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 Nucleic acid amplification tests (NAATs) provide high diagnostic accuracy for infectious 

diseases and quantitative results for monitoring viral infections. The majority of NAATs require 

complex equipment, cold chain dependent reagents, and skilled technicians to perform tests. This 

largely confines NAATs to centralized laboratories and can significantly delay appropriate patient 

care. Low-cost, point-of-care (POC) NAATs are especially needed in low- and middle-income 

countries (LMICs) for the detection of bloodborne infectious diseases, such as HIV, hepatitis B, 

hepatitis C, dengue, Zika, and Ebola viruses. The work presented in this dissertation describes 

novel sample preparation approaches for use in POC diagnostics for bloodborne pathogens. I 

developed paper-based isotachophoresis (ITP) systems for integrated on-chip detection and 

specialized nucleic acid purification of DNA and RNA. I also developed chemistries for 

inactivating endogenous blood RNases and lysing viral envelopes, and I paired these chemistries 

with ITP for detecting HIV from human serum. My sample preparation methods use low-cost 

materials and reagents, and ITP uses an electric field to automate nucleic acid purification, 

reducing manual user steps. Ultimately, I believe this work may be used to develop POC NAATs 

for bloodborne pathogens in a low-cost format with minimal protocol complexity.   
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Chapter 1. INTRODUCTION  

1.1 POINT-OF-CARE MOLECULAR DIAGNOSTICS 

Propelled by the advent of the polymerase chain reaction (PCR), nucleic acid amplification 

tests (NATs) have become the gold-standard for the accurate diagnosis of many infectious 

diseases.1–3 NAATs have been developed for numerous diseases due to their high diagnostic 

sensitivity and specificity, rapid time to result, and multiplexing strategies.4,5 NAATs are also 

employed by clinicians to quantify the viral load for several infectious diseases (e.g. HIV-1, 

Hepatitis B, Hepatitis C), providing crucial information for evaluating patient treatment plans.6–8 

The majority of NAATs are performed in upper or mid-tier laboratories because they require 

complex protocols, cold chain dependent reagents, delicate instrumentation, reliable electrical 

power, qualified laboratory staff, and appropriate infrastructure to host equipment and materials. 

Laboratory-based NAATs necessitate significant logistics around specimen collection, transport, 

batched testing, and the return of results to clinicians and patients. In low resource settings, this 

often results in delayed diagnoses that can negate patient management benefits.9 The challenges 

associated with laboratory-based NAATs have prompted the development of simple, affordable, 

and rapid point-of-care (POC) NAATs that can facilitate diagnosis and treatment in a single clinic 

visit.10,11 POC NAATs are especially needed in low resource settings where laboratory testing is 

limited and rapid testing is crucial for improved treatment (e.g. mitigating loss to follow-up which 

can lead to treatment failure and spread of disease).12,13 

The World Health Organization developed the ASSURED design criteria (Affordable, 

Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free, and Delivered) for POC 

diagnostics that describes the required qualities that adequately address the needs of patients in 
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developing countries where infectious disease prevalence remains high.14 Significant challenges 

remain in the development of POC NAATs that perform sample-to-answer analysis with clinical 

specimens while meeting the ASSURED criteria. Towards this goal, several POC NAAT 

platforms are now commercially available including the m-PIMA (Abbott Diagnostics), cobas Liat 

(Roche Diagnostics), and GeneXpert (Cepheid).15 These platforms offer a range of diagnostic tests 

for infectious diseases of global significance including HIV, influenza, and tuberculosis and 

several have been CLIA-waived.16–18  

These commercial POC NAATs provide diagnostic results through automating the three 

operational steps of NATs; namely, sample preparation, nucleic acid amplification, and detection 

of amplification. These commercial platforms employ mechanical systems for fluidic 

manipulation and precision heating that increase platform complexity, raising overall testing costs 

and introducing electrical power demands. The development of low-cost, rapid, and instrument-

free POC NAATs for bloodborne viruses has been particularly slow due to the heightened 

challenge of processing blood samples, which have more extensive sample preparation 

requirements than most respiratory samples (e.g. saliva, nasal swabs, throat swabs, etc.).  Research 

and innovation are still needed to lower the cost of capital equipment, perform quantitative tests, 

and reduce the complexity and costs of POC NAATs for bloodborne viruses in low- and middle-

income countries (LMICs). 

1.2  SAMPLE PREPARATION STEPS FOR BLOOD SPECIMENS 

A primary roadblock for simplifying POC NAATs for bloodborne viruses is sample 

preparation, which requires purifying viral nucleic acids from the salts, proteins, cellular debris, 

and nucleases present in blood.19 Endogenous blood ribonucleases (RNases) are particularly 

problematic because they are exceptionally stable enzymes and capable of rapidly degrading free 
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RNA in blood on the order of seconds.20,21 Permanently inactivating blood RNases is a challenge 

because they have been shown to tolerate pH extremes, weak denaturing solutions, and heat 

denaturation at temperatures up to 90 °C.22–24 Lysis is necessary to release viral nucleic acids from 

the viral envelope and nucleocapsid proteins. When targeting an RNA virus, free RNA released 

during lysis may be degraded if blood RNases are not fully immobilized. Viral nucleic acid in the 

lysate requires purification to remove inhibitors in the sample that hinder downstream detection 

assays. 

The most widely-used method for sample preparation in NAATs for bloodborne viruses is 

solid phase extraction (SPE).25 This technique employs a lysis buffer that fully denatures all 

proteins present in a blood with high concentrations of chaotropic salts, specifically 4 to 6 M 

guanidinium chloride or guanidinium thiocyanate.26 The highly chaotropic conditions lyse open 

pathogens and inactivate all nucleases present in the sample. The guanidinium-based lysis buffer 

is paired with a silica column that adsorbs nucleic acids before subsequent elution.25 SPE 

adequately protects RNA from degradation and returns a high yield, yet several washing steps 

and/or buffer exchanges are required to remove guanidinium, phenol, chloroform, and alcohols 

before downstream assays.27 For example, a gold standard product for viral RNA extraction is the 

QIAamp Viral RNA Mini Kit (Qiagen), and it requires 6 manual pipetting steps and 5 

centrifugations, totaling 30 minutes to an hour of hands-on time – according to the product 

handbook. Automation of these processes necessitates centrifuges, pumps, or robotics which 

requires complicated engineering designs and expensive components.28 This approach faces a 

practical barrier to lowering the overall platform costs of molecular testing in blood samples, which 

has prompted researchers to find new sample preparation approaches for POC use. 
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1.3 AMPLIFICATION AND DETECTION OF NUCLEIC ACIDS 

 Following extraction of target nucleic acids, laboratory NAATs often use polymerase chain 

reaction (PCR) to amplify nucleic acids. This technique can be difficult to implement at the point-

of-care due to the need for highly purified nucleic acids and energy-intensive thermocycling 

equipment that typically cannot tolerate the environmental extremes in many resource limited 

settings (e.g. dust, high humidity, high temperature).29 In the last two decades, several isothermal 

nucleic acid amplification methods (e.g. iSDA, HDA, LAMP, RPA) have been developed to 

amplify nucleic acids at a single reaction temperature and are more tolerant to inhibitors than 

traditional PCR.30–34 Isothermal amplification has been explored for POC NAATs using simple 

resistive heaters, water baths, or chemical heaters.35,36 Recombinase Polymerase Amplification 

(RPA) is a promising isothermal amplification strategy that is ideal for use in POC NAATs due to 

its sensitivity (<10 copies/rxn), specificity, speed (<20 minutes), low constant incubation 

temperature (25–43 °C), tolerance to inhibitors, and reagent stability at ambient temperatures.37,38 

RPA amplicon detection can be performed using either endpoint techniques, such as gel 

electrophoresis, or by measuring fluorescence in real-time. Fluorescence detection of RPA 

involves a sequence-specific probe which creates a signal only after hybridizing to the target 

nucleic acid sequence and being cleaved by an exonuxclease.33 Real-time fluorescence monitoring 

of RPA requires moderately complex instrumentation, yet it can provide semi-quantitative 

information to assess severity of disease infection.39  

1.4 ISOTACHOPHORESIS AS A SAMPLE PREPARATION TOOL 

In this dissertation, I investigate a promising electrokinetic technique called 

isotachophoresis (ITP) for use in simplifying sample preparation for POC NAATs. 
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Isotachophoresis (from the Greek, “ísos” meaning “equal” and “takhos” meaning “speed”) is an 

electrophoretic separation and concentration technique carried out in a discontinuous buffer 

system. The buffer system is comprised of a high conductivity leading electrolyte (LE) and low 

conductivity trailing electrolyte (TE). Upon application of a voltage bias across the system, the LE 

forms the front zone while the TE forms the rear zone. Analytes focus at the interface of the two 

zones. In most systems, a common counterion is present across all zones to control the pH during 

electromigration.40 

 The theoretical bases for isotachophoresis were pioneered in the late 1800s and early 1900s 

by Walther Nernst, Friedrich Kohlrausch, and James Kendall.41–43 The first analytical use of 

isotachophoresis (ITP) came in 1953 when L.G. Longsworth separated ionic earth metal species 

and several organic acids, while coining the terms “leading” and “trailing” electrolytes.40 After 

several other advancements in the field, the late 20th century saw a multitude of fundamental 

studies emerge describing the theory, experimental methodology, and analytical applications that 

form the foundation of modern ITP research. One prominent study by Petr Boček provided an 

extensive list of electrophoretic mobilities and dissociation constants measured via capillary ITP.44 

This paper is useful resource for selecting leading and trailing electrolytes with mobilities that 

bracket the analyte. 

 In the mid 2000s, Valentina N. Kondratova published the first studies using ITP to isolate 

nucleic acids from complex samples. Several experimental setups were explored, including ITP 

through standard agarose gels and cellulose acetate membranes.45,46 The most successful substrate 

for ITP reported by this group was a 0.1% agarose gel within 2 – 3 mm diameter plastic tubing.47 

The plastic tubing simplifies the excision of separated DNA within the gel as the tubing can easily 

be cut.  This technique handles a large volume of sample (0.5 – 1 mL) with a finite injection ITP 
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system and focuses 93% of DNA in a concentrated band after 2 – 3 hours. There are several 

detractors that limit the utility of this ITP setup as a diagnostic tool. While this system processed 

large sample volumes, significant sample pre-treatment was performed to simplify the ITP 

separation. The authors used plasma and serum samples spiked with DNA. However, they 

performed overnight deproteinization using proteinase K and sodium dodecyl sulfate (SDS), 

followed by overnight dialysis to desalt the samples. Following isotachophoretic separation, the 

authors then heat-inactivated the proteinase K present in the ITP plug. Additional post-treatment 

would be needed to remove the anionic surfactant SDS, a potent PCR inhibitor, before any 

downstream nucleic acid amplification assays. 

 Although limited for diagnostic use, Kondratova’s work paved the way for future ITP 

studies in the sample preparation field. Starting in 2009, Juan Santiago’s group published a flurry 

of papers on the purification of DNA and RNA from complex samples. These studies focused on 

ITP systems in microfluidic chips, which featured highly efficient analyte accumulation and 

concentration. Notably, they reported on an injection molded ITP chip that processes 25 µL of 

sample, yet they dilute by 10-fold before processing with ITP. Therefore the 25 µL sample contains 

2.5 µL of clinical specimen. This chip processes whole blood and consistently extracts 76% to 

86% of input DNA from blood lysate, and extracted DNA can be amplified via PCR.48 This 

research group also compiled and further refined much of the theoretical background on ITP 

concerning electroosmotic flow, analyte stacking ratio, analyte accumulation, separation time, and 

other transport phenomena.49–52  

Recently, ITP extractions in paper-based devices has emerged as a promising approach for 

use in low-cost diagnostics. Paper-based ITP formats are well-suited for POC diagnostic 

applications due to their reduced operational complexity, low material costs, ease of buffer control, 
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and capacity for large sample volumes.53 Several studies have utilized ITP in paper substrates to 

extract and preconcentrate fluorescent dyes and DNA in pure buffer, but these reports did not use 

complex samples.53–55  This dissertation describes novel advances in paper-based ITP systems for 

use in DNA and RNA extractions from blood samples and for integrating nucleic acid extraction, 

amplification, and detection on-chip. 

 

1.5 RATIONALE FOR POC MOLECULAR TESTING FOR BLOODBORNE VIRUSES 

This section investigates several prominent viral infections and their unmet needs for point-

of-care molecular testing. These viruses are all bloodborne infections and many share inherent 

attributes, such as genomic diversity, short genomes, envelope or capsid structure, and low virion 

concentration. Therefore, these infections share technical challenges that have slowed the 

development of rapid yet low-cost molecular tests. 

1.5.1 Clinical need and technical challenges of HIV viral load testing 

The HIV/AIDS pandemic continues to increase in prevalence and remains among the 

leading causes of death, especially in low- and middle-income countries (LMICs). Of the over 35 

million people living with HIV, 20 million are receiving antiretroviral therapy (ART) to suppress 

the viral infection and prevent its spread. Studies have shown successful virological suppression 

results in lower mortality rates56 and negligible risk of sexual transmission to HIV-negative 

partners.57 The Joint United Nations Programme of HIV/AIDS (UNAIDS) launched the 90-90-90 

initiative to quell the growing global health ramifications of the pandemic. These ambitious efforts 

aim to reach the following targets by 2020: (1) 90% of all people living with HIV know their HIV 
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status, (2) 90% of all people with diagnosed HIV infection will receive sustained antiretroviral 

therapy, (3) 90% of all people receiving antiretroviral therapy will have viral suppression.  

This campaign has set significant pressure on global HIV diagnostic efforts, as well as 

providing greater access to HIV viral load monitoring. HIV viral load monitoring is needed for 

health care providers to assess if ART is achieving viral suppression. Viral load testing for HIV-

positive patients is recommended at least twice a year, which sets the global need for tests at over 

40 million per year. The majority of these tests are needed in LMICs where, commonly, dried 

blood spots are sent to large central laboratories for processing, often delaying test results for 

several weeks. Delays lead to worse patient outcomes due to loss to follow-up and continued 

spread of disease. Point-of-care viral load testing is needed to address this shortcoming in the HIV 

care cascade. While several commercial platforms have recently hit the market (e.g. Abbott’s m-

PIMA, Cepheid’s GeneXpert, Diagnostics for the Real World’s SAMBA), these systems require 

further innovation to reduce testing costs, reduce time-to-result, simplify required steps for test 

operators, improve accuracy across HIV clades, and alleviate the reliance on a dependable power 

grid. 

The entire process of HIV molecular testing – from sample collection to amplification and 

detection – presents significant technical challenges, especially considering the ambitious design 

criteria outlined in a target product profile from Drain et al. An ideal POC HIV viral load test 

should be simple enough for minimally trained technicians to operate, return results in less than 

30 minutes, robustly operate without dedicated electrical power, process a 200 µL finger or heel 

stick whole blood sample, and quantify within 0.3 log10 copies/mL. Drain et al. recommend a target 

LoD of 200 copies per mL of plasma while the WHO recommends an LoD of 1,000 copies per 

mL of plasma. In working towards these targets, test developers will continue to compromise in 



 

 9 

certain areas where they deem acceptable. For example, in lieu of providing fully quantitative 

results, the commercial SAMBA test provides semi-quantitative results by using its LoD as a cutoff 

for viral suppression. Therefore, a negative test result indicates ART treatment is achieving 

successful viral suppression. 

Molecular testing for HIV has stringent requirements for sample preparation. For patients 

with partial viral suppression, HIV virions are present in blood at very low concentrations (103 to 

105 cp/mL). Capillary blood provides low sample volumes (75–200 µL), furthering reducing the 

number of detectable viral RNA in a sample. For this reason, all aspects of the diagnostic procedure 

must minimize losses of target RNA. A crucial sample preparation step is thoroughly lysing the 

HIV virion, which degrades the lipid and protein viral envelope that encapsulates RNA strands. 

Lysis can be achieved by heating, detergents, enzymes, or chaotropic salts.58,59 Lysis protocols 

should also deactivate RNases which rapidly degrade foreign RNA.20 After virion lysis, efficient 

isolation of highly purified HIV RNA is required as even trace amounts of inhibitors can 

significantly affect performance of quantitative amplification. Solid phase, silica-based extraction 

methods are used in gold standard tests,25 and have been translated into POC microfluidic or paper-

based formats.60,61 Silica-based extraction requires exchanges of wash and elution buffers, a 

concept difficult to automate in simple POC devices. Several single-step nucleic acid purification 

strategies have emerged in paper-based devices, such as chitosan-coated membranes62 and 

electrophoretic separation of nucleic acids from blood.63 Despite these recent advancements in 

sample preparation techniques, automating HIV lysis and RNA extraction from blood samples 

remains a formidable challenge. 

Real-time PCR has long been the staple of nucleic acid amplification testing (NAT), 

including most of the current gold standard viral load tests.64 PCR assays are difficult to implement 
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in POC devices due to the significant power demands of thermocycling and the need for highly 

purified nucleic acids. Other options may include isothermal amplification techniques, such as 

loop-mediated isothermal amplification (LAMP),65,66 helicase dependent amplification,67 and 

recombinase polymerase amplification.68 Isothermal assays do not require thermal cycling, and 

therefore have reduced power demands and require less time for amplification. While isothermal 

methods are convenient for POC implementation, few assays have demonstrated reliable 

quantitative results.69,70 For researchers developing HIV VL isothermal amplification assays, the 

primary challenge remains demonstrating quantitative accuracy comparable to real-time PCR 

across wide ranging viral loads (103 – 106 cp/mL) and subtypes. 

While not unique to POC testing, NAAT for HIV is also complicated by the virus’ high 

rate of mutation, recombinant forms and different clades associated within regions of high 

prevalence.64 NAATs can account for sequence diversity with degenerate primers,71 long primers 

capable of tolerating mismatches,68 and targeting highly conserved regions of the HIV genome.72 

Still, the HIV sequence diversity can impact the performance of an assay, especially when applied 

to a variety of subtypes.73 

When it comes to readout, quantitative NAATs most commonly use fluorescence-based 

methods to detect amplification, while LFA-based detection methods can provide semi-

quantitative results.74 Additional strategies have targeted reverse transcriptase activity75 or 

optically sense virus particles.76  

1.5.2 Unmet testing needs for other bloodborne viruses 

HIV viral load testing at the POC is a focus for researchers in industry and academia alike. 

This stems from sustained governmental funding for HIV research (such as the President’s 

Emergency Plan for AIDS Relief (PEPFAR) and the Global Fund) and high public awareness of 
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the HIV pandemic. However, there are several other prominent viral infections that affect millions 

globally, all with unmet clinical testing needs and similar diagnostic challenges to HIV. Here I 

describe the global health effects, POC testing needs, and technical diagnostic hurdles of hepatitis 

B, hepatitis C, dengue virus, Zika virus, and Ebola virus. 

1.5.2.1 Hepatitis 

Viral hepatitis has been a major public health issue for decades yet is commonly 

overlooked by populations across the globe. The CDC and America Liver Foundation have 

referred to hepatitis as the Silent Epidemic due to the low public awareness. In fact, an estimated 

257 million people are living with chronic hepatitis B (HBV) yet only 9% know they are infected. 

71 million people are living with chronic hepatitis C (HCV) with only 20% diagnosed with the 

condition. HBV and HCV are leading causes of chronic liver disease, resulting in an estimated 

1.34 million deaths per year. This global mortality rate is higher than that of both tuberculosis and 

HIV, and it continues to increase every year.77 

Chronic HBV infections have continued to climb globally despite the arrival of a highly 

effective HBV vaccine in 2001.77 As with HIV, there are antiviral drugs available to treat and 

suppress HBV infections. These medications are once-a-day oral pills (e.g. tenofovir), and proper 

adherence to the treatment slows the progression of cirrhosis and liver cancer and leads to 

improved long-term survival.78 In 2015, of over 250 million HBV infections, 1.7 million people 

(less than 1%) were on treatment.77 The WHO published a comprehensive Global Hepatitis Report 

in 2017 that set a goal of providing treatment to over 80% of people diagnosed with HBV.77 With 

this target comes a greatly expanded need for point-of-care testing. In low resource settings, rapid 

diagnostic testing for HBV surface antigens is currently used for diagnosis. POC NAATs for HBV 

are needed to measure the viral load. This testing is required upon initial diagnosis to assess the 
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severity of the infection and in regular clinic visits to monitor treatment effectiveness.79 Depending 

on several demographic factors, the WHO recommends HBV treatment for patients with viral 

loads higher than 104 cp/mL of serum.79,80 Efforts to expand the number of HBV-positive people 

receiving treatment has increased the demand for inexpensive, rapid NAATs for HBV DNA. There 

are no appropriate commercial POC NAATs for HBV viral load monitoring that address this need. 

The hepatitis B virus is a partially double-stranded DNA virus protected by an outer lipid envelope 

and a nucleocapsid protein coat. Its genome is a circular DNA structure with an approximate length 

of 3,200 nucleotides. In contrast to other DNA viruses, HBV is genetically diverse due to an 

intermediate RNA stage in the replication cycle. Reverse transcription of the viral DNA is prone 

to frequent mutations, and reverse transcriptase does not have error correction activity.81 HBV has 

at least eight different genotypes (genotypes A-H), which presents difficulties for nucleic acid 

amplification assays when targeting conserved regions of the HBV genome.82  

From a molecular testing perspective, HBV is strikingly similar to HIV. Both HBV and 

HIV (1) are bloodborne viruses, (2) are protected by an envelope and capsid, (3) have relatively 

short genomes, (4) are genetically diverse, (5) have unmet clinical need for POC viral load testing, 

and (6) require similar testing LoDs (103 to 104 cp/mL). Further, the mechanisms of transmission 

are similar, which has resulted in common coinfections of HBV and HIV especially among 

injection-drug users. Kourtis et al. estimate there may be 3 to 6 million people worldwide living 

with HBV-HIV coinfection, mostly in low-resource settings (see Figure 1-1).83 Considering these 

shared attributes, molecular testing for HBV and HIV present nearly identical challenges for 

sample preparation, amplification assays, and detection assays. The recent developments toward 

POC platforms for HIV viral load monitoring may easily translate to HBV testing. POC viral load 

monitoring platforms should also consider multiplexing for HBV-HIV coinfection. 
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Figure 1-1. Worldwide prevalence map of HIV-1 and HBV infection. HIV data are from the 

United Nations Children's Fund, the World Health Organization, and (in the case of province-level 

data for China) the China Centers for Disease Control. Data on HBV are from the U.S. Centers for 

Disease Control and Prevention.83 

 
 

In 2015, of the estimated 71 million people living with HCV (about 1% of the world 

population), 1.1 million received treatment.77 There is no vaccine available to prevent HCV 

contraction. Expanded screening and treatment programs for HCV are of increased importance 
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since the introduction of direct acting antiviral (DAA) regimens which offer cure rates greater than 

90% after 12 weeks of treatment.84 Access to DAAs has recently expanded to LMIC countries 

where a full course of HCV medication costs US$100 to $250.85 This has sparked interest in 

development of improved rapid diagnostic tests as well as quantitative or qualitative POC HCV 

RNA tests.  

Researchers from Médecins Sans Frontières published a target product profile to guide the 

development of new rapid tests for HCV.86 The goals of new tests are twofold: (1) diagnose active 

HCV viraemic infection and provide baseline viremia assessment and (2) confirm cure of HCV 

upon completion of DAA treatment. While a quantitative HCV RNA test is ideal, a qualitative test 

with an LoD between 1,000 to 3,000 IU/mL has high clinical utility towards these goals.86 As 

shown in Figure 1-2, rapid antibody tests may not be useful for determining the state of the 

infection (e.g. cured versus not cured, elevated viremia, or reinfection status).87 Among a list of 

ambitious targets, the target product profile recommends a maximum of 2 user steps with the 

preferred sample being capillary blood. Several tests have emerged that are moving closer to 

meeting these criteria. The Cepheid Xpert HCV Viral Load assay is the only CE-IVD certified for 

decentralized HCV testing.88 Recent publications on the GeneDrive POC HCV test88 and HCV 

Quant assay89 show promising results toward satisfying the TPP criteria. As with many POC 

molecular testing platforms, additional research and development is needed to improve 

performance metrics and reduce the complexity and resource requirements for HCV RNA testing. 
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Figure 1-2. Approximate time windows of virological and immunological biomarkers for HCV. 

(A) For cases of self-resolving HCV, detection using anti-HCV antibodies result in false-positive 

results between 6 to 24 months after infection. (B) Chronic HCV infection results in elevated 

antibodies and HCV RNA for sustained periods.79 

 

HCV is a single-stranded RNA virus with a genome 9,600 nucleotides in length. It is 

enveloped by a lipid and glycoprotein membrane with a protein capsid surrounding the viral RNA. 

As with HIV, it requires reverse transcription for viral replication which introduces mutations into 

the genome. HCV is highly genetically diverse, with six genotypes and several subtypes within 

each genotype. HCV has >30% nucleotide differentiation across genotypes.90 HCV is nearly 

identical to HIV in genomic type (RNA virus), genomic length, virus structure, and relevant 

concentrations in blood – making HCV and HIV perfect analogs in diagnostic test development. 

1.5.2.2 Dengue virus 

In a seminal 2013 paper on the dengue disease burden, the authors estimate approximately 

390 million dengue infections occur each year. Approximately 96 million of these are symptomatic 

cases.91 Dengue is a viral infection transmitted to humans via Aedes mosquitoes, isolating disease 

outbreaks to tropical regions with high rainfall, temperatures, and high population densities. The 

WHO published a Global Strategy for Dengue Prevention and Control, and it emphasizes the 



 

 16 

importance of expanding diagnostic testing in order to detect viral dengue during the initial stages 

of the infection. There are no vaccines or antiviral therapeutics for dengue, but mortality rates are 

reduced to less than 1% by implementing timely diagnosis and clinical management of the 

infection.92 The CDC and WHO recommend detection of early stage dengue infection (first 5 days 

of symptoms) using nucleic acid-based testing.93,94 Dengue is a single-stranded RNA with an 

11,000-nucleotide genome. It is protected by an envelope rich with glycoproteins and a 

nucleocapsid. Dengue virus is present at relatively high concentrations within the first 5 days of 

symptoms. A study by Bai et al found that within the first 3 days of onset of symptoms, the median 

viral load was 8.29 x 105 cp/mL. For the following 3 days, the median viral load was 4.33 x 103 

cp/mL.95 

1.5.2.3 Zika virus 

Zika virus garnered international attention after a 2015 outbreak in Brazil. Zika is 

transmitted between humans through infected female mosquitoes. Zika has emerged as a 

significant public health risk due to growing evidence that it causes fetal abnormalities, 

microcephaly, neurological complications, and autoimmune disorders.96 Since its emergence, 

researchers have focused on developing effective vaccines, treatments, and diagnostics to fight its 

health threats.  Similar to dengue virus, NAAT is the gold-standard for diagnosis within the first 

14 days after the onset of symptoms.97 From 2015 to 2017, 14 laboratory-based molecular assays 

for Zika virus were approved by the U.S. FDA.98 Low-cost, rapid molecular testing is still needed 

to provide timely detection of zika virus at the point of need. There is no existing target product 

profile for POC Zika diagnostics, but the limit of detection requirements may not be stringent as 

the mean viral titer within the first 7 days of symptoms is approximately 9.9 x 104 cp/mL.98  Zika 
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is an enveloped single stranded RNA virus with a 10,000-nucleotide genome protected by a 

nucleocapsid.  

1.5.2.4 Ebola virus 

The 2014/2015 Ebola outbreak in west Africa resulted in over 27,000 reported cases and 

over 11,000 reported deaths, a startling mortality rate for an infectious disease.99 This deadly 

epidemic of the Ebola virus disease elicited an international response to improve existing 

diagnostic methods.100 The main utility for nucleic acid-based testing comes during the acute 

illness phase, immediately after symptom onset. Elevated viral titers (>107 cp/mL) is associated 

with significantly higher mortality rates.101 Nucleic acid testing is preferable to other diagnostic 

techniques because lysis buffers instantly inactivates virions in infectious blood samples. Field 

diagnose is critical for governmental and organizational agencies carrying out disaster response. 

Rapid testing for Ebola virus allows for real-time tracking of disease spread and confirmation of 

deaths caused by Ebola virus disease.100 The Ebola virus is an enveloped RNA virus with a genome 

19,000 nucleotides long. Its structure is somewhat unique; the virions are tubular with lengths up 

to 10 times longer than the diameters.  

1.6 RESEARCH OBJECTIVES 

The previous sections have outlined the need for sample preparation approaches for POC 

NAATs that may be implemented in low-cost tests for low- and middle-income countries (LMICs). 

I detailed the need for improved POC HIV viral load tests, as well as the clinical testing need for 

several other prominent bloodborne viruses with similar technical challenges to HIV. The 

objective of my dissertation is to develop a sample preparation method for point-of-care detection 

of bloodborne viruses in low-cost, disposable, and non-instrumented tests. 
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 In order to address this objective, I have developed a research plan which will address the 

following technical challenges: 

1. Identify a chemistry for inactivating blood RNases that is compatible for use in point-of-

care nucleic acid tests. 

2. Develop a paper-based isotachophoresis system for extracting viral DNA and RNA from 

human serum. 

3. Implement an HIV detection method from serum with integrated RNase inactivation, viral 

lysis, protein digestion, isotachophoretic RNA extraction, and reverse transcription 

recombinase polymerase amplification (RT-RPA) 

4. Integrate extraction, amplification, and detection of nucleic acids leveraging paper-based 

ITP. 
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Chapter 2. METHODS FOR INACTIVATING BLOOD RNASES 

2.1 INTRODUCTION 

There are widespread efforts from academic and commercial research laboratories to 

decentralize molecular testing for prominent bloodborne RNA viruses (i.e. HIV, hepatitis C, Ebola, 

Zika, and dengue) in order to provide rapid diagnostic results to medical clinics in low and middle 

income countries (LMICs).102 Development of effective POC NAATs is challenging due to the 

technical complexities of detecting RNA from blood samples. While blood carries many infectious 

pathogens and useful biomarkers, it complicates the sample preparation of viral RNA due to its 

high concentration of endogenous ribonucleases (RNases) that are highly active and 

extraordinarily stable.  

Human blood hosts an assortment of RNases that rapidly degrade exogeneous RNA as part 

of a natural defense system from infectious nucleic acids.103 Notably, Tsui et al. found that free 

RNA incubated with blood plasma for only 15 seconds was degraded such that 99% of the RNA 

could not be amplified via RT-PCR.20 RNases are among the most stable enzymes known to 

microbiologists, making them difficult to inactivate.21 RNase A has been widely studied for 

decades, and some have posited that its compact structure, controlled by persistent disulfide bonds, 

lends increased protection from denaturation.104,105 RNases are generally stable in pH extremes 

and weak denaturing solutions.24 Heat inactivation of RNase A is reversible for short incubations 

up to 90 °C.22,23 Further, human blood serum RNases are diverse in size, structure, and 

function.106,107 Completely inactivating a wide range of endogenous RNases with differing stability 

poses a challenge for POC NATs.  

Commercial NAATs targeting RNA biomarkers in blood samples commonly use lysis 

buffers that inactivate RNases in order to protect RNA from degradation.27 The typical chemistry 
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fully denatures all proteins present in a sample with high concentrations of chaotropic salts, 

specifically 4 to 6 M guanidinium chloride or guanidinium thiocyanate.26 Guanidinium-based lysis 

buffers can be paired with a silica column that adsorbs nucleic acids before subsequent elution, 

otherwise known as solid-phase extraction (SPE).25 Qiagen DNA and RNA purification kits are 

the gold standard for conducting SPE in laboratory settings.108 SPE adequately protects RNA from 

degradation and returns a high yield, making it the predominant sample preparation technique in 

blood-based NATs.27 Another widely-used RNA purification protocol developed by Chomczynski 

and Sacchi uses guanidinium-based lysis and phenol-chloroform extraction.109 Several washing 

steps and/or buffer exchanges are required to remove guanidinium, phenol, chloroform, and 

alcohols before downstream assays, and automation of these processes necessitates centrifuges, 

pumps, or robotics which complicates its use in POC devices.28  

There are ongoing research efforts to circumvent SPE or other cumbersome nucleic acid 

purification techniques (e.g. phenol extraction) to simplify POC NATs. Electrokinetic techniques, 

which leverage the negatively-charged phosphate backbone of nucleic acids, have proven effective 

in extracting nucleic acids from a wide range of complex samples in microchips and paper-based 

devices that are well-suited for POC applications.63,110–112 An alternate approach is to eliminate 

nucleic acid purification and amplify targets directly from crude lysates (e.g. blood, urine, or 

saliva). Amplifying crude lysates has been enabled by a combination of novel additives and mutant 

forms of PCR polymerases with increased tolerance to traditional inhibitors, including whole 

blood, sputum, and stool.113,114 For example, the Phusion Blood Direct PCR Kit claims polymerase 

activity is retained even in the presence of up to 40% whole blood, according to the product 

bulletin. This “direct PCR” method has been applied to pathogenic nucleic acids targets in whole 

blood and serum.115–117 Recent isothermal amplification assays have exhibited excellent tolerance 
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of crude samples and have many features congruous with point-of-care use.118,119 The sample 

preparation strategies I have reviewed here have not been employed to detect RNA viruses in blood 

and may not be effective because of endogenous RNases and the potential for RNA target 

degradation. For tests that detect RNA in blood, methods must be used to inactivate RNases in 

lysates so that target RNA is protected from degradation.  

In the absence of guanidinium, many sample preparation protocols employ the use of 

enzymes and surfactants, such as proteinase K, pronase, Triton X, Tween, and sodium dodecyl 

sulfate (SDS).120 The lytic mechanisms and properties of these reagents are reported elsewhere,121–

123 yet their utility for nuclease control in complex samples is not well characterized. Proteases 

irreversibly break down proteins by cleaving specific peptide bonds.21 Nonionic surfactants (e.g. 

Triton X and Tween) disrupt viral envelopes or cellular membranes and solubilize proteins. SDS 

is a powerful anionic surfactant that at high concentrations denatures proteins by disturbing the 

noncovalent bonds which provide secondary protein structure.122 Proteases and surfactants act in 

different ways to alter proteins and their native configurations. As such, they have been shown to 

remove RNase activity in samples such as HeLa and neuroblastoma cell cultures.124,125 I found the 

majority of studies on RNase inactivation techniques used samples with low concentrations of 

pancreatic RNase.126–129 This is useful for identifying potential inhibiting reagents, yet human 

serum and other complex biological samples often contain high concentrations of salts, proteins, 

cells, and diverse RNases of varied structure. RNase inhibiting conditions are not necessarily 

universal across samples, so additional study is needed to identify chemistries that effectively 

inactivate diverse RNases in human serum, without the use of highly concentrated guanidinium.  

In this chapter, I investigate the effects of several prominent proteases and chemicals on 

RNase activity in human blood serum. The most common method for RNase detection is extended 
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incubation of an RNA substrate with a test solution followed by gel electrophoresis to identify 

possible degradation.130 This technique is laborious and not amenable to high throughput 

experimentation, so I selected a commercially available RNA substrate that emits fluorescence 

when cleaved by an RNase enzyme. This RNase activity assay allows for numerous parallel 

experiments on a microwell plate and generates real-time data of the activity over a 30-minute 

incubation time. I report on the performance of proteinase K, nonionic detergents, SDS, DTT, and 

other additives on inactivating RNases in human serum. I show denaturing SDS concentrations 

must be combined with either proteinase K or DTT for irreversible and complete RNase 

inactivation in serum. My findings provide valuable information for researchers looking for 

alternative strategies to guanidinium-based lysis and nuclease removal. I identify several novel 

RNase inactivation protocols in this chapter that may be compatible with ITP-based RNA 

extraction from blood lysates.  

2.2 MATERIALS AND METHODS 

2.2.1 Sample and Reagents 

I define samples as volumes of pooled serum, individual serum, plasma, or RNase A that 

are tested for RNase activity. Pooled serum is sterile-filtered from clotted whole blood of male 

donors with AB blood type (H6914, Sigma-Aldrich, St. Louis, MO). Individual serum was 

unfiltered and recovered from the whole blood of five different donors (BioIVT, Hicksville, NY). 

Donors included both males and females, different races, and ranged in age from 18 to 70, as 

detailed in Table 2-1.  I obtained plasma from whole blood of a 23-year-old female donor 

pretreated with K2EDTA anticoagulant (BioIVT). I centrifuged 1 mL of whole blood at 3,000 g 

for 10 minutes and removed the plasma supernatant with a pipette. The stock solution of RNase A 

(2250G, Thermo Fisher Scientific, Waltham, MA) at 30 units per liter (U/L) was diluted in DEPC-
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treated water (AM9906, Thermo) prior to testing. The manufacturer approximated fifty units of 

RNase A equivalent to one Kunitz unit.131 

Select experiments used serum pretreated by proteinase K (AM2546, Thermo) with or 

without additives. I incubated these samples for 1 hour in a water bath at 50 °C. After incubation, 

I immediately tested the samples for RNase activity. All reagents used in this study are certified 

RNase-free by the manufacturers. Reagents include dithiothreitol (D9779, Sigma), guanidinium 

chloride (G3272, Sigma), PRONASE (537088, Sigma), trypsin (T5266, Sigma), Sodium dodecyl 

sulfate (71725, Sigma), Triton X-100 (T8787, Sigma), Poly (A) (27-4110, GE Healthcare, 

Chicago, IL), Vanadyl ribonucleoside complexes (94742, Sigma), and Qiagen AVL viral lysis 

buffer (19073, Qiagen, Hilden, Germany). Working solutions were diluted with DEPC-treated 

water. 

 

Table 2-1. Descriptions of blood samples. I obtained whole blood and individual serum samples 

from BioIVT and gender, age, and race of donors were provided by the supplier. I obtained pooled 

(male) serum from Sigma Aldrich. 

Sample Supplier Gender Age Race Notes 

Whole blood BioIVT Female 23 Black 
K2EDTA 

Vacutainer 

Serum, pooled Sigma Aldrich Male n/a n/a 
sterile-
filtered 

Serum, donor #1 BioIVT Male 34 Black  
Serum, donor #2 BioIVT Male 18 Hispanic  
Serum, donor #3 BioIVT Male 66 Hispanic  
Serum, donor #4 BioIVT Male 70 Caucasian  
Serum, donor #5 BioIVT Female 37 Caucasian  
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2.2.2 RNase Detection Assay 

I employed the RNaseAlert Substrate Detection System (Integrated DNA Technology, 

Coralville, IA) for testing RNase activity in samples. The detection method relies on short RNA 

oligonucleotides with fluorophores (fluorescein) and quenchers on either end. In their native form, 

the RNA substrates are quenched and do not fluoresce. As illustrated in Figure 2-1, RNase cleaves 

the RNA substrates which separates the fluorophores from the quenchers and emits fluorescence. 

The intensity of the fluorescence is measured in real-time using a fluorometer, providing temporal 

data that indicate the rate of RNase activity. I chose human serum as the primary sample in this 

study because it carries the five known human blood RNases.107 Whole blood contains red blood 

cells rich with hemoglobin that has high absorbance at the emission wavelengths of fluorescein. 

Unless significantly diluted, I observed that hemoglobin absorbance obscured the fluorescence 

signal from the RNaseAlert assay. Human serum is similar to plasma except that it has fibrinogen 

and clotting factors removed, making it easier to store and manipulate in laboratory settings.  

 

Figure 2-1. Illustration of the mechanism of the RNaseAlert assay used to test for RNase activity 

in serum and RNase samples. The short single-stranded RNA substrate is bookended with a 
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fluorescein molecule and quencher. When the sugar-phosphate backbone is cleaved by an RNase, 

the fluorescein is spatially separated from the quencher, allowing for fluorescence. 

 
The manufacturer’s recommended protocol for the RNaseAlert assay allows for some 

flexibility depending on application. Here, I supplement the recommended protocol and provide 

the necessary specifications to replicate my work. I prepared the RNaseAlert experiments in a 

lidded 96-well plate with black walls and clear bottom (3603, Corning Incorporated, Corning, NY). 

The total assay volume in each well was 100 µL. I first pipetted 10 µL of RNaseAlert substrate 

and 10 µL of 10X RNaseAlert buffer into each well. I then added 60 µL of water or reagents at the 

specified concentrations. When running experiments in parallel, it is crucial to simultaneously add 

samples to the wells so the incubation time with RNA oligonucleotides is equal. Towards this end, 

I used a 12-channel pipette to concurrently add 20 µL of samples to each well. The plate was 

immediately loaded into a plate reader (SpectraMax iD3, Molecular Devices, San Jose, CA). The 

excitation and emission wavelengths were 485 nm and 535 nm, respectively. The PMT gain was 

set to “low” with an exposure of 140 ms. The heating block in the plate reader was set to 37 °C. 

The instrument agitated the plate and measured the fluorescence in the wells every 2 min over a 

30 min incubation time. For each set of data presented in this chapter, I present a positive control 

of RNase A (1.5 U/L). The maximum fluorescence of this positive control is used to normalize the 

fluorescence values of each data set. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Differences in RNase activity of serum and plasma samples 

My goal was to compare the performance of common lytic chemicals and enzymes on 

inactivating serum RNases and shed light on the complex mechanisms of RNA degradation in 
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serum. I first compared RNase activity in human plasma and a variety of serum samples, both 

pooled and individual donors. Figure 2-2A shows normalized fluorescence intensities from RNase 

activity assays of serum and plasma samples over a 30-minute incubation period. All data is 

normalized by the maximum average fluorescence of the RNase A (1.5 U/L) controls run in 

triplicate. In the RNase controls, fluorescence rapidly increases after adding RNase A samples to 

the wells containing RNA substrate. After 10 to 15 minutes of incubation, the fluorescence signal 

plateaus, indicating that all available RNA substrate was cleaved. I observe that, with samples 

containing RNase activity, the initial fluorescence value at t=0 is substantially higher than 

respective value of the negative control. This is due to the short delay required to load the 

microplate into the reader and begin data acquisition, over which the RNA substrate in the assay 

begins to degrade. The serum and plasma experiments increased in fluorescence at differing rates, 

yet they all appear to plateau near a normalized fluorescence value of 0.75, notably lower than the 

RNase control. I attribute this lower plateau to two different sources. First, serum has some 

absorbance over the emission spectrum of fluorescein, which results in a decrease in measured 

fluorescence intensity. I support this hypothesis in Figure 2-3. Second, serum is highly 

proteinaceous, and it has been documented that non-specific RNA-protein complexes are common 

in biological systems.132 These complexes between serum proteins and the assay’s RNA substrate 

may sequester a portion of the substrate, resulting in less total fluorescence.  

I observe that there are differences in the fluorescence curves between the individual serum 

samples. This indicates that RNase activity differs between blood donors. There are documented 

differences in blood RNase activity, but this has primarily been observed in patients with certain 

conditions, such as pancreatic cancer.133 The pooled serum exhibited the lowest RNase levels, 

which may be due to the particular collection technique. I chose to use pooled serum as the primary 
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sample in this study because it is similar in RNase activity to plasma and other serum samples. 

This pooled serum is also commercially available so others may replicate my results. 

 

Figure 2-2. (A) RNase activity in pooled serum, serum from five individual donors, and plasma 

from a donor. Samples were simultaneously added to a 96 well plate with RNaseAlert substrate 

and fluorescence intensity was measured in 2-minute increments over a 30-minute incubation. (B) 

Effect of guanidinium chloride (0.1 M to 4M) on serum RNase activity. Serum with no GuHCl is 

presented for comparison. The positive controls are RNase A (1.5 U/L), and the negative controls 

are RNase-free water. The ‘s+GC4’ and ‘s+QiagenAVL’ data are indistinguishable from the 

negative controls. RNase A (1.5 U/L) is the positive control and its mean maximum fluorescence 

intensity is used to normalize all data points. The negative control is RNase-free water added to 

the RNaseAlert assay. All data plotted are averaged triplicates (N=3) with error bars of one 

standard deviation around the mean. Data points where no error bars are visible have errors too 

small to plot. 
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Figure 2-3. Reduction in fluorescence from the RNaseAlert assay after the addition of human 

serum. I plot the endpoint fluorescence of a 30-minute RNaseAlert assay after a sample of RNase 

A (1.5 U/L) has completely degraded the target substrate, labeled ‘RNase cntrl’. This is contrasted 

with the endpoint fluorescence after human serum is spiked into control. The serum reduces the 

intensity of the fluorescence signal emanating from the sample. 

 

2.3.2 Guanidinium-mediated RNase immobilization 

Guanidinium is the most common chemical used in RNA purifications and considered the 

gold-standard for inactivating diverse RNases.134 It is commonly used at concentrations between 

4 to 6 M to denature proteins.25,26 I investigated the effects of guanidinium on inactivating serum 

RNases as a comparison benchmark and if lower concentrations may be used. Figure 2-2B plots 

the fluorescence from the RNase detection assays of serum treated with guanidinium chloride at 

100 mM to 4 M. Lower concentrations of guanidinium reduce the activity of endogenous serum 

RNases, but complete inactivation is achieved at a minimum of 4 M concentration. I found that 

guanidinium chloride completely eliminated serum RNase activity at 4 M and only partially 
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reduced activity at lower concentrations. This finding is in agreement with a recent study observing 

partial unfolding or an “expanded form” of RNase HI at low concentrations of guanidinium and 

extensive protein unfolding of the hydrophobic core at concentrations of 3 to 4 M.135 Guanidinium 

must be purified away from RNA or significantly diluted before adding to PCR or other 

amplification assays. PCR can tolerate guanidinium up to approximately 50 mM;136 therefore a 

blood lysate at 4 M guanidinium chloride would need to be diluted 80-fold in order to enable PCR 

amplification. A lysate dilution of this magnitude is not preferred for POC NAATs because it 

drastically dilutes the analyte concentration, negatively affecting the limit of detection of the test. 

Dilution also may allow blood RNases to renature and regain activity. A widely used commercial 

lysis buffer for immobilizing RNases in blood samples is the Qiagen viral lysis buffer (AVL 

buffer), composed of guanidinium thiocyanate and a detergent. As seen in Figure 2-2B, I see that 

this buffer is also highly effective at eliminating activity of serum RNases. 

2.3.3 Effects of nonionic surfactants 

I first tested Triton X-100 for RNase inactivation properties. Nonionic surfactants, such as 

Triton X-100, are well-suited for simple sample preparation strategies because they do not inhibit 

PCR or other amplification assays, even at high concentrations.137 Therefore, there is no need for 

onerous purification methods to remove the surfactant. Nonionic surfactants solubilize proteins 

rather than fully denaturing them, so enzyme activity may be retained in the presence of even high 

concentrations of surfactant.122 I explored the effect of Triton X-100 on RNase activity, as plotted 

in Figure 2-4A. All concentrations of Triton X-100, ranging from 0.1% to 2% w/v, increased the 

rate of RNA degradation in serum when compared to an untreated sample. I observed this same 

effect with Tween-20, another common nonionic surfactant (see Figure 2-5). A possible 

explanation is that nonionic surfactants directly interact with RNases and increase their activity, 
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which has been observed for other enzymes in molecular biology.138 Figure 2-4B plots the activity 

of RNase A in the presence of Triton X-100. There are no distinguishable differences in the slopes 

of the fluorescence curves of the detection assay, suggesting Triton X-100 does not significantly 

affect RNase activity.  

 

Figure 2-4. (A) RNase activity of untreated serum (S) versus serum treated with Triton X-100 

(0.1% to 2% w/v). (B) Effect of Triton X-100 on the activity of RNase A. The ‘HighRNase’ sample 

is the typical RNase A control (1.5U/L). The ‘LowRNase’ samples with and without Triton X-100 

all contain 0.3U/L RNase A. Either 0.5% or 1% w/v Triton X-100 was added to RNase A. 

 
I hypothesize that this surfactant-induced increase in RNase activity in serum may be a 

result of the disruption of protective protein-RNA complexes. Immunoglobulin G (IgG) is present 

in high concentrations in serum, and Sidstedt et al. observed that IgG readily binds to ssDNA, 

which is similar in chemical structure to ssRNA.139 Nonspecific ribonucleoprotein complexes have 

not specifically been studied in human serum, but free RNA is likely bound by multiple proteins 

in biological matrices, such as serum.132 Ribonucleoprotein complexes create a protection from 

RNase degradation.140 Surfactants disrupt the hydrophobic interactions of ribonucleoprotein 

complexes and free the RNA, making it more susceptible for degradation. I hypothesize that Triton 
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X-100 prevents the formation of complexes between RNA substrate and serum proteins, allowing 

for rapid degradation of free RNA via serum RNases. Similarly, I found nondenaturing 

concentrations (specifically less than 0.3%) of the anionic surfactant, SDS, accelerate RNA 

degradation in serum. I suspect this is due to the same mechanism observed with Triton X-100.  

 

 
Figure 2-5. RNase activity in serum samples in the presence of Tween 20 or pretreated with 

pronase. Samples (N=1) were simultaneously added to a 96-well plate with RNaseAlert substrate 

and fluorescence intensity was measured in 2-minute increments over a 30-minute incubation. 

There is a short delay between adding samples to the microplate and loading it into the plate reader, 

which results in some experiments with initial fluorescence values significantly greater than the 

negative control. RNase activity in serum in the presence of nonionic surfactant, Tween 20, is 

higher than that of serum with no surfactant. Activity is greater in samples at 0.5% w/v Tween 20 

than at 0.1%, as observed with Triton X-100. I also measured RNase activity of serum pretreated 

with the protease cocktail, pronase, for 1 hour at 50 °C. As with proteinase K, digestions at higher 

protease concentrations resulted in serum samples with increased RNase activity. RNase A (1.5 

U/L) is the positive control and its maximum fluorescence intensity is used to normalize all data 

points. The negative control is RNase-free water added to the RNaseAlert assay. 
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2.3.4 Protease-mediated RNase removal 

Proteinase K is a broad-spectrum serine protease that has been used for decades in DNA 

and RNA preparations to remove nucleases from biological samples.124 I examined the ability of 

proteinase K to inactivate serum RNases. I tested samples of serum that were pretreated with 

proteinase K for 1 hour at 50 °C, as advised in the product manual. The concentrations of 

proteinase K during the pretreatments ranged from 5 to 1000 µg/mL. Figure 2-6A reports the 

normalized real-time fluorescence values of each digested serum sample over the 30-min 

RNaseAlert assay, and Figure 2-6B plots the endpoint fluorescence to highlight the relationship 

between proteinase K in the digestions and resulting RNase activity. I observe increases in 

fluorescence in all serum samples compared to that of negative controls, indicating proteinase K 

is unable to fully deactivate serum RNases. I confirmed that the proteinase K stock was free of 

RNase activity with a proteinase K-only control. There appears to be an optimum concentration of 

proteinase K at 50 µg/mL to protect RNA, as illustrated in Figure 2-6B. Incubations at high 

concentrations of proteinase K lead to extensive degradation of the RNA substrate, even when 

compared to untreated serum. 

In my investigation of protease-mediated RNase inactivation, the data revealed two curious 

findings: (1) proteinase K does not inactivate all serum RNases and (2) higher concentrations of 

protease result in more severe RNA degradation in serum. In addition to proteinase K, I found 

serum RNases were not removed by other broad-spectrum proteases, including pronase and trypsin 

(see Figure 2-5). I also could not inactivate serum RNases with an extended 24-hour proteinase K 

digestion. High concentrations of proteases result in more thorough digestion of proteins in a 

sample. This suggests that serum RNases are resistant to proteolysis. I hypothesize that extensive 

degradation of serum proteins may remove protective ribonucleoprotein complexes, leading to 
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more rapid RNA degradation in the sample. Another possible explanation for the adverse effects 

of high proteinase K concentrations is that proteinase K may actually activate some endogenous 

RNases. A study from Simpson et al. found that endogenous RNase activity was activated by 

proteinase K in mitochondrial extracts from Leishmania tarentolae, a eukaryotic protozoan 

parasite.141 This finding has not been observed in serum RNases.  

 

Figure 2-6. (A) Inactivation of serum RNases via proteinase K (5 µg/mL to 1000 µg/mL). Serum 

samples are pretreated with proteinase K for 1 hour at 50°C and resulting digested serum (DS) is 

tested with the RNaseAlert assay. I plot the real-time fluorescence from the assay during a 30-

minute incubation with the substrate. (B) Respective endpoint fluorescence values are provided to 
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highlight the optimal proteinase K concentration for RNA protection in serum digestions. I present 

a positive control with RNase A (1.5 U/L) and negative control with nuclease-free water. (C,D) 

RNase activity in serum pretreated with proteinase K as well as various additives. Additives tested 

include 0.5 µg/µL poly(A) (pA) carrier RNA, 2 mM ribonucleoside vanadyl complex (VRC), 5 

mM dithiothreitol (DTT), and 0.5% w/v Triton X-100 (TX). 

 
There are a number of additives that are known to inhibit RNase activity or improve the 

proteolytic performance of proteinase K. I explore several prominent additives by digesting serum 

with 50 µg/mL proteinase K in the presence of 0.5 µg/µL poly(A), 2 mM vanadyl ribonucleoside 

complex (VRC), 10 mM dithiothreitol (DTT), or 0.5% w/v Triton X-100. Poly(A) serves as 

sacrificial carrier RNA that slows the degradation of RNaseAlert RNA substrate, and VRC is a 

well-known RNase inhibitor. DTT is a disulfide bond reducer which helps unravel protein 

structures, making peptide bonds more susceptible to proteases. Triton X-100 similarly relaxes 

protein structures by weakening hydrophobic effects. Respective additive concentrations are 

typical values for inhibiting RNases or aiding proteinase K. Figure 2-6C plots real-time 

fluorescence over a 30-minute assay measuring RNase activity in the samples, with respective 

endpoint fluorescence displayed in Figure 2-6D. Data indicate proteolyic digestion to remove 

serum RNases is not significantly impacted by the selected additives, with the exception of Triton 

X-100.  

I further explored the efficacy of protease-mediated RNase inactivation with RNase A 

samples. I either pretreated RNase A with proteinase K for a one-hour incubation or combined 

both enzymes at the initiation of the RNaseAlert assay. Figure 2-7A shows pretreated RNase A 

samples have no detectable ribonucleic degradation. I observe that when proteinase K and RNase 

A (1.5 U/L) are added at the initiation of the detection assay, RNase is eliminated within 10 

minutes. 500 µg/mL proteinase K degrades RNase A more rapidly than 50 µg/mL proteinase K. I 
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highlight that proteinase K easily digests RNase A but is not able to remove endogenous RNases 

in serum. It has been noted in other studies that protease digestion efficiency varies widely across 

proteins. This may be due to differences in disulfide bonds, specific folds, glycosylation, or a 

combination thereof.142 There may be certain serum RNases with structures resilient to proteases.  

 

Figure 2-7. (A) Effect of proteinase K on RNase A activity. I monitored the RNase A activity in 

real-time over a 30-minute period. For the ‘RNase+PK500’ (1.5 U/L RNase A and 500 µg/mL 

proteinase K) and ‘RNase+PK50’ (1.5 U/L RNase A and 50 µg/mL proteinase K) experiments, 

proteinase K and RNase A were not incubated together prior to the 0-minute mark of incubation. 

The other data set shown is RNase A (1.5 U/L) pretreated with proteinase K (50 µg/mL) for 1 hour 

at 50°C before adding to the RNaseAlert assay. This data is indistinguishable from the negative 

control. (B) Shielding effect of bovine serum albumin (BSA) on RNase A. RNase A (1.5 U/L) 

activity was tested in the presence of BSA at various concentrations (0.5% to 0.01% w/v). 

 

In Figure 2-7B, I explore the effects of nonspecific proteins on shielding RNA from 

degradation. Increasing concentrations of bovine serum albumin (BSA) drastically reduce RNA 

degradation from RNase A. The minimum concentration of BSA needed for noticeable RNA 

protection was 0.05% w/v. It is notable that the highest concentration I tested is 0.5% w/v or 5 

0 5 10 15 20 25 30
Time (min)

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 F
lu

or
es

ce
nc

e

RNase cntrl

RNase+PK50

RNasePK | pretreated

RNase+PK500

neg cntrl

A

0 5 10 15 20 25 30
Time (min)

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 F
lu

or
es

ce
nc

e
RNase+BSA0.1

RNase+BSA0.5

RNase+BSA0.01
RNase cntrl

RNase+BSA0.1+TX1

RNase+BSA0.05

neg cntrl

B



 

 36 

mg/mL. Human serum albumin in blood is typically between 35 to 50 mg/mL.143 Human serum 

albumin (66 kDa) and BSA (66 kDa) are similar in chemical makeup and function. Therefore, it 

is reasonable to assume that human serum albumin plays a role in protecting exogenous RNA from 

degradation by serum RNases. This supports the theory that nonspecific complexes between 

proteins and RNA slow degradation. While this finding does not address RNase inactivation, it 

frames a strategy that may be leveraged to protect RNA in samples with limited RNases, such as 

cell lysates or heavily diluted serum or blood. BSA is advantageous for RNA preservation because 

it is compatible with downstream nucleic acid amplification techniques, unlike other RNA 

preservation reagents such as VRCs. Only commercial BSA preparations that are confirmed to be 

RNase-free should be used with RNA samples. I found multiple commercial BSA products 

purified using the traditional heat shock fractionation method had significant RNase activity (see 

Figure 2-8). There may be other proteins besides BSA that provide RNA protection in complex 

samples, including single-stranded binding proteins which may have a higher affinity for 

exogenous RNA. Further study of the interplay between serum proteins, RNA, and surfactants 

could employ an electrophoretic mobility shift assay with carefully selected running buffer to 

mimic binding conditions in serum.144 
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Figure 2-8. RNase activity of the stock solutions of reagents used in this work. Here I see if any 

reagents I employed may have activity measurable via the RNaseAlert assay. Reagents tested 

include 200 µg/mL proteinase K, 50 mg/mL UltraPure BSA (Thermo Fisher), 50 mg/mL BSA 1 

(B4287, Sigma Aldrich), 50 mg/mL BSA 2 (A7030, Sigma), 0.5% w/v Triton X-100, 0.5% w/v 

SDS, 500 mM guanidine hydrochloride, 25 mM EDTA, and 100 mM ammonium chloride. Two 

different BSA products from Sigma Aldrich possess noticeable RNase activity. The UltraPure 

BSA has an elevated baseline fluorescence, but no noticeable increase in fluorescence over the 

incubation, indicating minimal or nonexistent RNase activity. Triton X-100 has no RNase activity 

but does emit some fluorescence at the same wavelength as the fluorophore in the RNaseAlert 

assay. 

2.3.5 Other methods for RNase immobilization  

A 2012 research article and 2015 patent describe a technique for irreversibly inactivating 

serum RNases with a combination of DTT, Triton X-100, poly(A) carrier RNA, and high 

basicity.145,146 The pH of the sample is elevated to approximately 12 which theoretically 

accelerates the DTT-mediated disulfide bond reduction of RNases. The authors use Triton X-100 

(1%) and poly(A) (0.4 mg/mL) to accelerate RNase inactivation and reduce degradation of target 
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RNA, respectively. The authors claim that, with these conditions, short incubation times of less 

than 5 minutes are needed. This is important because RNA is unstable in extended incubations at 

high pH. I replicated this protocol in our research group’s laboratory with a 5-minute incubation 

and found that it did not eliminate serum RNase activity, as measured by the RNaseAlert assay. 

Figure 2-9 shows that serum treated with the aforementioned method rapidly degrades the RNA 

substrate. I present a control experiment in which the method was carried out on RNase-free water 

instead of human serum, and this resulted in data that is consistent with the negative control.  

 
Figure 2-9. DTT-mediated inactivation of serum RNases accelerated by highly basic conditions. 

Human serum treated with DTT, Triton X-100, and poly(A) carrier RNA at pH 12 was tested with 

the RNaseAlert assay. I treated RNase-free water at these same conditions and observe that its 

fluorescence does not increase over the RNaseAlert incubation period. An RNase A control, 

untreated serum control, and negative control are provided for comparison. 

 
Curtis et al. detected HIV-1 RNA in whole blood and plasma lysed with a 37.5 mM 

ammonium chloride buffer.147,148 They demonstrated nucleic acid extraction may be avoided in 

their assay by directly adding blood lysate to an RT-LAMP reaction for detection. The authors do 
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not discuss difficulties with HIV RNA degradation in the lysate, which is surprising as ammonium 

chloride is not a known RNase inhibitor. In Figure 2-10, I plot measured RNase activity in serum 

in the presence of ammonium chloride. I observed that ammonium chloride slightly reduces serum 

RNase activity, but high concentrations of ammonium chloride were not able to completely 

eliminate activity. For reference, the concentration of ammonium chloride in a typical red blood 

cell lysis buffer is 150 mM. I expect the sensitivity of the HIV assay from Curtis et al. suffered 

due to RNase-mediated analyte loss.  

 
Figure 2-10. Effect of ammonium chloride (40 mM to 200 mM) on RNase activity in serum. The 

positive controls are RNase A (1.5U/L), and the negative controls are RNase-free water. All data 

plotted are averaged triplicates (N=3) with error bars of one standard deviation around the mean. 

Data points where no error bars are visible have errors too small to plot. 

 

Some nucleases require divalent cations to be active and, therefore, can be completely 

inhibited by chelating agents, such as ethylenediaminetetraacetic acid (EDTA). Many RNases are 

active in the absence of divalent cations so EDTA is ineffective.149 Figure 2-11 reports the activity 

of serum RNases in the presence of EDTA ranging from 10 mM to 100 mM. EDTA appears to 
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inhibit serum RNases with increasing concentrations, but complete inactivation is not achieved at 

concentrations up to 100 mM.  

 
Figure 2-11. Effect of EDTA (10 to 100 mM) on serum RNase activity. The positive controls are 

RNase A (1.5U/L), and the negative controls are RNase-free water. All data plotted are averaged 

triplicates (N=3) with error bars of one standard deviation around the mean. Data points where no 

error bars are visible have errors too small to plot. 

 

2.3.6 Immediate and irreversible inactivation of serum RNases  

The most effective reagent I identified for RNase inactivation in serum samples is SDS. 

SDS is a powerful anionic surfactant and protein denaturant commonly used in lysis protocols.122 

Figure 2-12A reports RNase activity in serum samples in the presence of SDS concentrations 

ranging from 0.1% to 2% w/v. At concentrations of 0.5% and higher, RNase activity could not be 

detected which suggests the surfactant created fully denaturing conditions. Serum with 0.3% SDS 

partially inhibited RNases compared to an untreated serum sample. Serum treated with 0.1% SDS 

resulted in rapid degradation of RNA substrate in the detection assay. This indicates RNA 
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degradation in serum is more pronounced at low concentrations of SDS where RNases are not fully 

denatured. I hypothesize this is due to the same phenomenon observed with nonionic surfactants, 

such as Triton-X. In terms of concentration, I found that SDS is more potent than the gold standard 

reagent, guanidinium chloride, that must be used at concentrations greater than 4 M to completely 

prevent RNase activity.  

The crucial shortcoming of SDS is it does not irreversibly inactivate serum RNases, which renature 

once SDS concentration is reduced. This effect is illustrated in Figure 2-12B where an RNaseAlert 

assay containing serum and 0.5% SDS is diluted 1.66-fold after 15 minutes to a concentration of 

0.3%. I observe serum RNases are initially fully inhibited but the dilution of SDS allows RNases 

to renature and regain activity. Hilz et al. reported that SDS reversibly inactivated RNase A and a 

combination of proteinase K and SDS is needed for irreversible inactivation.140 I similarly found 

serum that is digested with 0.5% SDS and 1000 µg/mL proteinase K is irreversibly removed of 

RNase activity, as shown in Figure 2-12B. Note that the 0.5% SDS in the digested serum is diluted 

to a final concentration of 0.1% SDS when added to the RNaseAlert assay. For irreversible RNase 

inactivation by proteolytic digestion with proteinase K, I found SDS must be present in the serum 

at denaturing concentrations of 0.5% or greater (data not shown).  

RNases are reliant on their disulfide bonds for sustained activity, so the reducing agent, 

DTT, has been shown to irreversibly inactivate RNases, most effectively at elevated 

temperatures.128,150 I found that a pretreatment of serum with 0.5% SDS and 75 mM DTT for 30 

minutes at 50°C irreversibly inactivated serum RNases. In Figure 2-12B, I demonstrate that this 

same incubation with SDS and DTT at room temperature does not irreversibly inactivate serum 

RNases, indicating elevated incubation temperature is crucial. When I attempted to remove serum 

RNases with solely DTT, the serum firmly coagulated upon heating and could not be manipulated.  
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The most effective serum pretreatment protocol leveraged a one-hour incubation at 50°C with 

0.5% SDS, 1000 µg/mL proteinase K, and 10 mM DTT, which resulted in digested serum with 

RNase activity indistinguishable from the negative control (as seen in Figure 2-12B). Each reagent 

disrupts different aspects of protein structure, specifically denaturation, peptide bond cleavage, 

and disulfide bond reduction, respectively. Individually, the reagents are limited, but in concert, 

they are able to completely and irreversibly immobilize the diverse and abundant RNases present 

in human serum. I found this method of RNase inactivation was equally as effective as gold 

standard guanidinium-based chemistries. 

 

Figure 2-12. (A) Effect of SDS (0.1% to 2% w/v) on serum RNase activity. The positive controls 

are RNase A (1.5U/L), and the negative controls are RNase-free water. Data for 0.5%, 1%, and 

2% SDS are indistinguishable from that of the negative control. (B) Irreversible inactivation of 

serum RNases using a combination of SDS and proteinase K, DTT, or both. The experimental data 

labeled ‘S+SDS0.5/0.3’ monitors serum in the presence of 0.5% SDS for 15 minutes, when a 

1.66X dilution of RNase-free water is added to reduce the SDS concentration to 0.3%. I tested 

serum samples pretreated with a combination of SDS and DTT or proteinase K. ‘S+SDS+DTT’ is 

serum pretreated with 0.5% SDS and 75 mM DTT for 30 minutes either at 50°C or room 

temperature. ‘S+SDS+PK’ is serum digested with 0.5% SDS and 1000 µg/mL proteinase K at 

50°C for one hour. ‘S+SDS+PK+DTT’ includes 10 mM DTT. Serum samples pretreated or 
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digested with 0.5% SDS were diluted to a final concentration of 0.1% SDS in the RNaseAlert 

detection assay. 

 
As I detailed in the introduction section, lysis and RNase inactivation chemistries that avoid 

high concentrations of guanidinium may not require solid- or liquid-phase extraction for RNA 

purification. For example, DTT is a common PCR additive and, at low concentrations, does not 

need to be purified away from target nucleic acids. DTT has been shown to be compatible with 

multiple reverse transcriptases and polymerases up to 20 mM concentrations.128 Proteinase K can 

inhibit nucleic acid amplification assays by digesting polymerases and other necessary enzymes, 

but it is permanently inactivated by a 5-minute incubation at 95 °C. Proteinase K can also be 

removed from RNA samples by electrophoretic methods, such as isotachophoresis.63 SDS is 

typically incompatible with amplification assays at high concentrations, but the inhibitory effect 

of SDS can be mitigated using nonionic surfactants, including Triton X and Tween 20.137 

Potassium phosphate may also be used to precipitate SDS out of solution so that PCR can tolerate 

up to 0.3% w/v SDS.151 A notable study lysed bacterial cultures with 0.5% SDS and 200 µg/mL 

proteinase K. The resulting lysate was heated to 95°C to inactivate proteinase K and added directly 

to a PCR master mix containing Tween 20 for direct amplification and detection of target bacterial 

DNA.137 This provides a helpful blueprint for how cumbersome RNA purification may be avoided 

when using SDS and proteinase K for lysis and RNase inactivation. 

2.4 CONCLUSIONS 

I investigate alternative methods to the standard guanidinium-based buffers for inactivating 

endogenous RNases in human serum. I report the use of nonionic surfactants and proteases in 

blood, as well as two approaches to completely and permanently inactivate serum RNases. I found 

that degradation of RNA substrate was more pronounced in serum samples treated with common 
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nonionic surfactant, Triton X-100, than in samples without surfactant. I hypothesize this is due to 

the surfactants disrupting non-specific ribonucleoprotein complexes in serum that protect RNA 

from degradation via RNases. I recommend avoiding the use of nonionic detergents in RNase 

inactivation chemistries as they appear to have deleterious effect, even when used in combination 

with proteinase K. My results show proteinase K digests RNase A with ease yet is unable to remove 

all endogenous serum RNases. I found there is an optimum proteinase K concentration of 50 

µg/mL for RNase inactivation in serum digestions, with higher and lower concentrations offering 

significantly worse results. The data suggest there may be certain serum RNase variants that are 

resistant to proteolytic digestion. This is an unexpected result that contradicts widespread a priori 

assumptions in microbiology that proteinase K eliminates nucleases in biological samples.  

I observed that proteinase K is only able to irreversibly inactivate serum RNases in the 

presence of denaturing concentrations of SDS (i.e. 0.5% or greater). SDS at these higher 

concentrations immediately inhibits serum RNases, but their activity is regained once the SDS 

concentration is lowered. Irreversible RNase inactivation by way of SDS requires an incubation 

combined with proteinase K, DTT, or both. These RNase inactivation techniques use reagents 

which do not necessitate subsequent solid- or liquid-phase extraction prior to qPCR, simplifying 

the diagnostic process. It is worth noting that SDS, proteinase K, and DTT are relatively innocuous 

reagents which allows for safe handling and disposal in resource-limited clinical settings. This is 

in contrast with solid- or liquid-phase extractions which use hazardous chemicals and flammable 

organic solvents. Ultimately, my work aims to assist researchers developing simple POC NAATs 

for bloodborne RNA viruses or other RNA targets. 

  



 

 45 

Chapter 3. HIV DETECTION WITH ITP-BASED RNA EXTRACTION 

3.1 INTRODUCTION 

The number of people infected with HIV globally continues to steadily increase, with the 

current total over 36 million.152 Since the advent of highly effective antiretroviral therapy (ART), 

almost 20 million HIV-positive people are on treatment, which requires routine viral load 

monitoring to assess successful viral suppression.153 Additionally, early infant detection of HIV 

infections is not possible with typical lateral flow-based antibody tests, so highly sensitive nucleic 

acid amplification testing (NATs) must be used to detect HIV nucleic acids.154 The majority of 

nucleic acid testing for HIV in low- and middle-income countries (LMICs) is carried out on dried 

blood spots shipped to central laboratories, where expensive automated tests quantitate viral 

titers.155 There have been increased efforts to scale-up decentralized HIV molecular testing in 

LMICs, and several point-of-care (POC) viral load tests have reached market to address this 

need.156 Yet effective scale-up efforts have been hampered by the platform and per-test costs, as 

well as the operational complexity of current viral load tests. 

The majority of current commercial HIV POC tests have miniaturized and automated gold-

standard approaches to molecular testing of RNA from blood samples.156 A primary roadblock for 

simplifying these tests for POC use is sample preparation, which requires removing the salts, 

proteins, cellular debris, and nucleases present in blood.19 Endogenous blood RNases are 

particularly problematic because they are exceptionally stable enzymes and capable of rapidly 

degrading free RNA in blood in the order of seconds.20,21 Traditional sample preparation methods 

for bloodborne RNA targets utilize high concentrations of chaotropic salts (e.g. 6 M guanidinium 

thiocyanate), toxic disulfide reducing chemicals (e.g. ß-mercaptoethanol), and harsh anionic 

detergents to lyse virions and inactivate blood RNases.25,109,157 Highly effective nucleic acid 
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extraction and purification from the lysate is required to prevent chemicals from interfering with 

downstream amplification assays. Solid phase extraction is commonly used for purification, but 

this necessitates repeated buffer exchanges to separate, wash, and elute nucleic acids.28 For 

example, a gold standard product for viral RNA extraction is the QIAamp Viral RNA Mini Kit 

(Qiagen), and it requires 6 manual pipetting steps and 5 centrifugations, totaling 30 minutes to an 

hour of hands-on time – according to the product handbook. Commercial POC tests automate these 

steps using robotics, pumps, valves, and other methods for fluidic exchanges.28 Automating 

extensive fluidic manipulation requires complicated engineering designs and expensive 

components. This approach faces a practical barrier to lowering the overall platform costs of 

molecular testing in blood samples, which has prompted researchers to find new sample 

preparation approaches for POC use. 

Isotachophoresis (ITP) is an electrophoretic separation and concentration technique that 

has emerged as an attractive alternative to address the need for simplified nucleic acid sample 

preparation for POC NATs. ITP is capable of extracting nucleic acids from blood samples and 

removing contaminants, such as various proteins or salts, that inhibit downstream amplification 

assays.158 This separation process requires no physical manipulations, buffer exchanges, or other 

intermediate user steps, but rather automates nucleic acid purification using an applied electric 

field and simple buffers. ITP leverages a discontinuous buffer system with a leading electrolyte 

(LE) and trailing electrolyte (TE) to develop an electric field gradient that focuses charged species 

based on their electrophoretic mobilities.159 Analytes with mobilities less than the LE and greater 

than the TE are focused into a concentrated plug at the interface of the two electrolytes. Kondratova 

et al. were the first to use ITP in agarose gels for DNA extraction from human blood samples, but 

their work was not well-suited for POC diagnostics because it required lengthy deproteinization 
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and dialysis pretreatment steps.46,160 Microchannel-based ITP has since emerged as a promising 

sample preparation approach for extracting DNA from blood specimens and amplifying with off-

chip quantitative polymerase chain reaction (qPCR).48,161 Notably, Eid et al. detected DNA from 

Listeria monocytogenes cells in 2.5 µL of whole blood using alkaline and proteinase K lysis, 

microchannel ITP purification, and recombinase polymerase amplification for detection.162 To my 

knowledge, the only example of an ITP extraction of RNA from blood samples targeted bacterial 

rRNA in whole blood and suffered a poor limit of detection due to a low sample volume (~1 nL) 

and incomplete inactivation of exogenous and endogenous RNases.163 There have been no reported 

ITP-based extractions of viral RNA from blood or serum.  

In moving towards molecular diagnostics that are appropriate for POC use in LMICs, there 

are continuing efforts to implement ITP in microfluidic paper-based analytical devices (µPADs). 

µPADs are well-suited for POC diagnostics due to their wicking properties, ease of reagent 

deposition and storage, low material cost, and established methods for high-volume 

manufacturing.164 There are a number of ITP µPADs that have investigated extraction and 

concentration of analytes (e.g. fluorophores, DNA, indicator dyes) from pure buffer systems. 165–

170 Our group has previously developed an ITP µPAD that extracts free DNA from human blood 

and amplifies DNA within the ITP plug using recombinase polymerase amplification (RPA). 

However, sample preparation for POC NAATs for HIV and many other bloodborne infectious 

diseases requires lysis of the viral envelope, immobilization of harmful blood RNases, and RNA 

extraction from lysate. I am not aware of any ITP µPADs that addressed these challenges and 

detected viruses or other molecular targets from blood samples. 

In this chapter, I report a method for HIV detection from human serum with an MS2 

bacteriophage internal process control using a novel lysis and RNase inactivation method, paper-
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based ITP, and duplexed reverse transcription recombinase polymerase amplification (RT-RPA). 

My previous work studied varied enzymatic and chemical approaches for immobilizing blood 

RNases.171 I build on this work to develop a novel 15-minute protocol for off-chip viral lysis, 

RNase inactivation, and serum protein digestion. I design a unique ITP system to focus RNA into 

a characteristic ITP plug, while excluding proteinase K and anionic detergent present in the lysate. 

I determine the limit of detection of the ITP µPAD for RNA extraction by processing digested 

serum spiked with known RNA concentrations and amplifying with off-chip RT-RPA. I then 

demonstrate detection of HIV virions and MS2 bacteriophage in human serum within 45-minutes. 

I seek to address the lack of ITP sample preparation studies for RNA molecular testing, and I 

propose that ITP µPADs may be employed for low-cost, rapid molecular testing for bloodborne 

RNA viruses. 

3.2 MATERIALS AND METHODS 

3.2.1 Biological samples 

Human serum used in this study was from pooled blood samples from males with blood type 

AB (Sigma-Aldrich, St. Louis, MO, USA). According to manufacturer’s specifications, pooled 

blood samples were centrifuged and resulting plasma was clotted via calcium addition. The 

resulting serum is identical to plasma, with clotting factors removed. Fluorescently labeled DNA 

was a 70 base pair (bp) double stranded DNA sequence modified with a single Alexa Fluor 488 

molecule (Integrated DNA Technologies, Coralville, IA, USA). 

Purified HIV RNA was prepared from HIV-1 supernatant as previously detailed by Lillis et 

al.68 HIV-1 supernatant (Group M, Subtype A, NCBI accession number: JX140650) was obtained 

from the External Quality Assurance Program Oversight Laboratory (EQAPOL) at Duke 

University.172 Viral RNA was extracted and purified using the QIAamp Viral RNA Mini Kit 
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(Qiagen, Hilden, Germany) according to the manufacturer’s standard protocol. RNA was then 

quantified with quantitative real-time PCR based on the method described by Rouet et al. using 

Superscript®	III one- step RT-PCR system (Life Technologies, Carlsbad, CA, USA).173  

Experimental work on HIV virion detection from human serum used a non-infectious HIV 

strain to reduce laboratory safety risks. HIV detection work employed a cultured HIV-1 subtype 

B (8E5) virus (SeraCare, Milford, MA, USA). The 8E5 HIV contains a single base addition in its 

RNA genome at the pol gene, creating a reverse transcription-defective virus with no infectivity. 

The 8E5 HIV was supplied in a concentrated supernatant and then diluted with serum for 

experimental work. Bacteriophage MS2 was the internal process control for the HIV assay. The 

phage was grown and isolated using an established protocol.174 MS2 stock solution was diluted 

with phosphate buffered saline and stored at -80 °C. 

3.2.2 Lysis, RNase inactivation, and protein digestion 

I employed a specialized chemistry for combined viral lysis, inactivation of blood RNases, 

and digestion of serum proteins. This chemistry was based on my previous work investigating 

various methods for inactivating blood RNases.171 I incubated serum with a combination of 0.5% 

sodium dodecyl sulfate (Sigma-Aldrich), 1 mg/mL of proteinase K (Thermo Fisher Scientific, 

Waltham, MA, USA), and 10 mM dithiothreitol (Sigma-Aldrich). Working stock reagent 

concentrations were high, such that serum was only diluted 10% (i.e. a 40 µL sample contained 36 

µL serum and 4 µL lytic reagents). I conducted a set of experiments extracting HIV RNA from 

pre-digested serum. For these RNA extraction experiments, I incubated serum with SDS and 

proteinase K in a water bath for 1 hour at 50 °C. Following this incubation, I spiked known 

concentrations of purified HIV RNA into the digested serum. For experiments detecting HIV 

virions in serum, I incubated serum spiked with 8E5 HIV for 15-minutes at 65 °C.  
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3.2.3 ITP device construction and buffer composition 

ITP extractions were performed in single-use, disposable ITP µPADs consisting of a plastic 

petri dish (Thermo Fisher Scientific), acrylic reservoirs, and 22-gauge titanium wire electrodes 

(McMaster Carr, Elmhurst, IL, USA). Reservoirs were cut with a CO2 laser cutter (Universal Laser 

Systems, Scottsdale, AZ, USA) and adhered to the petri dish bases with double-sided tape (3M, 

Maplewood, MN, USA). The ITP strip spanned the two reservoirs and was constructed Fusion 5 

membrane (GE Healthcare, Chicago, IL, USA), which is made with a proprietary method to 

maximize porosity and minimize adsorption of biomolecules spanning the two reservoirs. 

Membranes were cut into a teardrop shape (40 mm long with maximum width of 8 mm and 

minimum width of 3 mm) with an electronic cutter machine (Cameo 3, Silhouette, UT, USA). The 

membranes were not washed or blocked, and they were stored at room temperature. 

The TE buffer consisted of 70 mM Tris (Sigma-Aldrich), 70 mM serine (Sigma-Aldrich), 

and 0.1% w/v polyvinylpyrrolidone (PVP) (Sigma-Aldrich). The LE buffer in the ITP membrane 

was 135 mM Tris, 90 mM HCl (Sigma-Aldrich), 50 mM KCl (Sigma-Aldrich), 0.1% w/v PVP 

(Sigma-Aldrich), and 100 ng/mL poly(A) carrier RNA (GE Healthcare). The LE buffer in the 

anode reservoir contained 240 mM Tris, 160 mM HCl, 10 mM KCl, and 0.1% PVP. Buffers were 

prepared with molecular biology grade reagents, RNase-free water (Thermo Fisher Scientific), and 

PCR-grade microcentrifuge tubes (Eppendorf AG, Hamburg, Germany) to limit introductions of 

exogenous RNases.  

3.2.4 ITP extraction protocol 

The ITP µPAD processes a 40 µL sample of serum pretreated with proteinase K, SDS, and 

DTT. Experiments in this work used serum samples with either spiked RNA, spiked HIV, or no 

analyte. The first step in ITP extraction is pipetting 40 µL of sample onto the porous membrane in 
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the widened sample region next to the TE reservoir. 1 µL of fluorescently labeled DNA is also 

added to the sample region for monitoring the location of the ITP during the separation. Then 40 

µL of LE buffer is added to wet the remainder of the membrane. 250 µL of LE and TE buffers are 

added to their respective reservoirs. Initial locations of ITP buffers and sample are depicted in 

Figure 3-1.  

ITP is initiated with a constant 110-volt bias across the ITP strip applied with a source 

meter (model 2410, Keithley, USA). The ITP plug location is indicated by the fluorescently labeled 

DNA. I collected fluorescence images of the separation membrane with a microscope (AZ-100, 

Nikon, USA) equipped with a 0.5X (NA = 0.05) objective. Light supplied by a mercury lamp light 

source (exacte, X-Cite, USA) passed through an epifluorescence filter cube set (Omega Optics, 

USA) with peak excitation and emission wavelengths of 488 nm and 518 nm, respectively. A 16-

bit cooled electron multiplying charge-coupled device camera (Cascade II, Photometrics, Tucson, 

AZ, USA) collected grayscale images of ITP extractions.  

When the ITP plug reaches the center of the narrow extraction zone of the strip, the voltage 

bias is removed, and this region of the strip is cut out. For RNA extraction experiments, the 

extraction zone of the paper strip is placed in a 0.5 mL plastic tube with a small hole at the bottom. 

The 0.5 mL plastic tube is placed inside a 1.5 mL plastic tube and centrifuged, removing the 

contents of the ITP plug from the paper (~4 µL of eluate). This ITP eluate is pipetted directly into 

an RT-RPA reaction. For HIV detection experiments from serum, I add the extraction zone of the 

paper strip directly to an off-chip RT-RPA reaction for duplexed detection of HIV and MS2, as 

illustrated in Figure 3-1. 
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3.2.5 RT-RPA amplification and detection 

The RT-RPA primers and probe for HIV detection were developed by Lillis et al. and can 

be used to amplify HIV-1 RNA across multiple subtypes.68 The RT-RPA HIV detection assay used 

a lyophilized pellet solution consists of a lyophilized pellet of RPA reagents from the TwistAmp 

exo kit (TwistDx, UK), 29.5 µL rehydration buffer, 14 mM magnesium acetate, 540 nM forward 

primer (Integrated DNA Technologies), 540 nM reverse primer, 120 nM FAM-labeled probe 

(LGC Biosearch Technologies, Hoddesdon, UK), 0.2 U/µL RNasine RNase Inhibitor (Thermo 

Fisher), 0.5 U/µL reverse transcriptase (AffinityScript, Agilent, Santa Clara, CA, USA), and 1% 

w/v Triton X-100 (Sigma-Aldrich). The duplexed RT-RPA assay for HIV and MS2 employed the 

reagents listed above as well as 216 nM MS2 forward primer, 216 nM MS2 reverse primer, and 

48 nM Fluor Red 610-labeled probe.  

Experiments examining ITP plug purity used 4 µL of ITP extraction liquid and 2.5 µL of 

HIV RNA in the RT-RPA reactions. Experiments studying RNA extraction from digested serum 

used 4 µL of ITP extraction liquid in RT-RPA. For HIV detection experiments, I added the cutout 

paper ITP extraction zone (containing ~4µL of liquid) directly to RT-RPA reaction tubes. I used 

RNase-free water to bring all RT-RPA reactions to a total volume of 50 µL per tube.  A standalone 

fluorometer specifically designed for point-of-care testing applications (T16-ISO, Axxin, 

Australia) heated and measured fluorescence of the RT-RPA reactions. Reaction tubes were 

removed after 5-minutes of incubation, briefly agitated, and returned to the fluorometer for another 

10 minutes. The baseline fluorescence at 3-minutes was subtracted from fluorescence values at all 

measurement time points for each respective reaction tube. For the HIV assay, I used a threshold 

of 100 arbitrary fluorescence units in the FAM detection channel to differentiate between 
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successful and unsuccessful amplification. The MS2 assay fluorescence threshold was 50 arbitrary 

fluorescence units in the ROX detection channel. 

3.2.6 RNase detection assay 

I employed the RNaseAlert Substrate Detection System (Integrated DNA Technologies) 

for testing RNase activity in serum samples. I prepared the RNaseAlert experiments in a lidded 

96-well plate with black walls and clear bottom (Corning Incorporated, Corning, NY, USA). The 

total assay volume for each well was 100 µL. Each RNase detection assay contained 10 µL of 

RNaseAlert substrate, 10 µL of 10X RNaseAlert buffer, 60 µL of RNase-free water, and 20 µL of 

sample. I used a 12-channel pipette to concurrently add serum samples to each well. The plate was 

immediately loaded into a plate reader (SpectraMax iD3, Molecular Devices, San Jose, CA, USA). 

The excitation and emission wavelengths were 485 nm and 535 nm, respectively. The gain was set 

to “low” with an exposure of 140 ms. The heating block in the plate reader was set to 37 °C. The 

instrument agitated the plate and measured the fluorescence in the wells every 2 minutes over a 

30-minute incubation time. 

3.3 RESULTS AND DISCUSSION 

This HIV detection assay with an MS2 bacteriophage internal control required serum 

pretreatment, RNA purification with the ITP µPAD, and duplexed RT-RPA. This diagnostic 

process is illustrated in Figure 3-1. Serum pretreatment is necessary for viral lysis, RNase 

inactivation, and serum protein degradation. Traditional methods for sample pretreatment in 

bloodborne pathogen assays leverage high concentrations of guanidine (4 to 6 M), which is a 

powerful chaotropic agent that denatures proteins.25 Guanidine-based lysis buffers rapidly destroy 

viral envelopes and inactivate endogenous blood RNases, and they are easily paired with silica-
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based columns or other substrates for solid phase extraction. Unfortunately, guanidine is difficult 

to pair with ITP systems for nucleic acid purification because high salt samples significantly 

disrupt the electric field gradient, hindering rapid ITP separation.158 In this work, I utilize an 

alternative method for serum pretreatment that uses SDS and proteinase K for combined viral lysis, 

RNase inactivation, and protein degradation. SDS is a powerful protein denaturant that has long 

been used in lysis chemistries. Proteinase K is a broad spectrum protease that degrades proteins 

into a corresponding assortment of polypeptides.21 Proteolytic digestion is a crucial serum 

pretreatment step in ITP-based extractions. It has been widely reported that extraction of nucleic 

acids with ITP is inhibited by nonspecific binding with blood proteins.47,63,161,162 Extensive protein 

degradation reduces nucleoprotein complex formation and allows for electromigration of nucleic 

acids. 

I designed the ITP system to separate RNA from inhibitors of downstream RT-RPA and 

achieve high analyte accumulation in the ITP plug. Both SDS and proteinase K are potent 

inhibitors of RT-RPA because they inactivate the enzymes and proteins required in the 

amplification mechanism. SDS is an anionic detergent, so dodecyl sulfate carries the same negative 

charge as nucleic acids in most buffer conditions. Therefore, it is challenging to electrophoretically 

separate dodecyl sulfate from nucleic acids using ITP. I instead removed dodecyl sulfate from the 

lysate with precipitation mediated by a potassium salt, leveraging the very low solubility of 

potassium dodecyl sulfate (KDS) in water.175 Potassium salts have previously been shown to 

remove dodecyl sulfate from nucleic acid samples, enabling direct PCR analysis with no 

inhibition.151 I employed potassium chloride in the leading electrolyte in the ITP strip and in the 

reservoir. Upon application of the electric field, potassium cations migrated from the LE buffer 
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toward the cathode in the TE reservoir. Potassium cations therefore encountered dodecyl sulfate 

in this migration path and formed KDS precipitate, as illustrated in Figure 3-1. 

 

Figure 3-1. Overview of the diagnostic process of HIV+ serum with an internal MS2 control. 

HIV+ serum spiked with MS2 phage is pretreated with proteinase K, SDS, and DTT at 65°C for 

15 minutes. SDS and proteinase K simultaneously lyse HIV and degrade endogenous blood 

RNases. Free HIV and MS2 RNA are extracted and purified with ITP from serum components, 

proteinase K, and SDS. Potassium ions in the leading electrolyte precipitate potassium dodecyl 

sulfate, preventing the anionic detergent from focusing in the ITP plug. A duplexed RT-RPA 

reaction directly from the cut portion of the paper strip simultaneously amplifies HIV and MS2. 

 
Proteinase K in the serum lysate can be purified away from viral RNA with ITP based on 

its charge. Proteinase K has an isoelectric point of 8.9 and therefore has a net positive charge in 

buffers less than pH 8.9.21 In electrokinetic systems that maintain pH less than 8.9, proteinase K 

electromigrates in the opposite direction of nucleic acids due to their contrasting charges. ITP 

systems must be carefully designed because pH gradients can be severe depending on the selection 

of TE, LE, and buffering counterion. I used numerical simulations to guide my design of the ITP 

system and select proper electrolytes for purifying and extracting RNA from serum. I used an open 

source electrophoretic modeling tool, the Stanford Public Release Electrophoretic Separation 

Solver (SPRESSO), to approximate concentration and pH profiles resulting from various ITP 
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buffers and plot the simulation outputs in Figure 3-2. I do not go into depth on the equations and 

assumptions of the simulations here, but details can be found in the original SPRESSO report.176  

In Figure 3-2A, I show simulated concentration profiles of distinct ionic species for an ITP 

system with a leading electrolyte comprised of 160 mM HCl and 240 mM tris paired with a trailing 

electrolyte of 70 mM tris and 70 mM serine. As ITP progresses with an applied electric field, three 

distinct zones are formed: the original TE zone, the adjusted TE (ATE) zone, and the LE zone. 

The ATE zone is a region with TE ions which was previously occupied by the LE. As seen in 

Figure 3-2A, the ATE has increased concentrations of serine and tris compared with the original 

TE. Figure 3-2B shows that the pH of the ATE in this ITP system is also significantly higher than 

the TE. I found that using serine as the TE and an LE comprised of HCl with tris as the counterion 

maintained a pH less than 8.9 in all regions. Therefore, the ITP system was designed for proteinase 

K to be positively charged and electrophoretically separated from RNA. 
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Figure 3-2. Simulations describing the ion concentration and pH profiles of ITP systems. (A) 

SPRESSO simulation results of concentration profiles with a TE buffer compromised of 70 mM 

Tris and 70 mM serine and a LE buffer of 240 mM Tris, 160 mM HCl, and 10 mM KCl. As the 

ITP plug migrates into the region previously containing LE, an adjusted trailing electrolyte (ATE) 

zone develops directly adjacent to the ITP plug. (B) Simulation results of pH profiles of three 

different TE selections: HEPES, serine, and ß-alanine. All TE, LE, and counterion concentrations 

are the same as in (A). The pH of the ATE differs from 8.26 to 9.31 depending on the TE selection. 

When the pH of the ATE zone is less than 8.9, proteinase K is positively charged and will not 

electromigrate with negatively charged RNA. 

 
I found that serine (pKa = 9.33, fully ionized electrophoretic mobility of 34.3×10-9 m2 V-1 

s-1) was a highly effective TE not only for its suitability for proteinase K removal, but also in 
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maximizing nucleic acid extraction. It has been reported in the literature that lowering the TE 

conductivity is a key mechanism for increasing analyte accumulation in the ITP plug.49 Low 

conductivity creates high electric fields in the TE region of the ITP system, resulting in faster 

electromigration of analytes in this zone and enhanced accumulation in the ITP plug. I found that 

under a pH of 9 serine has a very low electrophoretic mobility, resulting in low conductivities in 

the TE and ATE zones. A majority of the ITP studies on nucleic acid extraction from blood use 

HEPES (pKa = 7.66, mobility of 21.8×10-9 m2 V-1 s-1)  as the TE.158 I demonstrate in Figure 3-2B 

that HEPES maintains relatively low pH in the system and is well-suited for removing proteinase 

K. However, HEPES has a higher electrophoretic mobility than serine at pH less than 9, so I found 

that HEPES could not generate as high of electric field strength in the ATE zone as serine (~0.5x 

lower). The lower electrophoretic mobility of serine is also useful in focusing HIV RNA that may 

have reduced mobility in the ITP system due to the tortuosity of the porous membrane and 

polypeptides that may bind or interact with RNA.177 There have also been reports of ITP nucleic 

acid extractions from blood samples using ß-alanine (pKa = 10.24, mobility of 30.8×10-9 m2 V-1 s-

1) as the TE which offers very high electric field strength in the ATE zone and extraction 

efficiencies up to 93%.47,160 However, I found that the high pKa of ß-alanine resulted in a higher 

alkaline ATE than serine, making it ineffective for proteinase K removal (see Figure 3-2B). I 

experimented with different counterions, which can be used for pH control, but I found that using 

tris as the counterion resulted in ITP plugs near pH 8 that were highly compatible with RT-RPA 

reaction conditions which are also tris-buffered (~pH 8).  

In order to ensure simulations were predictive, I experimentally verified SPRESSO 

simulations predicting the pH profile of an ITP system. I performed ITP in a paper membrane and 

placed a strip of pH paper on top of the ITP membrane to visualize its approximate pH profile. I 
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compared these results to simulations of the same ITP system in SPRESSO. I examined an ITP 

system employing a unique TE consisting of 10 mM tris, 10 mM serine, and 10 mM ß-alanine. 

The LE contained 120 mM HCl and 180 mM tris.  I performed paper-based ITP for 10 minutes at 

1 mA constant applied current. In Figure 3-3, I show experimental images of the ITP device with 

pH paper applied to the ITP membrane both before and after ITP. I observed a two distinct pH 

zones to the left of the ITP plug. The first zone contains serine ions and the second contains ß-

alanine.  ß-alanine has a lower electrophoretic mobility than serine in the system. The serine zone 

is at a significantly higher pH than the ß-alanine zone. I found good agreement between the 

experimental results and the simulated pH profiles generated by SPRESSO. This suggests that 

SPRESSO is a useful tool in designing ITP systems, especially for applications where pH control 

is important. 

 
Figure 3-3. Simulations and experiments describing the pH profiles of an ITP system with ß-

alanine and serine in the TE buffer. Experimental images of an ITP µPAD with pH paper overlaid 

on the separation membrane (left side). Images of pH paper were taken at t = 0 and t = 10 mins. 

Comparisons of SPRESSO simulations and experimental images of pH paper of the ITP system 

(right side). The ITP system employed a 10 mM Tris, 10 mM ß-alanine, and 10 mM serine TE 

buffer with 150 mM tris and 100 mM HCl LE buffer. After the LE/TE interfaces migrates 50% of 
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the strip length, a serine zone with pH ~8.8 develops directly adjacent to the ITP plug, followed 

by a ß-alanine zone at pH ~9.1. 

 

3.3.1 Electromigration of nucleic acids through porous membranes 

I screened an assortment of different porous membranes to identify the ideal substrate for 

minimizing analyte loss during electromigration. Several studies have reported issues with nucleic 

acid adsorption to substrates or entanglement in porous membranes.178,179 I use fluorescence 

imaging of labeled DNA to visualize electromigration of nucleic acids with ITP and identify paper 

substrates that result in DNA entanglement or adsorption. Figure 3-4 illustrates electromigration 

of DNA (70 bp) labeled with Alexa Fluor 488 through two different membranes: Fusion 5 (GE 

Healthcare) and glass fiber (GFCP203000, EMD Millipore). I used a TE buffer consisting of 20 

mM tris and 20 mM serine and an LE buffer with 120 mM HCl and 180 mM tris. I used porous 

membranes cut into straight strips (35 mm by 3 mm). After 15 minutes of ITP in glass fiber, I 

observe pockets of fluorescence trailing behind the ITP plug. This indicates adsorption or 

entanglement of DNA occurs during electromigration. Due to this undesirable source of analyte 

loss, I explored other membranes for use in paper-based ITP. I observed similar DNA adsorption 

issues in several other glass fiber membranes that are commonly used in lateral flow assays (data 

not shown). I found that DNA is able to successfully electromigrate through Fusion 5 membrane 

during ITP with no observable loss of analyte. 
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Figure 3-4. Electromigration of fluorescently labeled DNA through porous substrates. I 

transported DNA labeled with Alexa Fluor 488 across Fusion 5 and glass fiber membranes under 

identical conditions. Fluorescence images at t = 0 and t = 15 minutes are shown. 

 

Visual observations of DNA transport are useful in designing ITP systems and selecting 

appropriate membranes, but do not provide information on whether low copies of nucleic acids 

electromigrate through paper and are viable for amplification. To investigate analyte loss with low 

copies of nucleic acid, I electromigrated DNA and RNA across porous membranes and detected 

successful transport with off-chip RPA or RT-RPA. For DNA extractions, I used 200 bp synthetic 

DNA of a proviral HIV gene and corresponding RPA primers and probe, as previously described.63 

I were able to consistently electromigrate 10 copies of DNA across the length of a Fusion 5 strip 

and detect them with RPA. Figure 3-5A shows fluorescence measurements over a 20-minute RPA 

reaction, with fluorescence over 100 arbitrary fluorescence units indicating successful 

amplification. I also performed experiments electromigrating HIV-1 RNA with an 8,941 bp 

genome length. I could consistently migrate 50 copies of HIV RNA across the Fusion 5 membrane. 
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Figure 3-5B shows successful amplification of 50 copies of HIV RNA after ITP extraction (N = 

3).  

 

Figure 3-5. Fluorescence measurements of RPA reactions to detect successful electromigration of 

DNA or RNA across a paper membrane in a pure buffer system. (A) Triplicate experiments of 10 

DNA copies extracted with ITP and amplified with RPA. RPA reactions with extracted DNA 

consistently amplified over the positive/negative threshold of 100 arbitrary fluorescence units. (B) 

Triplicate experiment of 50 HIV RNA copies extracted and then amplified for detection. Extracted 

RNA was consistently amplified over the positive/negative threshold. I observed that no template 

controls (NTCs) for both assays (N = 3 for each) were very consistent and never approached the 

positive/negative threshold. 

 

3.3.2 Visualization of DNA Extraction from Serum 

I examined the nucleic acid extraction performance of the ITP µPAD using fluorescence 

imaging of labeled DNA. I found that labeled DNA was a convenient analyte for optimizing 

experimental conditions and studying ITP dynamics. The ITP device employs a uniquely shaped 

porous membrane with a wide sample region that holds a 40 µL volume, as shown in Figure 3-6A. 

After 15 minutes, nucleic acids are electromigrated into an extraction region containing 

approximately 4 µL, which can be cut out and added to an RT-RPA reaction. This concentration 
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step from a large sample volume to a 10-fold smaller extraction volume is advantageous for 

detecting HIV which may contain less than several hundred RNA copies in 40 µL of serum.  

In Figure 3-6B, I present experimental images of an ITP extraction of DNA labeled with 

Alexa Fluor at a concentration of 100 nM in 40 µL of digested serum. I show images of the early 

electromigration and focusing into a concentrated plug over the first 10-minutes of ITP. I plot the 

y-averaged intensity as a function of strip length at 0, 5, and 10 minutes. Before the electric field 

is applied (t=0) the DNA is diffusely distributed over the sample zone with a low average 

fluorescent intensity. Labeled DNA electromigrate out of the sample zone into the straight region 

of the strip, forming a concentrated plug between the LE and ATE. After 10 minutes, the DNA has 

electromigrated across the majority of the strip length, reaching a distance approximately 23 mm 

from the middle of the sample zone. An additional 5 minutes of migration centers the ITP plug in 

the extraction region of the strip. I approximated the extraction efficiency of the ITP system by 

dividing the total fluorescence within the ITP plug by the total fluorescence of 4 picomoles of 

labeled DNA. I observed extraction efficiencies ranging from 68 to 80% with a 40 µL digested 

serum sample. I observed improved extraction efficiencies, up to greater than 90%, when 

processing diluted samples. However, it is reasonable that labeled DNA accumulation within the 

ITP plug may happen more rapidly and efficiently than with viral RNA targets. HIV RNA is about 

10 kilobase pairs in length, and its electrophoretic mobility is likely reduced by the porous media 

while the labeled DNA (70 bp) is less impeded. 
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Figure 3-6. Experimental fluorescence images of ITP extraction of labeled DNA from proteolyzed 

serum. (A) The ITP system consists of a paper strip spanning two acrylic reservoirs within a plastic 

petri dish. Nucleic acids are extracted from a 40 µL serum lysate into a 4 µL extraction zone.  

 (B) DNA labeled with Alexa Fluor 488 is mixed with digested human serum and is initially 

located in the wide sample zone of the Fusion 5 membrane. DNA focuses into a concentrated plug 

in the straight portion of the strip (t=10 min) before entering the extraction zone (~t=15 min). Pixel 

intensities of the images are y-averaged, creating normalized fluorescence distribution with respect 

to distance along the membrane for each time point (0, 5, and 10 minutes).  

 

I observe several interesting phenomena in extraction experiments with the ITP µPAD. 

The data suggest DNA concentration profiles are Gaussian, as predicted by peak-mode ITP 

literature.49 I observe electroosmotic flow of the system causes slight dispersion of the plug, 

widening the DNA distribution and reducing the maximum peak intensity. Electroosmotic 

dispersion is common in electrokinetics systems and has been extensively studied in 
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isotachophoresis.180,181 A region of low-level fluorescence is evident trailing the ITP plug. I 

hypothesize this fluorescence is from DNA that has formed complexes with polypeptides in the 

proteolyzed serum proteins, reducing its electrophoretic mobility and preventing stacking. This 

phenomenon has been previously observed in ITP studies and is supported by the propensity of 

nucleic acids to nonspecifically interact with proteins in biological samples.132,161 I also see a small 

amount of residual fluorescence remain in the sample region of the ITP strip during extraction. I 

believe this is due to a trace amount of target DNA adsorbing to the porous membrane.  

I demonstrate the importance of extensive proteolytic digestion of serum proteins in 

enabling ITP extraction of nucleic acids. Figure 3-7A shows fluorescence images of DNA 

extraction from serum digested with 1 mg/mL proteinase K (1 hr incubation at 50 °C), with 

corresponding y-averaged intensity profiles as a function of strip length. The experiment shown in 

Figure 3-7B is identical to that of Figure 3-7A, except serum was not proteolyzed with proteinase 

K. Digestion of serum proteins with proteinase K clearly alters the behavior of ITP-based DNA 

extraction. Other reports on DNA extraction from serum and plasma have stated that ITP cannot 

adequately separate DNA without deproteinization of the sample.46,47 My findings are consistent 

with these reports. I observe undigested serum hinders the electromigration of DNA through 

porous membranes, likely due to nucleoprotein complexes that form between serum proteins and 

DNA. I conclude that thorough digestion of serum proteins is critical to efficient DNA extraction. 
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Figure 3-7. Experimental fluorescence images of ITP extraction of nucleic acids from digested 

serum and untreated serum. (A) DNA labeled with Alexa Fluor 488 is mixed with digested human 

serum and is initially located in the wide sample zone of the Fusion 5 membrane. After 20 minutes 

of ITP, DNA focuses into a concentrated plug in the straight portion of the strip. Pixel intensities 

of the images are y-averaged, creating normalized fluorescence distribution with respect to 

distance along the membrane for each time point (0, 10, and 20 minutes). (B) ITP extraction of 

labeled DNA from untreated serum is presented for comparison. Without serum digestion, DNA 

migration is hindered and does not electromigrate across the length of the strip. 

3.3.3 Extraction of HIV DNA and RNA 

I performed a set of experiments to further assess the purity of the ITP plug by observing 

its effect on RT-RPA. For these experiments, I processed a 40 µL serum lysate with no added HIV 

RNA with the ITP system. The extraction zone of the strip was centrifuged to dewater the 
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membrane. The resulting ITP plug eluate (~4 µL) was added to an RT-RPA reaction with 500 

copies of HIV RNA to observe the effect on amplification. Figure 3-8 shows fluorescence 

amplification curves detecting HIV RNA which indicate the compatibility of ITP plugs with RT-

RPA. Positive control reactions with only HIV RNA are provided for comparison. I found that the 

contents of ITP plugs in extractions including KCl in the LE did not significantly affect RT-RPA 

performance. In ITP extractions with no KCl, the contents of the ITP plug inhibited RT-RPA such 

that no amplification was detected. This indicates that the potassium-mediated SDS precipitation 

removed enough of the anionic detergent to enable RT-RPA. My results also indicate that the ITP 

system with a serine-based TE was successful in preventing proteinase K from focusing in the ITP 

plug. This supports simulations of pH conditions that found the ITP system pH was less than the 

isoelectric point of proteinase K.  

 

Figure 3-8. Purification of nucleic acids from serum lysates via paper-based ITP. (A) Fluorescence 

measurements of RPA assays assessing the level of inhibitors present in ITP plugs. Experiments 

evaluating ITP purification have 500 copies of HIV-1 RNA with 4 µL of ITP plug eluate added 

into them. Positive control reactions contain only 500 copies of RNA. I plot the replicate 

amplification curves (N=6 for each) with a dashed line and respective averages with a solid line. 

Two different ITP systems were evaluated: one containing potassium chloride in the leading 
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electrolyte to precipitate dodecyl sulfate and the other with no potassium chloride. Positive control 

experiments (N=3) simply include nuclease free water. 

 
I found that ITP systems with poor TE selections were not able to remove contaminants 

from the ITP plug. SPRESSO simulations indicated that some TEs resulted in an elevated ATE 

pH, which leads to proteinase K migrating into the ITP plug along with RNA. In Figure 3-9, I 

show data for two different ITP systems to demonstrate the importance of TE selection. The first 

ITP system featured only ß-alanine as the trailing electrolyte. ß-alanine can be a powerful TE for 

extracting analytes due to its extremely low electrophoretic mobility at most pH levels.47 However, 

it is not well-suited for preventing proteinase K from electrophoresing into the plug. The ITP 

system processed a digested serum sample and the contents of the ITP plug were added to RPA 

reactions with 1,000 copies of HIV RNA. As expected, these experiments did not amplify because 

proteinase K was not electrophoretically removed. The second ITP system was designed to remove 

proteinase K from the ITP plug with a serine TE. This ITP system generated an ITP plug that had 

minimal effects on the amplification of HIV RNA.  

 
Figure 3-9. Purification of nucleic acids from serum digested with only with proteinase K using 

different TE selections. I used ITP to process digested serum (no nucleic acids added) with either 

ITP plug | serine

ITP plug | β-alanine
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serine or ß-alanine TEs. ITP plugs were added to RPA reactions with 1,000 copies of HIV-1 RNA.  

Fluorescence measurements of RPA indicate the purity of the ITP plugs. Positive control 

experiments (N = 3) simply include nuclease free water. Serine experiments (N = 3) utilized an 

ITP chemistry with 10 mM serine. ß-alanine experiments (N = 3) employed a TE buffer with 10 

mM ß-alanine. 

 
I analyzed the performance of the ITP µPAD for RNA extraction using pre-digested serum 

spiked with known concentrations of HIV-1 RNA. Figure 3-10 presents amplification curves for 

extracted HIV-1 RNA at different input concentrations in serum. The assay could successfully 

detect 5,000 copies of HIV RNA per mL of serum, corresponding to 200 RNA copies per 40 µL 

of processed serum. As expected, I found that amplification is much more robust when extracting 

and detecting higher concentrations of HIV in serum. I found that the sample pretreatment protocol 

for digesting serum proteins and inactivating endogenous RNases was crucial for subsequent RNA 

extractions. My early experimental efforts struggled with rapid RNA degradation in serum samples 

with no RNase control measures, which is consistent with previous reports of extensive RNA 

degradation in serum on the order of seconds.20  
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Figure 3-10. Extraction of HIV RNA from digested serum. 5,000 HIV-1 RNA copies per mL of 

digested serum (200 copies in 40 µL of serum) were consistently extracted and amplified over the 

threshold fluorescence value with RT-RPA (N=3). No template control (NTC) experiments (N=3 

for each assay) did not increase in fluorescence. 

 
In addition to the RNA extractions, I analyzed the performance of the ITP µPAD by 

extracting DNA from digested serum. Figure 3-11 presents fluorescence amplification curves for 

extracted DNA and respective triplicate NTCs. The LoD of DNA (200 bp) spiked into digested 

serum was determined to be 500 copies per mL of serum. This is equivalent to 20 copies in the 40 

µL sample volume. The LOD for extracting DNA from digested serum in the ITP µPAD is an 

order of magnitude better than for extracting RNA. I believe there are multiple reasons for this 

result. I used synthetic DNA (200 bp length) which is an easier analyte for diagnostics due to the 

stability of DNA and the low prevalence of harmful DNases in human serum. RNA is much more 

prone to degradation chemically or due to endogenous RNases. DNA that has a short length is 

easier for ITP extractions in porous membranes because its electrophoretic mobility is not as 

hindered as HIV RNA (~9 kb). Further, the RPA assay for DNA used in this work has nearly 
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single-copy sensitivity, while the RT-RPA assay for HIV has sensitivity down to approximately 

30 copies per reaction.182 

 
Figure 3-11. Fluorescence measurements for RPA reactions detecting synthetic DNA 

isotachophoretically extracted from 40 µL samples of digested human serum. (A) DNA at a 

concentration of 500 copies per mL of serum (20 copies suspended in 40 µL of serum) were 

extracted and consistently amplified above the positive/negative threshold with RPA (N = 3). 

 

3.4 DETECTION OF HIV-POSITIVE SERUM 

I paired a novel protocol for viral lysis, RNase inactivation, and serum protein digestion 

with the ITP µPAD to detect HIV virions in human serum. I used a commercial RNase detection 

assay to evaluate the best serum pretreatment conditions for rapid and complete RNase inactivation 

and plotted the results in Figure 3-12. I found that the combination of 0.5% SDS and 1 mg/mL 

proteinase K was able to permanently reduce serum RNase activity to negligible levels when 

incubated at 65°C for 15-minutes (Figure 3-12). An extended incubation (1 hour) of serum with 

SDS and proteinase K at a lower temperature (50°C) inactivated RNases to a similar extent.   

Incubations with either proteinase K or SDS alone were not able to permanently immobilize serum 
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RNases. The SDS and proteinase K leveraged in the 15-minute RNase inactivation protocol are 

both potent lytic agents, so I hypothesized that this chemistry would by effective for HIV viral 

lysis. I pretreated HIV+ serum with the specialized protocol and then extracted RNA from the 

lysate with the ITP µPAD. Off-chip duplexed RT-RPA detected HIV and MS2 internal control 

RNA. Similar to HIV, MS2 bacteriophage is a single-stranded RNA virus and consequently acts 

as an internal process control for viral lysis, RNase inactivation, RNA extraction, reverse 

transcription, and amplification. I was able to detect HIV in serum at 5×104 cp/mL using the assay. 

Tests with HIV-negative serum did not amplify although the MS2 internal control was still 

detected. The assay protocol requires 15 minutes for serum pretreatment, 15 minutes for ITP, and 

15 minutes for RT-RPA, which totals a 45-minute test runtime. 
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Figure 3-12. (A) RNase activity of serum samples pretreated with proteinase K and/or SDS. A 

commercial RNase detection assay, RNaseAlert, measures RNase activity by means of 

fluorescence intensity increase. I found that incubation of serum with 0.5% SDS, 1 mg/mL 

proteinase K at 65°C for 15 minutes resulted in negligible RNase activity in the lysate. 

Experiments were run in triplicate and one standard deviation around the mean is plotted for each. 

RNase A (1.5 U/L) is the positive control and the negative control is RNase-free water add to the 

RNaseAlert assay. (B) Detection of HIV-1 virions and MS2 phage from human serum. 

Fluorescence intensities of the two different emission spectra used to simultaneously detect HIV 

and MS2 amplification. FAM signal intensity indicates successful amplification of target HIV-1, 

while ROX signal reports amplification of an MS2 region. Experiments with HIV-positive serum 
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amplify while those with HIV-negative serum do not. All MS2 controls amplify for each respective 

experiment. 

3.5 CONCLUSIONS 

I report on an alternative assay for HIV detection from human serum within 45-minutes 

using a novel sample pretreatment chemistry, an ITP µPAD, and RT-RPA. I demonstrate several 

advancements in the use of ITP for POC nucleic acid-based tests. I identified a protocol for viral 

lysis, RNase inactivation, and serum protein digestion using a short incubation with proteinase K, 

SDS, and DTT. This chemistry is unique from previous sample pretreatments in ITP studies which 

did not adequately address serum RNases. This pretreatment method is also distinct from typical 

solid phase extraction lysis buffers which rely on high concentrations of guanidinium salts. I 

designed a specialized ITP µPAD that can directly process 40 µL of serum lysate. This is the 

largest volume of serum that has been used in ITP nucleic acid extractions, to my knowledge. I 

controlled the pH of the system to remove proteinase K and leveraged potassium chloride to 

precipitate SDS in the lysate. I confirmed that the resulting ITP plug was free of inhibitors of RT-

RPA and found the ITP µPAD could extract 5,000 copies of HIV RNA per mL of proteolyzed 

serum. I then demonstrated that the assay can detect HIV in human serum within 45-minutes. The 

assay features an MS2 bacteriophage for an internal process control of lysis, RNA extraction, 

reverse transcription, and amplification. This work is the first example of an ITP-based detection 

assay for RNA viruses in human serum.  

My work describes a potential sample preparation method leveraging paper-based ITP that 

may be used in POC molecular testing for HIV and other bloodborne pathogens. I seek to eliminate 

the need for highly concentrated chaotropic agents, potent chemicals, and numerous buffer 

exchanges for viral RNA sample preparation. Lysis buffers with SDS, proteinase K, and DTT are 
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relatively safe for handling by untrained users and feature easy disposal in resource-limited health 

care settings. The device features convenient sample addition and low-cost materials, indicating 

its suitability for point-of-care testing. I demonstrate HIV detection from serum at a viral load of 

5×104 cp/mL, which is within the clinically relevant range for HIV. Among people living with 

HIV, there is a significant population who are either not on ART or who have not achieved viral 

suppression due to adherence issues or a strain of HIV that is resistant to a particular drug regimen. 

People with unsuppressed HIV infections may have viral loads as high as 107 cp/mL.183 The WHO 

has recommended that POC tests for viral load monitoring of HIV-positive patients on drug 

therapies have an limit of detection (LOD) of 1,000 cp/mL in order to maximize treatment failure 

detection.184 Ongoing work in the Posner Research Group is focused on improving the system’s 

LOD for HIV virus in blood and on-chip amplification, in moving towards a fully integrated point-

of-care HIV viral load monitoring test that is well suited for LMICs. 

  



 

 76 

Chapter 4. SIMULTANEOUS ITP AND RPA 

4.1 INTRODUCTION 

Diagnostics researchers have investigated varied approaches for integrating sample 

preparation, amplification, and detection to create POC NAAT devices.185–189 Paper-based devices 

are common in the field due to their wicking properties, reagent storage, low cost, and ease of 

fabrication using minimal equipment. Rodriguez et al. developed a paper-based diagnostic for 

diagnosis of human papillomavirus (HPV) 16 DNA from clinical cervical samples.190 Sample 

preparation, amplification, and detection all occurs within the porous network, yet manual buffer 

exchanges are required. Lafleur et al. demonstrated an integrated paper-based device to provide 

sample-to-result analysis of nasal swab specimens.191 Their battery-powered approach performs 

sample lysis, dilution, isothermal amplification, and qualitative colorimetric detection in 

approximately one hour. Nucleic acid purification was not included in this work, though the 

presence of inhibiting materials makes this a necessary step for sensitive detection when the target 

pathogen burden is low. These studies present promising platforms for integrating NAAT 

operations yet still require further development to process more complex samples and eliminate 

intermediate user steps. 

One of the key challenges facing integrated NAAT diagnostics is the automated exchange 

of lysis, wash, elution buffers, and/or amplification reagents necessary for sensitive detection of 

pathogens. Several notable NAAT reports have leveraged ITP for integration of nucleic acid 

extraction and purification with nucleic acid amplification. Borysiak et al. developed an integrated 

microfluidic diagnostic that employed ITP to purify E. coli nucleic acids present in milk, along 

with heat activated pumps and capillary valves to drive the nucleic acids into a LAMP 

amplification reaction chamber.192 In this work, the only user steps were the application of the 
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electric field and initiating heating for amplification. Eid et al. reported a similar assay leveraging 

ITP and RPA for L. monocytogenes detection from whole blood.193 They extracted nucleic acids 

into a reservoir using ITP, and then either pipetted target nucleic acids out of the chip into a 

separate tube or manually added necessary reagents into the chip reservoir for subsequent 

screening via RPA. Both studies utilized ITP for extraction followed by isothermal amplification 

in a separate well or chamber. However, there have been no studies to date that use either 

microchannels or porous substrates to concurrently perform both ITP and amplification—an 

important development for eliminating intermediate user steps and moving towards developing 

low cost components for scaled manufacturing. 

In this chapter, I present a paper-based NAAT technique that integrates ITP and RPA to 

simultaneously extract and amplify target nucleic acids from buffer and serum in less than 20 

minutes. By applying an electric field, nucleic acids are isolated from the complex sample and 

focused with RPA reagents within an ITP plug where amplification occurs in a few minutes. A 

sequence-specific fluorescent probe enables real-time detection and provides sensitive and semi-

quantitative results. I first determine the minimum number of copies per reaction required for RPA 

amplification within an ITP plug in a clean buffer sample. I then report on the limit of detection 

(LoD) and semi-quantitative results for simultaneous ITP-RPA using human serum. Simultaneous 

ITP-RPA in the low-cost paper-based device provides rapid results from relatively large sample 

volumes (20 µL of serum), requiring no user steps in between sample preparation and 

amplification/detection. I propose that this device can decrease the complexity of traditional 

laboratory NAATs at a lower cost than POC NAATs that have recently entered the market. 
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4.2 EXPERIMENTAL SECTION 

4.2.1 Simultaneous ITP-RPA overview and operation 

I conducted experiments with disposable devices that consist of a 30 by 3.5 mm porous 

glass fiber strip (GFCP203000, EMD Millipore, USA) placed between two liquid buffer reservoirs 

and housed within a sealed 60 mm petri dish (Fisher Scientific, USA), as shown in Figure 4-1A. 

The glass fiber strip and 3 mm thick acrylic reservoirs were fabricated with a CO2 laser cutter 

(Universal Laser Systems, USA). 22-gauge titanium wire electrodes (Unkamen Supplies, USA) 

are placed in the electrolyte reservoir and connected to a high voltage source meter. I place the 

device on top of a simple resistive heater plate (Mr. Coffee, USA), maintained at 36 °C using a 

temperature controller, to aid in heating the reaction and ensure consistency between experiments.  

Figure 4-1A shows sterile filtered serum (Sigma-Aldrich, USA) pipetted onto the sample 

pad region of the glass fiber membrane. To digest proteins that may interfere with the nucleic acid 

purification or amplification, the sample pad region of the glass fiber strip is pretreated by spotting 

with 5 µL of 0.05 µg/µL proteinase K (P8107S, New England Biolabs, USA) and 0.1% Triton X-

100 (9002-93-1, Sigma-Aldrich, USA) and dried in a desiccator for 20 minutes. I allow 3 minutes 

for serum protein digestion.  

The ITP buffers were developed to separate nucleic acids and RPA reagents from digested 

serum that is rich with salts, polypeptides, and other biomolecules that inhibit nucleic acid 

amplification. I employ a finite injection ITP configuration where sample spiked with target 

synthetic HIV-1 DNA is added directly to the sample pad of the membrane, separating the two 

ITP buffers: high mobility leading electrolyte (LE) and low mobility trailing electrolyte (TE). 

Finite injection provides superior nucleic acid extraction efficiency while still allowing adequate 

separation from amplification inhibitors in the sample.158  



 

 79 

Commercially-available lyophilized RPA reagents (TwistAmp Exo, TwistDx Ltd., UK) 

are rehydrated in a solution of LE, RPA primers, and RPA probe. This reaction solution is added 

to the center of the glass fiber strip, wetting the region between the sample pad and LE reservoir 

through capillary action as shown in Figure 4-1B. The reservoirs are filled with LE and TE 

solutions, respectively, and form a fluidic connection through the wetted glass fiber strip (Figure 

4-1C). Figure 4-2A shows a schematic depicting the location and concentration of the sample, 

target, and electrolytes before the experiment is initiated. Note that the RPA reagents are initially 

spatially separated from the target nucleic acids, which electromigrate to the center of the strip to 

mix with the RPA reagents and subsequently amplify. The chip is sealed with a plastic lid 

embedded with titanium electrodes which are positioned into the reservoirs, as shown in Figure 4-

1D.  

Simultaneous ITP-RPA is initiated by the application of a voltage bias to the electrodes. 

ITP migrates the nucleic acids from the digested plasma or serum and focuses them with RPA 

reagents into the ITP plug at the interface of the TE and LE on the porous substrate. The RPA 

reaction initiates within the plug and target DNA is amplified. RPA-specific amplicons produced 

in the glass fiber membrane are detected using a sequence-specific fluorescent probe. The signal 

emanating from the plug is measured using epifluorescence microscopy, as shown in Figure 4-1E. 

In Figure 4-2, I show concentration profiles of the RPA components and amplified target DNA 

developed within the ITP plug.  
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Figure 4-1. Operational steps of simultaneous ITP-RPA from whole blood. (A) Add 20 µL blood 

serum to the square sample pad region on the left side of the glass fiber strip, which is pretreated 

with proteinase K. The glass fiber strip is 3.5 mm wide and the square sample region is 4 mm long 

by 5 mm wide in order to accommodate the whole sample volume. Protein digestion proceeds for 

3 minutes within the sample pad. Yellow dye is added to aid visualization of the plasma in these 

images. (C) Add a mixture of LE and RPA reagents to the center of the glass fiber strip, wetting 

the region from the sample pad to the LE reservoir. (D) Reservoirs are filled respectively with LE 

and TE solutions. (E) Seal the chip with a plastic lid embedded with electrodes. The positive 

electrode is submerged in the LE reservoir and the negative in the TE reservoir. The applied 

electric field initiates ITP-RPA and extracts nucleic acids from the filtered plasma. (F) A 

microscope records the fluorescence intensity emanating from the amplification reaction zone in 

the ITP plug. 
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Figure 4-2. Schematic of simultaneous ITP-RPA operation with filtered plasma. I show drawings 

of the glass fiber strip denoting locations of buffers, reagents, and sample, for the initial (A) and 

final (B) experimental time points. Approximate concentrations of each constituent are plotted 

with respect to distance. (A) Following passive filtration of the whole blood, plasma containing 

target DNA initially wets the sample pad on the left side of strip. LE and RPA reagents are disposed 

within the glass fiber membrane between the sample region and the LE reservoir. Pure LE and TE 

solutions reside in respective reservoirs. Initial spatial separation of reaction constituents prevents 

inhibitors in the sample from interacting with the amplification reagents. (B) Applying an electric 

field extracts DNA from the sample and focuses it with RPA reagents in the ITP plug. All 

constituents in the porous membrane electromigrate based on their respective charge and 

electrophoretic mobility. Nucleic acids and RPA proteins/enzymes speed past components of the 

plasma to focus at the interface of the LE and TE. The amplification reaction takes place within 

the concentrated ITP plug to create amplicons and detectable fluorescence. 
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4.2.2 ITP and RPA conditions 

The same TE and LE buffers were used for all the experiments. The TE buffer consists of 

β-alanine (107-95-9, Sigma), Tris (77-86-1, Sigma), polyvinylpyrrolidone (PVP) (9003-39-8, 

Sigma) and Triton X-100 at pH 8.9–9.1. The LE buffer consists of HCl (7647-01-0, Acros 

Organics, Belgium), Tris, MgCl2 (7786-30-3, Sigma), polyethylene glycol (PEG) average 

molecular weight 1,450 (25322-68-3, Sigma), PVP, Triton X-100, and tetramethylammonium 

chloride (75-57-0, Sigma) at pH 8.1. Reservoirs are filled respectively with 220 µL of LE and 125 

µL of TE. 

Simultaneous ITP-RPA is performed by applying 150 V with a current compliance of 3.5 

mA using a source meter (Model 2410, Keithley, USA). This resulted in 3.5 mA constant current 

conditions for the first 5 minutes of ITP before transitioning to a constant 150 V with current 

reducing exponentially to less than 1.0 mA after 15 minutes of electromigration. These relatively 

high electric currents result from the selected ITP buffers and glass fiber strip’s large cross 

sectional area. Due to the low conductivity of the TE zone, a high electric field develops in this 

area, resulting in significant Joule heating. I leverage this effect to heat the ITP plug to the optimal 

temperature for RPA (35–40°C). Different temperature ranges can be achieved depending on the 

applied voltage, the composition of the ITP buffers, and the dimensions of the glass fiber strip. 

While this work utilized a resistive heater plate to aid heat control and provide consistency, I 

observed simultaneous ITP-RPA can be run using solely Joule heating to achieve an appropriate 

temperature for RPA within the ITP plug. 

I developed a custom RPA reaction chemistry that is compatible with amplification in glass 

fiber membranes and the unique chemical composition required for ITP. The reaction solution 

consists of an RPA pellet rehydrated with LE solution, 1 µM forward primer, 1 µM reverse primer 
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(Integrated DNA Technologies, USA), and 250 nM of sequence specific fluorescent probe 

(Biosearch Technologies, USA). In order to simplify proof-of-concept experiments, I use a 

synthetic DNA target (200 base pairs) synthesized using the gBlock gene sequence technology 

(Integrated DNA Technologies, USA). The sequence is adopted from the proviral HIV-1 DNA pol 

gene and contains the complementary sequence for the primers and probe adopted from Boyle et 

al.194 Full primer, probe, and target sequences are listed in Table 4-1. 

 

Table 4-1. Sequences of the target DNA, primers, and sequence specific probe for the RPA assay, 

as well as the labeled DNA used for extraction-only experiments. bp = nucleotide base pair; FAM 

= fluorescein amidite; dR = an abasic residue with a fluorophore attached to the ribose via a C-O-

C linker; [dSpacer] = abasic site; [T(BHQ-1)] = Black Hole Quencher-1 bound to an internal 

Thymine residue; Spacer C3 = a moiety that replaces the 3’-OH group preventing nucleotide 

extension from an intact probe. 

 
Description Sequence (5’ – 3’) 

Abridged HIV-1 
pol dsDNA 
(200bp) 

AGGCTGAACATCTTAGGACAGCAGTACAAATGGCAGTATTCAT
TCACAATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGAGCA
GGGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTA
GAGAACTAGGTTGAGAAATTAGAAAAGTTGAATATGTTAGGGTT
TATTACAGGGACAGCAGAGATCCACTT 

Forward primer 
(34bp) 

TGGCAGTATTCATTCACAATTTTAAAAGAAAAGG 

Reverse primer 
(34bp) 

CCCTAACATATTCAACTTTTCTAATTTCTCAACC 

Probe          
(48bp) 

TGCTATTATGTCTACTATTCTTTCCCC[T(FAM)]GC-[dSpacer]C-[T
(BHQ1)]GTACCCCCCAATCCCC-SpacerC3 
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4.2.3 Data Collection and Analysis 

I perform quantitative epifluorescence imaging (AZ100, Nikon, Japan) with a 0.5X 

(N=0.05) objective to visualize the fluorescent signal generated by the exonuclease-mediated 

digestion of the probe bound to RPA amplicons. Using an epifluorescence excitation (488 nm) and 

emission (518 nm) filter cube set (Omega Optics, USA) and a 16-bit, cooled CCD camera (Cascade 

512B, Photometrics, USA), I captured grayscale images of fluorescence at one second intervals 

over a 15-minute period. The generated data was processed via a custom algorithm (MATLAB, 

MathWorks, USA) to determine the spatial and temporal fluorescence intensity. The algorithm 

subtracts the initial background from all images and computes the y-average intensity along the 

length of the strip (i.e. x-direction). This results in one-dimensional intensity profiles with respect 

to the length of the strip for distinct time points. The profiles are integrated over the x-direction to 

calculate a bulk fluorescence intensity for each time point. I employ a thresholding technique to 

eliminate some non-specific signal due to probe and enzyme interactions. 

The limit of detection (LoD) is the lowest level of analyte that can reliably be measured 

and is determined according to the Clinical and Laboratory Standards Institute's (CLSI) 

recommendations for in vitro diagnostic tests.195,196 The LoD is first determined as a signal 

intensity and then converted into corresponding analyte concentration (i.e. copies/mL).196 The 

sample intensity LoD is determined as LoD = μB + 1.645 σB + 1.645 σS, where μB is the mean 

intensity of the negative control samples, σB is the intensity standard deviation of the negative 

control samples, σS is the intensity sample standard deviation of the low concentration positives. 

Using these definitions, I have a 5% probability of committing either type I (false positive) or type 

II (false negative) error at the LoD. 
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4.2.4 Data Analysis Algorithm  

Fluorescence intensity emanating from the ITP plug indicates successful amplification of 

target DNA. I collected a grayscale image of the fluorescence from simultaneous ITP-RPA at each 

second during the course of the reaction (900 seconds for buffer and serum experiments and 780 

seconds for whole blood experiments). I developed a MATLAB algorithm to extract RPA 

amplification curves from the fluorescence images.  The algorithm y-averages the intensity of the 

image, calculates and subtract the background, sets a threshold, and integrates the intensity that 

exceeds the threshold. Figure 4-3 illustrates this analysis technique for the sample time point of 10 

minutes in a positive (1000 cp/rxn) simultaneous ITP-RPA experiment from buffer. The image in 

Figure 4-3A is y-averaged to create a one-dimensional fluorescence intensity profile with respect 

to distance across the strip, shown in Figure 4-3C. Additionally, this was performed at the initial 

time point preceding ITP initiation (t = 0 min) and averaged over 30 seconds, creating a 

background as shown in Figure 4-3B. This background captured autofluorescence from the glass 

fiber strip and RPA reagents concentrated near the center of the strip. The background profile was 

subtracted from each subsequent image to create background subtracted profiles, as shown in 

Figure 4-3D. For creating amplification curves, I then set a threshold of 114% of the average 

background signal to exclude non-fluorescent signal from negative experiments (see dashed line 

in Figure 4-3D). For determining the LoD, I used a threshold of 50% of the average background 

signal. I integrated the fluorescence signal that exceeds the threshold to determine the intensity 

value for each experimental time point. For this sample experiment, the bulk intensity with respect 

to time is plotted in Figure 4-3E.  
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Figure 4-3. Data analysis technique for simultaneous ITP-RPA. I illustrate the methodology using 

a typical positive experiment. (A) Fluorescence images of the reaction are collected over the course 

of an experiment. Here I show a sample image at the 10 minute time point. (B) The initial images 

from the experiment are y-averaged to create a background fluorescence profile. (C) The intensity 

profile at the 10 minute mark shows signal emanating from the reaction within the ITP plug. 

Regions of the glass fiber strip far from the plug (e.g. 0 to 10 mm) have similar fluorescence to the 

background. (D) The background is subtracted from all fluorescence profiles in the experiment. A 

threshold (orange dashed line) is imposed at 114% of the average background intensity. I integrate 

the signal that exceeds the threshold to find a single fluorescence value for the 10 minute time 

point. (E) The arrow indicates the fluorescence value at 10 minutes within the amplification curve 

of the experiment. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 Simultaneous ITP-RPA in Pure Buffer 

I present a method of amplifying DNA using an RPA reaction that occurs within an ITP 

plug on a paper substrate to determine the minimum number of copies needed for detectable 

amplification. These experiments were performed using only buffer as sample and therefore did 

not require sample preparation. I pipetted HIV-1 DNA suspended in 5 μL of LE onto the middle 

of the glass fiber strip pre-wetted with LE solution and RPA reagents. Figure 4-4A presents 

fluorescence images of a positive RPA reaction (10 cp/rxn) as it develops within the plug of the 

ITP system. When the experiment is initiated (t=0), there is no fluorescence emanating from the 

strip. Within 5 minutes the DNA, primers, probe, RPA proteins and enzymes focus halfway along 

the length of the strip, initiating RPA and generating a fluorescence signal. The signal intensity as 

well as the width of the ITP plug increase as the assay progresses. After 15 minutes the signal 

reaches its maximum, and the ITP plug nears the LE reservoir, eluting amplified nucleic acids into 

the reservoir. Trace fluorescence spots remain on the glass fiber in the wake of the reaction plug, 

possibly due to adsorption or entanglement of RPA amplicons within the fibrous network structure.  

Figure 4-4B shows a spatiotemporal intensity map of the positive RPA reaction depicted 

in Figure 4-4A. This figure represents the y-averaged intensity as a function of space and time, 

providing insight on the ITP migration dynamics. The map shows that fluorescent products from 

non-specific enzyme and probe interactions accumulate in the ITP plug and migrate with a constant 

velocity halfway along the strip (15 mm) in approximately 5 minutes. At this point, the 

fluorescence intensity within the plug significantly increases due to the amplification of the DNA, 

while the migration velocity decreases. The reduction in velocity aids the amplification as it 

increases the accumulation time for necessary RPA reactants to migrate into the plug and ensures 



 

 88 

that the plug does not reach the LE reservoir for at least 15 minutes. The ITP plug velocity is a 

function of the target electrophoretic mobility, local electric field strength, and electroosmotic 

counter flow.180,181 After 5 minutes the low conductivity trailing electrolyte has migrated 

sufficiently far down the strip such that electrical resistance results in the power supply switching 

from constant current to constant voltage. The net ITP plug migration velocity decreases, due to a 

combination of electrophoretic migration and electroosmotic flow. Electrophoretic velocity is a 

linear function of current, so after 5 minutes the current exponentially decreases below the 3.5 mA 

compliance, reducing the net plug velocity. Previous work on ITP has observed plug trajectories 

similar to Figure 4-4B.53,197 

I present the normalized integrated fluorescence intensity of the RPA reporter probe as a 

function of time for low copy numbers of target DNA in Figure 4-5. The no template control (NTC) 

is shown as a constant zero intensity over the duration of the experiment (i.e. its signal is always 

below the threshold). When 5 copies of target are introduced, the intensity remains at zero for 

roughly four minutes where the amplification becomes visible and the intensity increases linearly 

until 15 minutes where it plateaus. The plateaus may be due to a limiting reagent (e.g. ATP required 

for recombinase functions) or deteriorating reaction conditions in the ITP plug over time (e.g. 

changes in ionic strength, temperature, and pH). Simultaneous ITP and RPA reactions have similar 

time to detection as compared to tube-based RPA assays.39,68 While RPA reactions are often 

exponential when amplifying high initial copies of target DNA, other studies have also reported 

linear amplification reactions when amplifying low copies of target DNA.39 The data indicates that 

simultaneous ITP-RPA can consistently detect 5 to 10 copies per reaction in pure buffer. This 

suggests that, with ideal nucleic acid purification and extraction, the simultaneous ITP-RPA assay 

should have similar sensitivity to standard RPA tube assays.33 
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Figure 4-4. Low-copy simultaneous ITP-RPA and real-time detection of target DNA in buffer. 

DNA is added to the center of the glass fiber strip to demonstrate successful amplification on glass 

fiber without extraction. (A) Fluorescence images at t=0, 5, 15 minutes of ITP-RPA over the 15-

minute experiment. RPA reagents and target DNA initially applied to the glass fiber strip 

accumulate in the ITP plug. Amplification within the plug initiates after approximately 5 minutes. 

(B) Spatiotemporal map of a positive (10 cp/rxn) RPA experiment.  Red and blue colors denote 

high and low fluorescence intensity, respectively. The fluorescence intensity of the plug rapidly 

increases after five minutes and migrating 15 mm down the strip. 
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Figure 4-5. Simultaneous ITP-RPA experiments from pure buffer were analyzed to generate 

fluorescence curves with respect to time for low input DNA copy numbers. I present individual 

trials for 20 cp/rxn (N=2), 10 cp/rxn (N=3), 5 cp/rxn (N=3), no template control (NTC) (N=3), and 

10 pg sheared salmon sperm DNA (N=2). The custom analysis algorithm used a threshold of 114% 

of the average background signal, so nonspecific signal from the negative controls was negligible. 

4.3.2 Limit of Detection of Simultaneous ITP-RPA 

I conducted experiments to determine the LoD of simultaneous ITP-RPA from sterile-

filtered human serum spiked with target DNA. I initially added 20 μL of serum to the sample pad 

for protein degradation using proteinase K then RPA reagents and ITP buffers were added to the 

paper and reservoirs. Application of an electric field initiated ITP to simultaneously extract DNA 

from the serum and focus it with RPA reagents, leading to RPA amplification within the ITP plug. 

Representative fluorescence images and spatiotemporal maps were similar to those generated with 

pure DNA (Figure 4-4). I observe an increase in fluorescence trailing the plug that is hypothesized 

to be a result of proteins found in the serum clogging the fibrous glass fiber network or forming 

complexes with DNA and impacting the recovery of DNA.161 DNA bound to undigested serum 
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proteins have reduced electrophoretic mobility which inhibits its electromigration to the ITP plug. 

The spatiotemporal map of a typical serum experiment shows a similar change in migration speed 

as Figure 4-4B. Figure 4-6A shows real-time, normalized integrated fluorescence for NTC and 

serum samples with target DNA spiked with concentrations ranging from 104 copies per mL 

(cp/mL) (i.e. 200 cp/rxn with a 20 μL sample) to 107 cp/mL (i.e. 2×105 cp/rxn). The simultaneous 

ITP-RPA reactions begin at zero normalized intensity and proceed to amplify in as soon as 5 

minutes depending on the input target concentration in the serum.  

High-copy experiments amplify in less time, more rapidly (greater slope), and with higher 

endpoint fluorescence than low-copy experiments, generally plateauing at higher fluorescence 

values. I hypothesize that endpoint fluorescence is reduced in low-copy samples due to non-

specific amplification from primer interactions consuming necessary reagents, such as nucleotides 

and ATP. Figure 4-6B plots the mean time to the fluorescence threshold inferred from Figure 4-

6A with respect to the initial target concentration. The error bars represent the standard deviation 

of the time to threshold for the triplicates at each concentration. Time to threshold relates to copy 

number via a power law for concentrations from 104 to 107 copies/mL. These results are similar to 

those of Rohrman et al. which showed semi-quantitative HIV-1 DNA detection using a tube-based 

real-time RPA assay.39 Improvements in extraction efficiency and mitigating adsorption are 

expected to reduce the LoD and improve the consistency of the test. The observed trend between 

time to threshold and concentration cannot adequately quantitate input DNA, but it distinguishes 

high, low, and undetectable levels of target DNA. Therefore I refer to simultaneous ITP-RPA as 

semi-quantitative, a desirable diagnostic feature in applications such HIV viral load 

monitoring.64,198 Using the CLSI definition, I determined the LoD of simultaneous ITP-RPA to be 

104 cp/mL,  equivalent to 200 cp/rxn using a 20 μL sample volume.195 The LoD calculation 
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accounted for variations in non-specific fluorescence signal between NTC experiments. This 

performance is comparable to similar prototypic POC integrated diagnostic platforms.190,191 

 

 

Figure 4-6. Fluorescence intensities from experiments during simultaneous DNA extraction and 

RPA amplification in human serum spiked with target DNA. (A) Integrated RPA fluorescence 

intensities plotted with respect to time for a dilution series of DNA concentrations. All replicates 

(N=3) are shown here. Serum with DNA concentrations less than 104 cp/mL did not amplify, so 

the data is not shown here. 

4.4 CONCLUSIONS 

The simultaneous ITP-RPA assay has an LoD of 104 cp/mL of human serum (i.e. 

equivalent of 200 cp/rxn using a 20 μL serum sample). I demonstrate detection of initial synthetic 

HIV-1 DNA concentrations of 104 cp/mL to 107 cp/mL, well within the clinical range for HIV-1 

viral loads.199 I use HIV-1 DNA in this work as a first step towards the goal of viral RNA detection 

and monitoring. The LoD is comparable to several commercial nucleic acid-based tests for viral 
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hepatitis B DNA and hepatitis C RNA, both infections where physicians seek quantitative 

diagnostic information.200,201 Molecular testing for these bloodborne infectious requires several 

other technical challenges, including plasma separation, nuclease inactivation, viral lysis, and 

reverse transcription. I observed 5 copy sensitivity for simultaneous ITP-RPA from buffer which 

suggests high efficiency isotachophoretic extraction and purification of DNA from serum will 

dramatically improve the LoD of this test.  
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Chapter 5. CONCLUSIONS AND RECOMMENDATIONS  

5.1 RESEARCH OVERVIEW 

Molecular testing of blood samples is the gold-standard diagnostic method for a wide range 

of applications, such as the detection of infectious diseases, identification of genomic mutations, 

and quantification of infection severity. In recent years, there have been significant efforts to 

translate molecular testing procedures from central laboratories to POC settings. For example, 

POC molecular tests are needed to decentralize HIV viral load monitoring, which enables HIV-

positive patients to be rapidly linked to alternative treatment plans if they have not achieved viral 

suppression.156 POC nucleic acid amplification testing in low- and middle-income countries 

(LMICs) is also needed for a number of deadly and prevalent bloodborne infectious diseases, such 

as hepatitis B, hepatitis C, dengue, Zika, and Ebola viruses. Commercial POC molecular tests have 

reached the market for some diseases, but their high platform costs, resource demands, and system 

complexity has limited their widespread adoption in LMICs. These tests automate nucleic acid 

extraction operations typically done in a central laboratory (e.g. solid phase extraction) via pumps 

and robotics, driving up platform costs. Further research and development are needed to reduce 

the complexity and corresponding costs of nucleic acid sample preparation from blood samples. 

This dissertation describes novel sample preparation approaches for detecting bloodborne 

pathogens. I developed paper-based isotachophoresis systems for integrated on-chip detection and 

specialized nucleic acid purification of DNA and RNA. I also discovered novel chemistries for 

inactivating endogenous blood RNases and lysing viral envelopes, and I paired these chemistries 

with isotachophoresis for detecting HIV from human serum. These sample preparation methods 

use low-cost materials and reagents, and isotachophoresis uses an electric field to automated 

nucleic acid purification and reduce manual user steps. Ultimately, I believe my innovations may 



 

 95 

be used to develop POC nucleic acid amplification tests for bloodborne pathogens in a low-cost 

format with minimal protocol complexity.  

The research in this dissertation was partly motivated by ongoing efforts in the Posner 

Research Group to develop a POC test for HIV viral load monitoring. The long-term goal of this 

project is to integrate plasma separation, viral lysis, RNase inactivation, RNA extraction, nucleic 

acid amplification, and detection within a disposable test cartridge (see renderings of the cartridge 

and operation in Figure 5-1). The test cartridge may be paired with a mobile phone that can be 

leveraged for detection and dissemination of diagnostic results. Based on the context of this 

project, experimental work in this dissertation primarily focused on detecting HIV. HIV is a useful 

model pathogen from a molecular testing perspective because it has many shared attributes with 

other common bloodborne viruses. For example, both hepatitis C virus and HIV (1) are bloodborne 

RNA viruses, (2) are protected by an envelope and capsid, (3) have relatively short genomes 

(~10kbp), (4) are genetically diverse, (5) have unmet clinical need for POC viral load testing, and 

(6) require similar testing LoDs (103 to 104 cp/mL).79 These two viruses present nearly identical 

challenges for sample preparation, amplification assays, and detection assays. Therefore, I believe 

my work on sample preparation for HIV may be easily translated for diagnostics focused on other 

bloodborne viruses.  
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Figure 5-1. Images of a biomedical animation explaining the operation of the envisaged POC HIV 

viral load test in development by the Posner Research Group. The assay chemistry is all housed 

with a disposable test cartridge. Blood is added to the inlet port and blood cells are removed using 

an in-line filter. Proteases and detergents lyse HIV virions and inactive endogenous RNases. An 

ITP extraction within the paper membrane purifies RNA and enables subsequent recombinase 

polymerase amplification for HIV detection. 

 

Nucleic acid testing for RNA targets in blood specimens requires sample preparation that 

inactivates robust blood ribonucleases (RNases) that can rapidly degrade exogenous RNA. Most 

NAATs rely on decades-old methods that lyse pathogens and inactivate RNases with high 

concentrations of guanidinium salts. I investigated alternatives to standard guanidinium-based 

methods for RNase inactivation using an activity assay with an RNA substrate that fluoresces when 

cleaved. I report on the effects of proteinase K, nonionic surfactants, sodium dodecyl sulfate 

(SDS), dithiothreitol (DTT), and other additives on RNase activity in human serum. While 

proteinase K has been widely used in protocols for nuclease inactivation, I found that high 
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concentrations of proteinase K are unable to eliminate RNase activity in serum, unless used in 

concert with denaturing concentrations of SDS. I observed that SDS must be combined with 

proteinase K, DTT, or both for irreversible and complete RNase inactivation in serum. My work 

provides an alternative chemistry for inactivating endogenous RNases for use in simple, low-cost 

POC NAATs for bloodborne pathogens. 

I detail an assay for HIV detection from human serum with an MS2 bacteriophage internal 

process control using a novel lysis and RNase inactivation method, paper-based ITP, and duplexed 

reverse transcription recombinase polymerase amplification (RT-RPA). I leveraged my findings 

on inactivating blood RNases to develop a novel 15-minute protocol for off-chip viral lysis, RNase 

inactivation, and serum protein digestion. I design a specialized ITP system to extract RNA from 

human serum lysate, while excluding harmful proteinase K and anionic detergent. I confirmed that 

the resulting ITP plug was free of inhibitors of RT-RPA and found the ITP µPAD could extract 

5,000 copies of HIV RNA per mL of proteolyzed serum. I then demonstrated that the assay can 

detect HIV in human serum within 45-minutes. The assay features an MS2 bacteriophage for an 

internal process control of lysis, RNA extraction, reverse transcription, and amplification. 

I developed a novel method for integrating nucleic acid extraction and amplification in a 

single step using electrokinetics and paper substrates. I used simultaneous isotachophoresis (ITP) 

and recombinase polymerase amplification (RPA) to rapidly extract, amplify, and detect target 

nucleic acids from serum in a paper-based format. I demonstrate simultaneous ITP and RPA can 

consistently detect 5 copies per reaction in buffer and 10,000 copies per milliliter of human serum 

with no intermediate user steps. The test is rapid (results in less than 20 minutes) and made from 

low-cost materials, indicating its potential for simplifying POC infectious disease detection in low 

resource settings. While this work was an elegant solution to integrating nucleic acid extraction 
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and amplification, it had several practical limitations that hindered its use for detecting bloodborne 

viruses. First, I employed serum samples spiked with synthetic DNA (a 200bp segment of the HIV 

proviral genome). I did not perform viral lysis in this work, and synthetic DNA is significantly 

easier to extract and detect than intact viral nucleic acids. Second, the assay was difficult to 

troubleshoot. The assay involved a complex biochemical reaction (RPA) occurring within a 

dynamic electrokinetic system (ITP). I found it difficult to identify reasons for unsuccessful 

experiments.  

 

5.2 RECOMMENDATIONS ON FUTURE WORK 

The primary innovations of my dissertation are the development of specialized sample 

preparation chemistries to enable efficient isotachophoretic nucleic acid extraction and isothermal 

nucleic acid amplification for bloodborne virus detection. There is significant future work needed 

to implement these chemistries in simple, rapid, low-cost POC molecular tests. The most 

challenging aspect of my work was lowering the limit of detection of HIV in serum. Target product 

profiles indicate that POC HIV viral load tests need to be able to detect less than 1,000 copies of 

HIV RNA per mL of serum.156 In my work, I achieved detection limits for viral nucleic acids and 

HIV virions at concentrations 5- to 10-fold higher than the recommended level. There are several 

areas of future work that would improve the current detection limits. Increasing the volume of 

blood processed by ITP would introduce more HIV RNA that could be focused in the ITP plug 

and detected with RT-RPA. Improving the RNA extraction efficiency of ITP would result in higher 

numbers of purified HIV RNA for downstream detection. Finally, it is crucial to fully inactivate 

endogenous RNases in serum in order to protect HIV RNA from degradation. I developed a 15-

minute protocol for RNase inactivation, but this could use optimization to increase the speed and 
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extent of RNase removal. Ongoing work by other researchers in the Posner Research Group is 

focused on integrating all diagnostic operations (i.e. blood filtration, viral lysis, RNase 

inactivation, RNA extraction, RT-RPA) within a plastic and paper test cartridge. Automating these 

operations in a single device is extremely challenging and may require years of research and 

engineering to develop a market-ready test. 

5.3 REFLECTIONS ON THE STATE OF POC MOLECULAR DIAGNOSTICS 

When I started my PhD in the autumn of 2015, POC nucleic acid amplification testing was 

a vibrant field and largely focused on addressing widespread rapid testing needs in LMICs. 

Researchers in the field were diverse in background and many published studies focused on 

individual aspects of the molecular testing (e.g. an isothermal nucleic acid amplification assay for 

hepatitis B virus DNA or a device for high-efficiency blood fractionation). Years of research has 

built an extensive collection of literature on aspects of POC molecular testing that will serve as a 

useful toolbox going forward. Researcher and development of POC diagnostics is split between 

academic and commercial sources. The dichotomy between academy and commercial labs has, in 

some ways, slowed the development of novel POC molecular tests. Large biotechnology 

companies have purchased much of the intellectual property in the nucleic acid amplification 

space. They are incentivized to hide their trade secrets and bury proprietary assay chemistries in 

obscure patents. In many areas, academic research labs are left reinventing the wheel in certain 

circumstances (e.g. developing optimized chemistries for lysis and amplification assays, enzyme 

selection, membrane selection). Biotechnology companies have sat on their intellectual property 

and resisted the development of low-cost molecular testing because the market for such tests has 

largely been restricted to LMICs. 
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 In January 2020, the COVID-19 pandemic accelerated into a devastating worldwide public 

health emergency and transformed the field of POC molecular diagnostics overnight. Top health 

experts identified the need to rapidly detect new COVID-19 infections so that infected individuals 

could self-isolate and rapid contract tracing could take place. POC nucleic acid amplification tests 

quickly emerged as a leading diagnostic tool due to their superior accuracy and specificity over 

lateral flow-style antigen tests. Hundreds of companies around the world announced plans to 

develop POC molecular tests for the SARS-CoV-2 virus that causes COVID-19. Academic groups 

rapidly shifted focus to developing new molecular testing strategies for the novel coronavirus. In 

the United States, the NIH announced plans to invest over a billion dollars in POC diagnostics for 

SARS-CoV-2. Crucially, the FDA began to grant regulatory approval for new POC diagnostics 

through emergency use authorizations, which offers a significantly quicker path to market for 

diagnostics. These events catalyzed the research field by injecting enormous amounts of money 

for new research and establishing easier pathways for POC molecular tests to gain regulatory 

approval. 

 As of July 2020, I have witnessed a flurry of new COVID-19 related research activity into 

POC molecular testing. Many renowned, well-funded research groups in academy and industry 

alike have entered the diagnostics space and are working on many topics described in this 

dissertation, such as rapid isothermal nucleic acid assays and methods for inactivating endogenous 

RNases in clinical specimens. Researchers have been surprisingly transparent about their work and 

have published detailed protocols on assays in development. It has been interesting time to be in 

the POC diagnostics field, to put it mildly. I believe the work in this dissertation will be useful for 

other researchers and aid in the development of next generation diagnostics. I am hopeful that the 

research investments made towards diagnostics for COVID-19 will bring POC molecular testing 
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into pharmacies, primary health clinics, and homes across the world. At-home nucleic acid testing 

for a wide variety of infectious diseases may be a reality in the next decade. This could have 

transformational health benefits for diagnosing sexually transmitted diseases and curtailing future 

and ongoing epidemics.  
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