassette contains a top and 
bottom piece. 

2. Assemble the LFA within the plastic cassette. Make sure that the test is oriented 
properly within the plastic cassette such that the sample pad and gold 
nanoparticle conjugate are closest to the “S” on the top cassette. Make sure you 
get a good seal on the cassette.  

3. Obtain two numbered samples from the TA. These are “mock” samples that are 
standing in place of what would normally be a blood or urine specimen. 

4. Label each of your LFAs with the number of each sample. You will only be 
running one LFA per sample. 

5. Run each of your two LFAs by adding 10 µL of sample to the sample pad 
followed by 100 µL of running buffer. You may run both at the same time.  

6. Allow the LFAs to run for 15 min. 
7. Properly orient each LFA on the LFA placemat and take a picture using your 

smartphone. Make sure to have one picture of each LFA saved on your 
smartphone for analysis at a different time. 

8. Analyze the LFA using the mLab App found at the following URL: 
https://dev.mlabapp.com 

9. Walk through the instructions listed in the app. Record your Test Line Signal, 
Control Line Signal, and Signal Ratio. 

 
Manual Image Processing:  
 
Grayscale Analysis 
 

1. Open one of your images using the ImageJ software. 
2. For a given image, rotate your image such that the writing on the placemat is 

oriented properly. Zoom in to 33%. 
3. Drag a yellow box over the test line and control line region.  
4. Use the invert function to invert the photo. 
5. Under the Analyze tab, generate a plot profile for your LFAs.  
6. Under the Plot Profile window, use the List tab to generate X and Y coordinates 

for your plot and export the data into Excel. 
7. Represent the data on a scatterplot in Excel.  

 
Hue Saturation Value (HSV) Analysis 
 

1. Open one of your images using the ImageJ software. 
2. For a given image, rotate your image such that the writing on the placemat is 

oriented properly.  
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3. Under the Plugins tab, find the Filters tab and click “Color Transformer.” 
4. In the color space drop-down menu, select HSV. This stands for hue saturation 

value.  
5. On the new image, Zoom in to 50%. 
6. Drag a yellow box over the test line and control line region.  
7. Under the Analyze tab, generate a plot profile for your LFAs.  
8. Under the Plot Profile window, use the List tab to generate X and Y coordinates 

for your plot and export the data into Excel. 
9. Represent the data on a scatterplot in Excel.  

 
 
 
Constructing a ROC Curve: 
 

1. Copy and paste the columns of data into an Excel Spreadsheet. You should have 
two columns, one of which is labeled “True Negatives” and one that is labeled 
“True Positives.” Both columns represent all of the data collected by the class, 
and that data has been sorted into those that are true positives and those that 
are true negatives.  

2. Copy and paste the “True Negatives” values into a new column, and sort the 
values from smallest to largest. Repeat this step with the “True Positive” values. 

3. Count and record the number of “True Negative” results and “True Positive” 
results in two separate cells. 

4. Taking into consideration ALL of the data points (true negatives and true 
positives together) tabulate the lowest value in a cell. Do the same for the highest 
value.  

5. Calculate the range of all of the data.  
6. Calculate the increment for your data. The increment is the numerical difference 

between the signal thresholds. You will be assessing the diagnostic false positive 
rate and sensitivity at 20 different signal thresholds. Therefore, to calculate the 
increment, divide the range of your data by 20.  

7. Create a column for “Signal Threshold,” and designate the 1st signal threshold as 
the lowest value in your data set. For your 2nd signal threshold, add the increment 
to your 1st signal threshold. For your 3rd signal threshold, add the increment to 
your 2nd signal threshold. Continue this process until you have 21 signal 
thresholds. Your highest signal threshold should be ³ the highest value in your 
data set. 

8. Evaluate the specificity at each signal threshold. The diagnostic specificity of 
your test is the fraction of true negative values that are BELOW the given signal 
threshold.  

9. Calculate the false positive rate (1 – specificity) at each signal threshold.  
10. Evaluate the sensitivity at each signal threshold. The diagnostic sensitivity is the 

fraction of true positive values that are ABOVE the given signal threshold.  
11. Create a column that converts all of your false positive rates into percentages. 

Do the same for sensitivity.  



 107 

12. Plot the sensitivity vs. false positive rate on a scatterplot. Be sure to label your 
axes. The maximum for each axis should be 100%. Make the major units for your 
graph every 20 or 25%.  

13. (If time permits). Calculate the area under the curve (AUC) for your ROC curve 
using the “Trapezoid Rule” method (see the following link for step-by-step 
instructions). 
https://www.extendoffice.com/documents/excel/5898-excel-calculate-area-under-
plotted-curve.html 

 
Critical Thinking Questions: 
 
ROC Curves: 
 

1. What general trend do you notice with regard to the relationship between 
specificity and sensitivity with your data? How is this trend reflected in your ROC 
curve? 

2. What does each point on the graph represent? 
3. Which point would you choose for your signal threshold? Why? 

 
General LFA/Diagnostics Questions: 
 

1. What is the purpose of a control line on the lateral flow assay (frame your answer 
in terms of diagnostic specificity and/or sensitivity)? 

2. Histidine-rich protein 2 (HRP2) is another protein biomarker for malaria that is 
often detected in lateral flow assays. It is detected using anti-HRP2 antibodies at 
the test line (i.e. antibodies that are specific for HRP2). Using this logic, what 
type of antibody must be printed at the test line for the LFAs that you ran in lab?  

3. What advantages are afforded by quantifying the LFA test line signal with a 
smartphone app as compared to visual (i.e. naked eye) interpretation? 

4. There are numerous ways to use image processing to quantify the test and 
control line signal on LFAs. You used both inversion/grayscale as well as hue 
saturation value (HSV) image processing. The mLab smartphone app uses HSV 
image processing. What advantages and caveats did you observe with each 
image processing method when you analyzed your photos in ImageJ? Why do 
you think HSV was chosen for the app? Hint: You may need to look up some 
information on HSV vs. RGB to answer this question.  

 
Challenge question: 
 

1. Pretend that you have developed a novel LFA for COVID-19 and are validating 
its effectiveness. Your LFA takes the form of a standard antibody sandwich 
assay and detects a spike protein on the surface of the COVID-19 virion (Figure 
1a). Let’s suppose that this spike protein is a good biomarker for COVID-19. At 
this time you are not yet testing your assay on patient samples but rather on 
simple laboratory samples in which you spike the protein biomarker into saliva. 
You run an experiment in which you analyze various samples of increasing 
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concentrations of COVID-19 biomarker on your LFAs, and you quantify the LFA 
signal using your smartphone app (see figure below). You notice something very 
strange in your data. In samples with extremely high concentrations of biomarker, 
you see almost no signal on your LFAs. There is an unexplained downward hook 
in the graph. You would think that these samples with high concentration of 
biomarker would give very strong signals on your LFA. What could possibly 
explain this strange set of data that you collected?   

  
 
 
 
 
 
 
 
 
 
 
 

 
Questions for Analytical Chemistry Lab Survey 

 
• Indicate how you participated in the LFA module.  
• On a scale of 1-5, how much did the video content on lateral flow assays help 

you to understand the main concepts of lateral flow assays? (1 = Did not help at 
all; 5 = helped significantly) 

• On a scale of 1-5, How much did the video content on lateral flow assays prepare 
you for the in-class lab? (1 = Did not prepare me at all; 5 = Made me very well-
prepared) 

• How does your understanding of lateral flow assays now compare to your 
understanding before this entire module? 

o Not any better 
o Somewhat improved 
o Significantly improved 

• On a scale of 1-5, how much did the video content on diagnostic 
specificity/sensitivity and ROC curves help you to understand these concepts? (1 
= Did not help at all; 5 = helped significantly) 

• On a scale of 1-5, how much did the video content on diagnostic 
specificity/sensitivity and ROC curves prepare you for the remote statistics lab? 1 
= Did not prepare me at all; 5 = Made me very well-prepared) 

• How does your understanding of diagnostic specificity/sensitivity and ROC 
curves now compare to your understanding before this entire module? 

o Not any better 
o Somewhat improved 
o Significantly improved  

• How easy or difficult to use was the mLab web app for LFA signal quantification? 
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o Extremely difficult 
o Difficult 
o A little difficult 
o Easy  
o Extremely easy 

 
 
Table 10. Collective class LFA signal data collected by smartphone web application. 

True Negatives True Positives 
0 55.247 

127.593 23.053 
21.2 50.61 

0 4.494 
0 109.835 

225.468 90.612 
102.149 33.039 
6.614 98.646 

0 0 
80.338 164.947 
175.707 11.883 
42.549 181.787 
28.104 110.096 
28.375 0 
1.047 116.671 
20.636 270.173 
9.987 234.456 
0.656 161.3 

 7.372 
 38.069 
 72.816 
 48.282 
 280.654 
 102.074 
 12.295 
 30.966 
 37.161 
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