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ABSTRACT OF THE DISSERTATION 

 

Development of Point-of-Care Diagnostic Technologies Utilizing  

Aqueous Two-Phase Systems 

 

by  

 

Shin Ting Sherine Frieda Cheung 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2019 

Professor Daniel T. Kamei, Chair 

 

Infectious diseases are one of the major causes of death in developing countries. These 

diseases are caused by pathogenic organisms, such as bacteria, viruses, and parasites. Current gold 

standard methods of detection include cell culturing, the enzyme-linked immunosorbent assay 

(ELISA), and the polymerase chain reaction (PCR); however, these methods are often complex, 

have a long time-to-result, and require expensive equipment and trained personnel. Such 

limitations make it difficult for these standard diagnostics to be used in resource-poor settings. 

Unfortunately, it is also these developing countries that could currently benefit most from these 

early diagnosis assays. Therefore, there is a growing need for simple, sensitive, and efficient 

diagnostic methods.  

To this end, researchers have made efforts to design diagnostics with the aim to be viable 

at the point-of-care (POC). While there have been great advances in converting complicated 

laboratory-based assays into POC-friendly diagnostics, the ability to simplify the method while 
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maintaining the diagnostic test’s effectiveness remains a primary concern. Often, low assay 

sensitivity as a result of poor processing of samples in complex media or low concentration of 

biomarkers are the main challenges. 

One example of a POC-friendly diagnostic is the paper-based lateral-flow immunoassay 

(LFA). While the advantages of the LFA are that it is low-cost, rapid, user-friendly, and does not 

require laboratory equipment, the main drawback of the LFA is that it is not as sensitive as 

traditional laboratory tests. To address this problem, our laboratory has previously utilized aqueous 

two-phase systems (ATPSs) to concentrate biomarkers via partitioning into one of the two phases 

of an ATPS prior to its application to the LFA. Using this pre-concentration step, the detection 

limit of the LFA was improved 10-fold. 

While our lab has had much success in combining ATPSs and LFA to predictably 

concentrate biomarkers and improve the LFA limit of detection, this thesis expands the application 

of ATPSs for the development of other POC diagnostic formats. Chapter 2 describes the 

application of an ATPS to a paper-based spot immunoassay for detection of foodborne pathogens 

in food samples. We designed a spot immunoassay that utilizes a UCON-potassium phosphate salt 

ATPS for the pre-concentration of Escherichia coli (E. coli) O157:H7. This platform was tested 

with samples of O157:H7 spiked in phosphate-buffered saline (PBS) and milk. The ATPS was 

found to improve the detection limit of the spot test, yielding detection in milk at 106 colony 

forming units (cfu)/mL within 30 min.  

In Chapter 3, we extended the application of ATPSs to nucleic acid amplification tests 

(NAATs) by integrating an ATPS with isothermal DNA amplification. We introduced a novel 

system that combines thermophilic helicase-dependent amplification (tHDA) with a Triton X-100 

micellar ATPS to achieve cell lysis, lysate processing, and enhanced nucleic acid amplification in 
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a simple, one-step process. The combined one-pot system was able to detect whole cell samples 

containing as few as 102 cfu/mL of E. coli, making it competitive to existing gold standard NAATs. 

Moreover, the one-pot reaction improved the detection limit of tHDA by 105-fold, and is the first 

known application of ATPSs to isothermal DNA amplification. This significant improvement in 

the detection limit was attributed to the synergistic effects of DNA purification and concentration 

in the ATPS, which rendered the one-pot reaction much more effective at processing whole cell 

samples compared to the conventional tHDA reaction. While we successfully tested our one-pot 

system with E. coli as a model pathogen, our system’s ease-of-use, sensitivity, and tunability 

underline its potential as a POC diagnostic platform to detect for a variety of infectious diseases.  

After demonstrating success with our one-pot reaction, we addressed two challenges that 

would help further drive the development of a POC NAAT. Specifically, these corresponded to 

the limited understanding of how to use an ATPS as a sample preparation method and the need to 

use liquid, test tube-based reactions for the current NAAT technology that could cause difficulties 

in storage and transportation for POC applications. In Chapter 4, we addressed these challenges 

by first developing a mathematical model for DNA partitioning to determine which design 

parameters should be considered for optimal nucleic acid partitioning in a chosen ATPS. Secondly, 

we assembled a device to perform Recombinase Polymerase Amplification (RPA) and designed 

an LFA to subsequently detect the amplicons on paper. After development of our model, we 

identified the electrostatic potential difference and the size of the DNA as potential factors that 

could influence DNA partitioning. Using these parameters, we determined that a Triton X-114 

ATPS containing Mg(CH3COO)2 salt should be used to ensure greater partitioning into the 

micelle-poor phase. After verifying that our system was optimal for partitioning large genomic 

DNA fragments, we applied this ATPS as a genomic DNA sample pre-concentration step for the 
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improvement of RPA. Not only did we successfully design and perform RPA on a paper matrix, 

but we also achieved a 10-fold improvement in the detection limit when our ATPS DNA pre-

concentration method was combined with paper-based RPA and LFA. Ultimately, we hope that 

this increased understanding of DNA partitioning behavior in ATPSs and application of NAAT 

steps to paper-based formats can lead to better engineered designs to further advance the NAAT 

for POC use. 
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Chapter 1: Motivation and Background 
 

1.1 Infectious Diseases 

Infectious diseases are one of the major causes of death in developing countries. These 

diseases are caused by pathogenic organisms, such as bacteria, viruses, and parasites [1]. The 

largest contributors to infectious-disease related deaths are malaria, tuberculosis, and HIV/AIDS. 

Nearly 2 billion people are currently infected with tuberculosis, and 1.6 million deaths occur every 

year due to tuberculosis. Malaria is responsible for 2 million deaths and 300-500 million new 

infections each year. Similarly, there are approximately 40 million individuals living with 

HIV/AIDS, and 2.9 million cases yearly that result in death [2]. Moreover, instead of observing a 

decline in the number of infectious agents over the years, recent reports from the US National 

Institutes of Health estimate that 16 new infectious diseases have been identified [3]. As the burden 

of infectious diseases continues to grow, the need for diagnostics to detect for infectious agents 

has never been greater.  

Some of the most common, gold standard diagnostics include cell culture and microscopy, 

enzyme-linked immunosorbent assay (ELISA), and polymerase chain reaction (PCR). 

Unfortunately, each of these techniques suffers from certain limitations. For instance, cell 

culturing, though simple and low-cost, takes several days to yield results. Microscopy suffers from 

low sensitivity, and often cannot be used as a stand-alone detection method. ELISAs are labor-

intensive, and require numerous liquid-handling procedures. Similarly, nucleic acid amplification 

tests like PCR, consist of complex processes that require laboratory equipment, extensive 

processing, and are often more expensive. Such limitations make it difficult for these standard 

diagnostics to be used in resource-poor settings. Unfortunately, it is also these developing countries 
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that could currently benefit most from these early diagnosis assays. Therefore, there is a growing 

need for simple, sensitive, and efficient diagnostic methods.  

1.2 Point-of-Care Diagnostics 

To this end, researchers have made efforts to design diagnostics with the aim to be viable 

at the point-of-care (POC). The World Health Organization has provided a list of criteria to serve 

as guidelines for the design of diagnostics for resource-poor settings. These criteria are 

summarized here using the acronym, ASSURED [4]: 

• Affordable  

• Sensitive (low occurrences of false positives) 

• Specific (low occurrences of false negatives) 

• User-friendly  

• Rapid and robust 

• Equipment-free 

• Deliverable to those who need it 

Although there have been great advances in converting complicated laboratory-based 

assays into POC-friendly diagnostics, the ability to simplify the method while maintaining the 

diagnostic test’s effectiveness remains a primary concern. Often, low assay sensitivity as a result 

of poor processing of samples in complex media or low concentration of biomarkers are the main 

challenges. 

1.2.1 Lateral-Flow Immunoassay 

One diagnostic that has the potential to detect infectious diseases at the POC is the paper-

based lateral-flow immunoassay (LFA). The LFA is a paper-based device that transports a fluid 

sample via capillary flow. It is typically constructed with a sample pad to contain the sample 
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solution, a nitrocellulose membrane containing a detection zone, and an absorbent pad that wicks 

the solution through the entire membrane. Thus, the LFA can be used to detect the presence of 

target biomolecules such as bacteria or proteins associated with infectious diseases.  A visual read-

out is given by a colorimetric indicator such as a gold nanoparticle that binds to the test and control 

lines. While the LFA has the advantages of being low-cost, rapid, user-friendly, and instrument-

free, the main drawback of the LFA is that it is not as sensitive as traditional laboratory tests. 

1.2.2 Nucleic Acid Amplification Tests 

Another category of diagnostics that has recently gained interest for POC development 

is the nucleic acid amplification test (NAAT). The NAAT can be used to specifically detect for 

genetic material of infectious agents in a patient sample. Unfortunately, the NAAT requires 

multiple steps, such as cell lysis, DNA extraction, and DNA amplification prior to detection—

all of which require separate labor-intensive processes. Moreover, amplification is traditionally 

performed with polymerase chain reaction (PCR), which requires the use of a thermocycler. 

Because this standard workflow for the NAAT requires expensive equipment, trained personnel, 

and also involves many liquid-handling steps, the complexity of the NAAT renders it difficult 

to be used in resource-poor settings.  

To make NAATs more amenable to POC use, researchers have developed a number of 

isothermal DNA amplification techniques. One example is loop-mediated isothermal amplification 

(LAMP), which relies on auto-cycling strand displacement DNA synthesis that operates optimally 

at 60-65°C [5]. Another common method is thermophilic helicase-dependent amplification 

(tHDA), which utilizes the enzyme DNA helicase to unwind DNA and allow amplification to be 

performed at a constant temperature [6]. Unlike PCR, isothermal amplification removes the need 

for thermocyclers and allows for more portable applications [7–9]. However, these existing 
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amplification methods often still require extensive sample preparation and extraction steps when 

confronted with unprocessed cell samples. Thus, sample preparation remains a crucial component 

for successful amplification. Furthermore, because of the intricate nature of the NAAT procedure, 

simplicity and portability often remain a challenge. 

1.3 Aqueous Two-Phase Systems 

Aqueous two-phase systems (ATPSs) represent a potential means for achieving upstream 

bioprocessing to alleviate issues with assay sensitivity. An ATPS is a liquid-liquid extraction 

system made of components that will form two immiscible phases. In contrast to the traditional 

oil-water system, an ATPS provides a mild environment for biomolecules and prevents 

denaturation, since both phases are predominately comprised of water [10, 11]. The most common 

ATPS types are polymer-salt, polymer-polymer, and micellar systems. It has been demonstrated 

that biomolecules can be partitioned into one particular phase of the system, depending on the 

physical and chemical characteristics of the biomolecules of interest, such as charge, 

hydrophobicity, and size [12–14]. Moreover, the ATPS has the benefits of being scalable, 

lightweight, and affordable. Therefore, the ATPS has been widely used in large-scale biomolecule 

purification and extraction processes. Some examples include separating hydrophobic proteins 

from hydrophilic ones [15], proteins from viruses [16], or plasmid DNA from cell lysates [17]. 

1.3.1 UCON Polymer-Potassium Phosphate Salt ATPS 

In this thesis, we utilize one polymer-salt ATPS and two micellar ATPSs. For the polymer-

salt ATPS, we chose a poly(ethylene glycol-ran-propylene glycol) polymer (UCON-50-HB-5100) 

and potassium phosphate salt system. UCON polymers are initially surrounded by water 

molecules, due to hydrogen bonding via the ethylene oxide units that are present in the polymer. 

When salt is added, these hydrogen bonds are disrupted and the water molecules are drawn away 
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from the UCON polymers, allowing the polymers to approach one another more closely via 

attractive van der Waals forces. This combination of the UCON-water attractive interactions 

decreasing and the UCON-UCON attractive interactions increasing drives the formation of 

microscopic UCON-rich and salt-rich domains. In order to reduce interfacial energy, the 

microscopic domains will then coalesce with like domains to form macroscopic domains, and the 

density difference between the domains will ultimately yield a more hydrophobic UCON-rich top 

phase, and a denser, more hydrophilic salt-rich bottom phase. 

1.3.2 Triton X-100 Micellar ATPS 

We also utilized a micellar ATPS that consisted of Triton X-100 surfactant. This surfactant 

has a tetramethylbutyl-phenyl group that constitutes the hydrophobic tail, and 9-10 ethylene oxide 

units capped by a hydroxyl group that constitute the hydrophilic head. At the critical micelle 

concentration (CMC), the surfactant monomers will form micelles in aqueous solution, where 

hydrophobic tails flock to the core to minimize their contact with water and hydrophilic heads 

remain at the periphery to maximize their contact with water. These micelles are homogenously 

dispersed in the solution, and the ethylene oxide heads of Triton X-100 form hydrogen bonds with 

water molecules that surround the micelles. When the temperature increases and thermal energy is 

imparted into the system, the directionality of the hydrogen bonds become disrupted. This draws 

water molecules away from the micelles and allows the micelles to approach each other more 

closely, where they experience greater attractive van der Waals interactions. Therefore, it is this 

combination of the increase in micelle-micelle attractive interactions and the decrease in micelle-

water attractive interactions that allows the formation of micelle-rich domains which coexist with 

micelle-poor domains. Over time these domains coalesce and ultimately form their respective 

macroscopic phases, resulting in a micelle-rich bottom phase and a micelle-poor top phase. 
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1.3.3 Triton X-114 Micellar ATPS 

Triton X-114 surfactant – which comes from the same family of surfactant as the 

aforementioned Triton X-100 surfactant – can also be used to form micellar ATPSs. Like Triton 

X-100, the Triton X-114 surfactant monomer has a hydrophilic head and a hydrophobic tail, and 

will form micelles in aqueous solution when the CMC is reached. Because of their structural 

similarities, the phase separation mechanism of Triton X-114 ATPS is similar to that of Triton X-

100. However, unlike Triton X-100, the hydrophilic head of Triton X-114 consists of only 7-8 

ethylene oxide units. Because it has fewer ethylene oxide units than Triton X-100, Triton X-114 

surfactant forms fewer hydrogen bonds with the surrounding water molecules. As a result, less 

thermal energy is needed to disrupt the hydrogen bonds to induce phase separation. This results in 

a lower critical temperature above which phase separation is initiated. Upon macroscopic phase 

separation, Triton X-114 ATPS similarly yields a micelle-poor top phase and a micelle-rich bottom 

phase. 

1.4 Application of ATPS for Diagnostics 

While ATPSs have been traditionally used in large-scale bioseparations, our laboratory has 

more recently demonstrated a novel use of the ATPS as a pre-concentration tool to improve the 

sensitivity of small-scale, paper-based diagnostics tools. Specifically, our laboratory has 

demonstrated the use of ATPSs to concentrate biomarkers prior to flow through the LFA, thereby 

enhancing its sensitivity. We have utilized this combined ATPS and LFA platform to detect for a 

variety of different biomarkers relating to pathogenic diseases, including a model virus 

bacteriophage [18] and a malaria biomarker [19]. These biomolecules were concentrated via 

partitioning into one of the two phases of an ATPS prior to its application to the LFA. Using this 
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pre-concentration step, the detection limit of the LFA was improved 10-fold [20–22]. Sensitivity 

could be further enhanced when biomarkers were partitioned extremely to the interface of an 

ATPS, where the volume is small relative to either phase of the system [23]. To automate 

concentration and detection steps, three-dimensional (3D) paper architecture was implemented to 

allow for simultaneous phase separation, concentration, and detection on paper, thereby 

eliminating a manual extraction step (Figure 1.1) [19, 24]. This design was further simplified with 

the dehydration of ATPS components directly onto paper, minimizing user-interaction to a single-

step sample addition, while still maintaining the improvement in LFA sensitivity [25]. 

 

Figure 1.1: Application of mixed polymer-salt ATPS to paper for improvement of LFA sensitivity, Reproduced from Chiu, R. Y.T.; 

Jue, E.; Yip, A.T.; et al. Simultaneous concentration and detection of biomarkers on paper. Lab Chip. 2014, 14, 3021-3028, with the 

permission of The Royal Society of Chemistry 

 

 

1.5 Concluding Remarks and Thesis Overview 

While our lab has had much success in using the ATPS as a predictable biomarker pre-

concentration step for improving LFA limit of detection, this thesis expands the application of 

ATPS for the development of other POC diagnostic formats. Chapter 2 describes the first 

application of ATPS to a paper-based spot immunoassay for direct detection of foodborne 

pathogens in food samples. It is a version of S.F. Cheung, M. F. Yee, N. K. Le, E. A. Gomes, Z. 

Afrasiabi, and D. T. Kamei, A combined aqueous two-phase system and spot test platform for the 
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rapid detection of Escherichia coli O157:H7 in milk. SLAS Technology: Translating Life Sciences 

Innovation, 2017.  

We then demonstrated the first application of an ATPS for the development of nucleic acid 

amplification tests (NAATs). In Chapter 3, we discuss the design of a DNA diagnostic that 

integrates the ATPS as a novel platform for isothermal DNA amplification. By combining an 

ATPS with isothermal amplification, cell lysis, extraction, and amplification were simultaneously 

achieved in a one-pot reaction, while significantly improving assay sensitivity. It is a version of 

S.F. Cheung, M. F. Yee, N. K. Le, B. M. Wu, and D. T. Kamei, A one-pot, isothermal DNA sample 

preparation and amplification platform utilizing aqueous two-phase systems. Analytical and 

Bioanalytical Chemistry, 2018.  

Because the NAAT remains one of the most complicated diagnostics, its simplification is 

paramount to its applicability at the POC. To this end, we aimed to further advance NAATs for 

POC by gaining a deeper understanding of how an ATPS can be best utilized as a low cost and 

equipment-free sample preparation method. Because current NAAT technologies also rely heavily 

on liquid, tube-based reactions, we also aimed to develop methods by which amplification and 

detection can be transitioned to portable, paper-based formats. In Chapter 4, we describe our work 

in addressing these aims. Specifically, we combined theory and experiment to identify design 

criteria that can impact DNA partitioning in an ATPS. We also successfully performed 

amplification and detection on paper to simplify its ease of use and portability.  
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Chapter 2: A combined ATPS and spot test platform for Escherichia coli 

O157:H7 detection in milk  
 

2.1 Introduction  

Foodborne illnesses pose a significant health-risk worldwide, affecting upwards of 600 

million people every year [26]. Commonly found in vegetables and dairy products, foodborne 

bacterial diseases, including the Shiga toxin-producing enterohemorrhagic Escherichia coli (E. 

coli) strain O157:H7, caused over 187,000 deaths in 2010 alone [27]. While generally treatable, if 

not detected early, E. coli O157:H7 can cause haemolytic uremic syndrome, end-stage renal 

disease, hemorrhagic colitis, and in extreme cases, death [28]. Foodborne E. coli can be especially 

dangerous for populations in resource-poor areas, which may have limited access to treatment or 

diagnostics equipment.  

Recent outbreaks of O157:H7 have highlighted the need for improved detection methods 

to minimize serious outbreaks. Current gold standard techniques of E. coli detection include cell 

culture [29], polymerase chain reaction [30, 31], and DNA microarrays [32]; however, each suffers 

from certain limitations. Cell culturing benefits from its simplicity and low-cost, yet requires 

access to equipment and takes several days to yield results. DNA detection methods, including 

PCR, improve greatly on testing speed, but are complex processes that require extensive 

processing and are often more expensive. As such, a simple, sensitive, and efficient method of 

detection is needed. 

One of the most robust point-of-care diagnostic devices is the paper-based lateral-flow 

immunoassay (LFA). Previously, our laboratory has demonstrated the use of aqueous two-phase 

systems (ATPSs) to concentrate biomarkers prior to flow through LFAs, thereby enhancing LFA 

sensitivity [20, 21]. We have utilized this combined ATPS and LFA platform to detect for a variety 

of different biomarkers relating to pathogenic diseases, including a model virus bacteriophage [18] 
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and a malaria biomarker [19]. Several LFAs have been developed for the detection of E. coli, 

including a multi-step, fluorescence-based LFA [33]  and the Reveal E. coli 2.0 method [34]. 

However, the use of LFAs in detecting pathogens in food samples is limited by reduced sample 

flow through the LFA membrane as well as lower sensitivity compared to laboratory techniques. 

The LFA requires a sample with an overall low percentage of food content to minimize blocking 

of the pores in the LFA membrane. Often, the food samples are diluted 10-fold with a nutrient 

broth for an incubation period, and the subsequent suspension is then applied to an LFA for 

detection [35, 36]. Alternatively, food samples may be centrifuged such that the proteins and fat 

globules are removed, before the supernatant is detected [37, 38]. Moreover, LFAs for food 

samples can take up to 20 hours to yield results. To overcome these challenges, alternative paper-

based devices have been developed to improve on these shortcomings. 

Specifically, a paper-based ELISA with several wash and reagent steps has been developed 

to achieve detection limits comparable to traditional ELISA tests [39]. A dual, microfluidic dip-

stick has also been developed as an all-in-one, multistep, E. coli detection device [40]. Other 

alternative paper-based devices include the spot test, which has previously been utilized as a 

portable method to detect for luteinizing hormone in sheep [41]. While the LFA requires flow of 

the sample through the membrane and test area, the spot test only requires contact with the sample 

fluid, and thus can be utilized more consistently in the presence of complex media.  

Here, we improve on the ease-of-use and time-to-detection of the traditional spot 

immunoassay with a novel method for detecting foodborne pathogens. Our device involves the use 

of a UCON and potassium phosphate “polymer-salt” ATPS to concentrate a desired biomarker to 

a single phase. To our knowledge, this is the first time the spot immunoassay has been combined 

with ATPS to improve its sensitivity. As such, improved sensitivity of traditional spot tests can be 
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achieved without engineering lower detection limits of the spot test membrane itself. As a proof-

of-concept, we performed detection of E. coli O157:H7 to demonstrate significant improvement 

over standard spot immunoassays, which we envision can be readily modified to detect for a 

variety of foodborne diseases. 

2.2 Material and Methods 

2.2.1 Preparation of bacterial cell cultures  

Escherichia coli O157:H7 strains (ATCC® 700728™) were cultured according to 

manufacturer protocol (ATCC, Manassas, VA) and plated onto Difco Nutrient Agar (Becton, 

Dickson and Company, Sparks, MD) plates. Cells were incubated at 37C aerobically overnight. 

The plate was then sealed with Parafilm and stored at 4C until use. To prepare bacterial 

suspensions for use in spot tests, single colonies were picked from the agar plate and cultured in 5 

mL of Difco Nutrient Broth (Becton, Dickson and Company, Sparks, MD). The cell suspension 

was then incubated in a shaker-incubator at 37C and 240 rpm for 16 hours. Quantification of 

bacterial concentrations within the suspension was obtained utilizing OD 600 measurements and 

plating of bacteria following serial dilutions. Briefly, a standard curve to quantify the OD 600 

measurements was produced by taking measurements of bacterial samples while concurrently 

plating them and counting the colonies after incubation. Utilizing six different samples, a standard 

curve was produced for determining spot test sample bacterial concentrations.  

2.2.2 Preparation of dextran-coated gold nanoprobes (DGNPs) 

The dextran-coated gold nanoparticles were made using the Min and coworkers method 

[42] with modifications. To form anti-E. coli O157:H7 functionalized dextran-coated gold 

nanoprobes (DGNPs), the pH of the dextran-coated gold nanoparticles was adjusted with NaOH, 

and 8 μg of polyclonal BacTrace Goat anti-E. coli O157:H7 Molecular Grade Antibodies (KPL, 
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Gaithersburg, MD) were added for every 1 mL of dextran-coated gold nanoparticles. Dative bonds 

between the gold nanoparticles and antibodies formed during a 30 min incubation period on an 

Excella E24 Incubator Shaker (New Brunswick Scientific Co., Inc., Edison, NJ). To remove excess 

dextran and antibodies, the DGNPs were centrifuged and resuspended in 0.1 M sodium borate 

buffer at pH 9.0. The DGNPs were measured by dynamic light scattering to be ~50 nm diameter 

in size.  

2.2.3 Preparation and visualization of UCON-salt ATPS  

Stock solutions of UCON Lubricant 50-HB-5100 (The Dow Chemical Co., Midland, MI) 

and potassium phosphate salt (5:1 dibasic to monobasic ratio) (Sigma-Aldrich, St. Louis, MO) 

were prepared in Dulbecco’s phosphate-buffered saline (PBS; Life Technologies, Grand Island, 

NY). To obtain the desired equilibrium volume ratio (volume of the top phase divided by the 

volume of the bottom phase), the initial % w/w concentrations of UCON and potassium phosphate 

salt were adjusted and optimized. The components were added to a total volume of 400 μL and 

vortexed until homogeneous. Equilibrium phase separation was achieved after centrifugation in 

pulses for 30 seconds, yielding a 1:1 volume ratio. A similar process was repeated to determine an 

equilibrium volume ratio for UCON-salt ATPS containing 2% milk (Alta Dena, City of Industry, 

CA). Specifically, the system was optimized such that phase separation could be attained with the 

added volume of milk. Thus, a 1:1 volume ratio was similarly attained. 

To visualize the phase separation behavior of our system, 50L of DGNPs and 2 L of 

10% Brilliant Blue Dye FCF (The Kroger Co., Cincinnati, OH) were added to the mixed ATPS 

solution and vortexed thoroughly. The blue dye and purple-colored DGNPs highlighted the 

UCON-rich phase and the salt-rich phase, respectively. After equilibrium and phase separation 
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was achieved, images before and after phase separation were captured with a Canon EOS 1000D 

camera (Canon U.S.A., Inc., Lake Success, NY) within a controlled lighting environment. 

2.2.4 Cell partitioning in ATPS  

The partitioning of E. coli O157:H7 cells was performed in ATPS with PBS and milk 

samples. UCON-50 polymer, potassium phosphate salt, ~107 cells, and 115 L of either PBS or 

milk sample were combined in microcentrifuge tubes. Triplicates of these suspensions with PBS 

and milk were made, respectively. The suspensions were briefly centrifuged in pulses for 30-45 

seconds to facilitate phase separation. Once the suspensions were completely phase separated, 

samples were carefully extracted from the top and bottom phases of each ATPS, and transferred 

into separate microcentrifuge tubes. This was carefully done with a micropipette, so as to not 

disturb the interface of the ATPS. The samples were then diluted with PBS as necessary for cell-

counting with a hemocytometer. In the ATPSs with PBS samples, the UCON-rich top phase was 

diluted 2-fold, while the salt-rich bottom phase was diluted by 100-fold. In the ATPSs containing 

milk, the UCON-rich top phase was diluted 100-fold, while the salt-rich bottom phase was diluted 

by 1000-fold. The diluted phases were individually loaded onto a hemocytometer, and the cells 

were counted. The total concentration of cells in each phase was determined by multiplying the 

average number of cells counted in each square grid on the hemocytometer, a unit conversion 

constant 104, and the appropriate dilution factor. A partition coefficient was calculated for each 

triplicate ATPS by dividing the cell concentration in the top phase by the cell concentration in the 

bottom phase.   

2.2.5 Preparation of spot immunoassay strips  

The paper-based spot immunoassay, or spot test, was assembled with Amersham Protran 

Premium 0.2 um nitrocellulose (GE Healthcare Life Sciences, Pittsburgh, PA).  The nitrocellulose 
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was cut to strips with dimensions of 0.5 cm by 2.5 cm. 1 μL of 2 mg/mL of the BacTrace Goat 

anti-E. coli O157:H7 antibodies and 25% w/v sucrose (Bio-Rad Laboratories, Inc., Hercules, CA) 

in filtered Ultrapure sterile water (Rockland Immunochemicals Inc., Gilbertsville, PA) were 

spotted onto the nitrocellulose strip at one end.  Immediately, the paper strips were placed in a 

vacuum chamber with desiccant for 24 hours. The strips were then blocked in a solution of 0.1% 

Tween20 (Sigma-Aldrich, St. Louis, MO) in filtered Ultrapure water for two hours, and 

lyophilized for another two hours.  Following blocking, the strips were placed into a vacuum 

chamber with desiccant until use.   

2.2.6 Detection of E. coli O157:H7 with spot test only 

The spot test utilizes a sandwich assay format. In this immunoassay, when E. coli O157:H7 

is present, it is sandwiched between the BacTrace Goat anti-E. coli O157:H7 antibodies on the 

DGNPs and those immobilized onto the nitrocellulose strips as a spot. As such, the positive test 

results in the appearance of a colored spot, while the negative test does not. 

 Spot tests were performed in PBS to establish a baseline detection limit of E. coli O157:H7 

with spot tests alone. Briefly, overnight bacteria culture was pelleted via centrifuging for 3 minutes 

at 12,000 rpm, and resuspended in an equivalent volume of PBS. The resuspended bacteria, a 1:10 

dilution of the bacteria in PBS, and a negative control consisting of only PBS were tested 

individually. 115 μL of each sample were added to 50 μL DGNPs and 235 μL PBS, for a final 

volume of 400 μL. The mixtures were briefly vortexed to ensure homogeneity throughout the 

volume. Spot tests were inserted into each suspension with the spotted area submerged. 

Membranes were removed, wiped dry, and imaged within a controlled lighting environment with 

a Canon EOS 1000D camera at time points of 5, 10, and 30 minutes.  
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Spot tests were also performed in 2% milk. The milk tests were prepared in the same 

manner as the PBS tests, with the exception that the bacterial pellet was instead resuspended in an 

equivalent volume of 2% milk. Similarly, the bacteria resuspended in milk, a 1:10 dilution of the 

suspension in milk, and a negative control consisting of only milk were tested individually. Again, 

115 μL of each sample were added to 50 μL DGNPs and 235 μL PBS for a final volume of 400 

μL. The mixtures were vortexed to ensure homogeneity throughout the volume. Spot tests were 

inserted into suspensions and imaged at the same time points and manner as the PBS tests. The 

intensities of the bacterial tests and negative tests were visually compared to determine if there 

was enhanced binding in the presence of bacteria. 

2.2.7 Detection of E. coli O157:H7 with a combined ATPS and spot test  

Spot tests were also performed in 1:1 UCON-salt ATPSs. The procedure for the combined 

ATPS and spot test is illustrated in Figure 2.1. Briefly, UCON-salt tests were prepared as follows. 

Bacteria suspensions in PBS and 2% milk and their dilutions were made as previously described. 

115 μL of bacterial sample from each sample type were added to a suspension containing 235 μL 

of mixed UCON-salt ATPS and 50 μL DGNPs. The suspension was vortexed thoroughly until 

turbid and then centrifuged in pulses for 30-45 seconds until the two phases had completely 

separated and a clear interface had formed. The top UCON-rich phase was carefully removed with 

a micropipette and discarded.  Spot tests were then inserted directly into the bottom phase, such 

that the spotted area was submerged completely. As in the spot test only conditions, the spot tests 

were removed after incubation for 5, 10, and 30 minutes, wiped dry, and imaged.  
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Figure 2.1: Schematic of the combined UCON-salt aqueous two-phase system and spot test platform 

 

2.3 Results and Discussion 

2.3.1 UCON-salt ATPS phase separation with and without the presence of milk 

To facilitate improvement in the detection of O157:H7, a UCON-potassium phosphate salt 

ATPS was chosen. The UCON-salt ATPS forms a relatively more hydrophobic UCON-rich top 

phase, and a denser, more hydrophilic salt-rich bottom phase. Phase separation was achieved after 

centrifuging for 30-45 seconds in pulses. Partitioning of biomolecules in the ATPS phases is 

predominantly dependent on relative hydrophilicity, as well as size. Therefore, when the purple 

dextran-coated gold nanoprobes (DGNPs) were added to the mixed ATPS, they partitioned 

preferentially to the salt-rich bottom phase due to experiencing fewer excluded-volume 

interactions with the less abundant UCON polymers in the salt-rich phase. This resulted in the 

appearance of a purple-colored bottom phase. Meanwhile, Brilliant Blue FCF dye was also added 

to the mixed ATPS, and partitioned extremely to the UCON-rich top phase due to its small size 



 

 17 

 

and hydrophobicity. This allowed for the visualization of a blue top phase. Images of a 1:1 volume 

ratio ATPS were taken before and after phase separation (Figure 2.2). 

To ensure that UCON-salt ATPS formation was feasible with the addition of a milk sample, 

a 1:1 ATPS was replicated in the presence of 115 μL of milk. Brilliant Blue dye and DGNPs were 

once again added to the mixed solution for visualization of the ATPS. As in the ATPS without 

milk condition, phase separation was observed after centrifuging for 30-45 seconds in pulses. The 

partitioning behavior of the dye and DGNPs mirrored that present in the ATPS without milk 

condition, resulting in a blue top phase and a purple bottom phase. Due to the presence of milk 

proteins, the suspensions with milk (mixed, and after phase separation) have a darker, turbid 

appearance compared to the suspensions without milk (Figure 2.2). It was also noted that the milk 

proteins partitioned preferentially to the salt-rich bottom phase, like the DGNPs, as indicated by 

the bottom phase’s greater turbidity.  

 

Figure 2.2: UCON-salt ATPSs containing PBS (a,b) and milk (c,d) samples, mixed (a,c) and after phase separation (b,d). The 

purple and blue colors correspond to DGNPs and Brilliant Blue FCF dye, respectively. 
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2.3.2 E. coli O157:H7 cell partitioning in ATPS  

With the intention to use the UCON-salt ATPS to improve the detection of E. coli 

O157:H7, it was first necessary to confirm that E. coli cells could be concentrated in the ATPS. 

Bacterial cell partitioning in the UCON-salt ATPS was performed with samples of O157:H7 

spiked in PBS and spiked in milk. Because of the relatively large size of the E. coli cell (1 μm 

diameter), it was hypothesized that the bacterial cells would partition extremely to the bottom 

phase. This is expected due to the bacterial cells experiencing fewer excluded-volume interactions 

with the less abundant UCON polymers in the bottom phase.  Partitioning of the bacteria spiked 

in PBS resulted in an average cell concentration that was approximately 170 times greater in the 

bottom phase than in the top phase. This yielded an average partition coefficient (cell concentration 

in the top phase divided by cell concentration in bottom phase) of 6 x 10-3, indicating that the cells 

partition extremely to the bottom phase. 

E. coli samples spiked in milk demonstrated similar partitioning behavior in the UCON-

salt ATPS.  The average cell concentration in the bottom phase was approximately 11 times greater 

than that in the top phase. The average partition coefficient was therefore 9 x 10-2, again indicating 

that the cells partition preferentially to the bottom phase. However, it was noted that the partition 

coefficient for the milk samples was approximately 6 times larger than that of the PBS samples 

(Figure 2.3). A possible explanation for this difference may be that the cells in the milk sample 

experienced greater excluded-volume interactions from the milk proteins that also partitioned 

preferentially to the bottom phase, which led to less extreme partitioning of the bacteria to the 

bottom phase when compared to the experiments performed with PBS.  
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Figure 2.3: Experimentally measured partition coefficients for E. coli O157:H7 in UCON-salt ATPSs. E. coli O157:H7 was spiked 

into both PBS and milk samples. Error bars represent standard deviations from triplicate measurements. 

 

2.3.3 Improving spot-test detection of E. coli O157:H7 in PBS 

Subsequently, we sought to combine the concentrating ability of the ATPS with a spot 

test into one platform for the rapid detection of O157:H7. The spot tests were first performed 

with PBS samples spiked with E. coli O157:H7. To demonstrate the utility of the ATPS in aiding 

detection, spot tests were performed both with and without sample pre-concentration via UCON-

salt ATPS, and compared.  

For both experiments with and without ATPS, a spot test was performed with a bacteria 

sample containing 3 x 107 cfu/ml, another one containing 3 x 106 cfu/ml, and a negative test 

without bacteria. For the tests performed with ATPS, it was anticipated that the ATPS would 

concentrate the bacteria into the salt-rich bottom phase, as observed in the partitioning studies. 

The results of the spot tests can be seen in Figure 2.4. After 5 minutes, a spot appeared in the test 

with a sample containing 3 x 107 cfu/ml bacteria in ATPS. By 10 minutes, a spot was also clearly 

visible in the 3 x 106 cfu/ml bacteria sample in ATPS. Meanwhile, in the tests without ATPS, 

neither bacteria concentration yielded clear spot development even after 30 minutes. No spots 
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developed in the negative tests with and without ATPS, as expected. The use of ATPS as a pre-

concentration step improved the sensitivity of the spot test for bacteria samples in PBS. 

 

Figure 2.4: Detection of E. coli O157:H7 in PBS using the spot test only (top row) versus using the combined ATPS and spot test 

(bottom row) after (a) 5 minutes, (b) 10 minutes, and (c) 30 minutes. 

 

2.3.4 Improving spot-test detection of O157:H7 in milk 

Having demonstrated the ability of an ATPS to improve spot test detection of O157:H7 in 

PBS, we were interested in applying this platform for the detection of foodborne pathogens in a 

relevant, complex media. To replicate one such medium, 2% milk was spiked with E. coli 

O157:H7. Tests with the milk sample were set up in the same manner as those performed with 

PBS. As with the PBS system, it was anticipated that the bacteria would partition preferentially 

into the salt-rich bottom phase of the ATPS and be concentrated. The results are shown in Figure 

2.5. Unlike what was observed for detection in the PBS systems, spots were only first visible in 

the milk sample containing 3 x 107 cfu/ml and 3 x 106 cfu/ml after 10 minutes, and not 5 minutes. 
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After 30 minutes, the spot intensities became more pronounced. Meanwhile, both spiked milk 

samples without ATPS yielded no spots, indicating the inability of the spot test to detect E. coli 

O157:H7 without the aid of ATPS. Negative tests both with and without ATPS did not have spot 

development, as expected. 

 

Figure 2.5: Detection of E. coli O157:H7 in milk using the spot test only (top row) versus using the combined ATPS and spot test 

(bottom row) after (a) 5 minutes, (b) 10 minutes, and (c) 30 minutes. 

 

From the spot tests performed in both PBS and milk, the use of ATPS was observed to 

improve spot intensity and time to detection. However, spot development occurred more quickly 

in PBS (after 5 minutes) than in milk (after 10-30 minutes). One contributing factor for the 

disparity may be the difference in bacteria partitioning in PBS versus in milk. As observed in the 

partitioning study, bacterial cells were found to partition less extremely when milk was present, 

most likely due to the presence of milk proteins in the bottom phase. Therefore, though the ATPS 

would still overall concentrate the bacteria in milk to the bottom phase, it would be concentrated 

less than the equivalent 1:1 ATPS system in PBS. Additionally, the presence of milk could also 
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reduce binding between the antibodies on the paper strip and the bacteria, thereby weakening spot 

development. This is not surprising, as milk is often used as a blocking agent to prevent nonspecific 

binding in immunoassays. 

By using a combined ATPS and spot test platform, not only is the time to detection 

shortened, but the detection limit for the spot test was also lowered. After 30 minutes of incubation, 

detection of bacteria in both PBS and milk was achieved with ATPS, whereas they remained 

undetected without ATPS. Thus, the ATPS enabled the spot test to detect bacteria at concentrations 

lower than otherwise possible without the ATPS. 

2.4. Conclusions 

In the current study, we have designed and tested a platform for rapid detection of E. coli 

O157:H7. By combining an ATPS with a spot immunoassay, we’ve shown that an ATPS helps to 

improve the detection limit of the spot immunoassay. The ATPS effectively concentrates the E. 

coli O157:H7 cells in a contaminated sample, allowing detection to be achieved within 30 minutes. 

This reduction in time-to-detection is significant, compared to existing methods that may require 

several hours to days to generate results. 

This platform is the first known attempt in successfully combining an ATPS with the paper-

based spot immunoassay. The combined system demonstrated the ability to detect bacteria when 

the spot test alone could not, thus greatly improving its sensitivity. We also envision that this robust 

system has the potential to be applied to other foodborne pathogens and samples. The technology 

described in this study demonstrates the potential of the spot test as a simple and rapid detection 

method, and helps to advance the spot test as an alternative to LFA in the diagnostic field. 
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Chapter 3: A one-pot, isothermal DNA sample preparation and 

amplification platform utilizing aqueous two-phase systems 

 
3.1 Introduction 

Infectious diseases are one of the major causes of death in developing countries. These 

diseases are caused by pathogenic organisms, such as bacteria, viruses, and parasites [1]. The 

largest contributors to infectious-disease related deaths are tuberculosis, malaria, and HIV/AIDS. 

Nearly 2 billion people are currently infected with tuberculosis, and 1.6 million deaths occur every 

year due to tuberculosis. Malaria is responsible for 2 million deaths and 300-500 million new 

infections each year. Similarly, there are approximately 40 million individuals living with 

HIV/AIDS, and 2.9 million cases yearly that result in death [2]. Moreover, instead of observing a 

decline in the number of infectious agents over the years, recent reports from the US National 

Institutes of Health estimate that 16 new infectious diseases have been identified [3]. As the burden 

of infectious diseases continues to grow, the need for diagnostics to detect for infectious agents 

has never been greater.  

One current gold standard method of detection is the nucleic acid amplification test 

(NAAT), which can be used to detect for genetic material of infectious agents in a patient sample. 

The greatest advantage of the NAAT is its potential for high specificity down to the nucleotide 

base level, since the genetic sequence is unique to each organism. Typically, the NAAT involves 

cell lysis, DNA extraction, and DNA amplification prior to detection – all of which require separate 

labor-intensive processes. Moreover, amplification is traditionally performed with polymerase 

chain reaction (PCR), which requires the use of a thermocycler. Because this standard workflow 

for the NAAT requires expensive equipment, trained personnel, and also involves many liquid-

handling steps, the complexity of the NAAT renders it difficult to be used in resource-poor 
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settings. Unfortunately, it is also these developing countries that could currently benefit most from 

these early diagnosis assays. Therefore, there is a growing need for simple and inexpensive 

NAATs that can be used at the point-of-care. 

Towards this end, researchers have developed a number of more portable DNA 

amplification techniques. Some consist of microfluidic chips or other portable devices to perform 

PCR at the point-of-care [43, 44], while others involve the use of point-of-care devices that detect 

target DNA sequences using microarrays and nucleic acid probes [45, 46]. An alternative approach 

is the use of isothermal amplification techniques, which precludes the need for thermocyclers. One 

such technique is loop mediated isothermal amplification (LAMP), which relies on auto-cycling 

strand-displacement DNA synthesis that operates optimally at 60-65°C [5]. While LAMP is 

specific and robust, it can be difficult to design, requiring 4-6 primers to implement. Another 

common method is thermophilic helicase-dependent amplification (tHDA), which utilizes the 

enzyme DNA helicase to unwind DNA and allow amplification to be performed at a constant, 

lower temperature [6]. Moreover, tHDA is simple to design, requiring only two primers. It has 

demonstrated promising applications in diagnostics, and has been shown to be able to detect a 

number of infectious agents [7, 9]. However, these existing POC amplification methods often still 

require extensive sample preparation and extraction steps when confronted with unprocessed cell 

samples. Thus, sample preparation remains a crucial component for successful amplification. 

Because these methods are labor-intensive and require lab equipment, there is growing interest in 

incorporating simple and equipment-free bioseparation alternatives.  

Aqueous two-phase systems (ATPSs) represent a potential means for achieving upstream 

bioprocessing. An ATPS is a liquid-liquid extraction system made of components that will form 

two immiscible phases. Compared to traditional oil-water systems, an ATPS provides a mild 
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environment for biomolecules and prevents denaturation, since both phases are comprised 

predominately of water [10, 11]. It has been demonstrated that biomolecules can be partitioned 

extremely into one particular phase of the system, depending on the physical and chemical 

characteristics of the biomolecules of interest, such as charge, hydrophobicity, and size [12–14]. 

Moreover, the ATPS has the benefits of being scalable, lightweight, and affordable. Therefore, the 

ATPS has been widely used in large-scale biomolecule purification and extraction processes. Some 

examples include separating hydrophobic proteins from hydrophilic ones [15], proteins from 

viruses [16], or plasmid DNA from cell lysates [17].  

While ATPSs have been traditionally used in large-scale bioseparations, our laboratory has 

more recently demonstrated a novel use of the ATPS as a pre-concentration tool to improve the 

sensitivity of small-scale, paper-based diagnostics tools. Specifically, biomolecules were 

concentrated via partitioning into one of the two phases of an ATPS prior to its application to the 

lateral-flow immunoassay (LFA). Using this pre-concentration step, the detection limit of the LFA 

was improved 10-fold [20–22]. Sensitivity could be further enhanced when biomarkers were 

partitioned extremely to the interface of an ATPS, where the volume is small relative to either 

phase of the system [23]. Similarly, ATPS was also used to enhance the sensitivity and decrease 

the time-to-detection of a paper-based spot immunoassay [47].  

In this study, we utilized an ATPS in conjunction with tHDA to develop a simplified NAAT 

diagnostic platform to detect for a model pathogen, Escherichia coli (E. coli) O157:H7. Our device 

uses a micellar ATPS composed of Triton X-100 surfactant as a means for extraction and 

concentration of DNA from whole cells. The released DNA could then be concentrated via 

partitioning into a single phase, and amplified without any additional user handling. Because the 

application of whole cells directly to the tHDA reaction has not been widely studied, we were also 
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interested in testing the performance of our combined ATPS and tHDA platform, and comparing 

it to the tHDA reaction alone using unprocessed E. coli cell samples. To our knowledge, this is the 

first application of an ATPS as a platform technology for combining DNA sample preparation and 

isothermal DNA amplification. Moreover, a detection limit of 102 cfu/mL was achieved with our 

device. In this way, our unified platform – hereafter referred to as a one-pot reaction – addresses 

the traditional NAAT’s limitation of being too complex by combining cell lysis, DNA extraction, 

and amplification processes into a single tube, while improving on the performance of existing 

tHDA technology.   

3.2 Materials and Methods 

3.2.1 Preparation of bacterial cell cultures 

Escherichia coli O157:H7 strains (ATCC® 700728™) were cultured according to 

manufacturer protocol (ATCC, Manassas, VA) and plated onto Difco Nutrient Agar (Becton, 

Dickson and Company, Sparks, MD) plates. Cells were incubated at 37C aerobically overnight. 

The plate was then sealed with Parafilm and stored at 4C until use. Single colonies were picked 

from the agar plate and cultured in 5 mL of Difco Nutrient Broth (Becton, Dickson and Company, 

Sparks, MD) to prepare liquid bacterial culture. The cell suspension was then incubated in a 

shaker-incubator at 37C and 240 rpm for 16 hours. To quantify bacteria concentrations within the 

suspension, OD 600 measurements were utilized, followed by plating serial dilutions of the 

bacteria culture. A standard curve to quantify the OD 600 measurements was produced by taking 

absorbance measurements of bacterial samples while concurrently plating them and counting the 

colonies after incubation. A standard curve was produced using samples with six absorbance 

measurements between 0.1 and 1.0. This standard curve was then used to determine bacteria 

concentrations for each reaction.  
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3.2.2 tHDA with purified genomic DNA and whole cells 

Multiple pairs of primers were designed to target the eae gene found in E. coli O157:H7. 

All primer sequences were designed with the PrimerQuest Tool according to recommended 

parameters listed by the manufacturer, and obtained from Integrated DNA Technologies 

(Coralville, IA). Specifically, the suggested parameters include the primer size (24-33 bp), primer 

melting temperature (60-74C, optimal 71C), and primer G+C content (35-60%, optimal 44%), 

as well as the resulting amplified product size (80-120 bp, optimal 100 bp), melting temperature 

(68-75C, optimal 71C), and G+C content (optimal ~40%). Initial primer screening tests with 

each primer pair were performed with purified genomic DNA extracted from overnight E. coli 

cultures using the Quick-gDNA Miniprep kit (Zymo Research). An 18 µL master mix solution of 

the tHDA reaction was prepared using IsoAmp® III Enzyme Mix (BioHelix, Beverly, MA), 

annealing Buffer II, MgSO4, NaCl, IsoAmp® dNTPs, template DNA, and forward and reverse 

primers, according to manufacturer protocol. The amount of MgSO4 was also varied to determine 

the optimal condition. After an optimal primer pair (Table 3.1) was identified, this primer pair and 

the manufacturer-prescribed reaction conditions were used as a starting point to perform tHDA 

with whole cells. For reactions with whole cells, the liquid bacteria culture was centrifuged at 

12,000 rpm for 3 minutes to pellet the cells. The cells were then resuspended in the same volume 

of Nuclease Free Water (Coralville, IA), and 2.5 µL of the resuspension were added to the reaction. 

The remaining volume of the 50 µL reaction was filled with Nuclease Free Water, and the reaction 

was incubated on a heat block at 68oC for 60 minutes. A range of primer concentrations from 75 

nM to 200 nM were tested in each reaction, upon which the optimal concentration of 150 nM was 
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identified. The tHDA reactions with whole cells were then performed using the optimized primer 

concentration of 150 nM and manufacturer- suggested reaction conditions. 

 

Table 3.1: Forward and reverse primer sequences for the eae gene of E. coli O157:H7. 

 

3.2.3 Preparation of Triton X-100 ATPS  

For this study, a 100 µL Triton X-100 micellar ATPS with a top phase volume to bottom 

phase volume ratio of 1:1 was utilized. To ensure optimal conditions for the tHDA reaction, the 

concentrations of the Annealing Buffer II, MgSO4, and NaCl in the ATPS were kept the same as 

those in a regular tHDA reaction. The initial % w/w concentration of Triton X-100 (MP 

Biomedicals, Santa Ana, CA) was adjusted and optimized to obtain the desired equilibrium volume 

ratio of 1:1. Finally, Nuclease Free Water was added to a final volume of 100 µL.  

To visualize the phase separation behavior of our system, 5 μL of 2% Brilliant Blue Dye 

FCF (The Kroger Co., Cincinnati, OH) were added to the mixed ATPS solution and vortexed 

thoroughly. The blue dye highlighted the micelle-rich bottom phase, while the micelle-poor top 

phase remained clear. After equilibrium phase separation was achieved, images before and after 

phase separation were captured with a Canon EOS 1000D camera (Canon U.S.A., Inc., Lake 

Success, NY) within a controlled lighting environment. 

3.2.4 Determining partition coefficients of DNA in the one-pot reaction 

Triton X-100 ATPSs with 1:1 volume ratios were prepared as previously described, with 

the ATPS components scaled to generate 200 µL ATPSs. 20 µL of annealing buffer, 16 µL of a 

500 mM NaCl solution, and 8 µL of a 100 mM MgSO4 solution were also incorporated to the 

ATPSs to mimic the conditions required for tHDA amplification. To each ATPS, either 200 ng of 
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NoLimits 25 bp DNA fragment (Thermo Fisher), 200 ng of NoLimits 100 bp DNA fragment 

(Thermo Fisher), or 100 ng of O157:H7 E. coli genomic DNA were added. The genomic DNA for 

this study was obtained from liquid bacterial culture that had been incubated overnight as 

previously described, and extracted using the Quick-gDNA Miniprep kit (Zymo Research). 

Triplicate ATPSs were made for each type of DNA tested.  

Upon phase separation, 10 µL were extracted from the top and bottom phases of each ATPS to be 

analyzed using the Quant-iTTM High-Sensitivity dsDNA Assay Kit (Invitrogen). Each 10 µL of 

extracted sample was added to a 96-well plate with wells each containing 90 µL of a manufacturer-

supplied buffer and fluorescent dye, which non-covalently binds to double-stranded DNA. This 

dye is maximally excited at 502 nm, and its emission peak is at 523 nm when bound to DNA. The 

fluorescence intensity from each well is proportional to the concentration of DNA present in the 

solution. A standard curve was generated using DNA standards with known concentrations ranging 

from 0.2-100 ng of DNA. From this standard curve, a proportionality constant between DNA 

concentration and fluorescence intensity could be determined. However, since the presence of 

Triton X-100 surfactant can influence the fluorescence intensity, it was necessary to generate 

standards that account for surfactant concentrations corresponding to the top and bottom micelle-

containing phases. Thus, for the micelle-poor and micelle-rich phases, 10 µL of either the top 

phase and bottom phase of a control ATPS containing no DNA were added to each DNA standard. 

The 96-well plate containing the DNA standards and samples was placed into a plate reader 

(TECAN Infinite F200) to quantify the fluorescence intensity. Once the standard curves were 

generated, the DNA concentrations from the top and bottom phase samples were then calculated 

using the respective acquired proportionality constants. 
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3.2.5 Amplification in the one-pot reaction 

A 100 µL Triton X-100 ATPS with a volume ratio of 1:1 was prepared as previously 

described, with the exception that tHDA components were incorporated to implement 

amplification. Specifically, 10 µL of annealing buffer, 8 µL of a 500 mM NaCl solution, 6 µL of 

a 100 mM MgSO4 solution, 7 µL of the dNTP solution, 4 µL of the enzyme mix, and forward and 

reverse primers were added to the ATPS. The reaction conditions were similarly optimized as with 

the tHDA-only reaction. A range of primer concentrations from 75 nM to 200 nM were tested, 

upon which the optimal concentration of 75 nM was identified. These components replaced equal 

amounts of water in the ATPS to achieve accurate volume ratios. To maintain equivalent cell 

concentrations between standard tHDA-only reactions and one-pot systems, 5 µL of an E. coli 

suspension at various concentrations were added to the ATPS in place of water. The solution was 

then well-mixed via vortexing until the solution was clear and homogenous, after which the tube 

was heated at 68C for one hour. Following heating, the ATPS was then analyzed for successful 

amplification of the target sequence. 

3.2.6 Monitoring amplification in the one-pot reaction 

Triplicates of the one-pot reaction were prepared as previously described. Upon mixing, 

the solution was heated at 68C to allow for phase separation, DNA partitioning, and amplification. 

As the solution was heated, 5 µL sample volumes were carefully extracted with a micropipette 

from both the top and bottom phases. The phases were sampled every 15 minutes for 1 hour. Each 

5 µL extracted sample was added to a 96-well plate containing 95 µL of a manufacturer-supplied 

buffer and SYBR Green I dye (Thermo Fisher). This dye is maximally excited at 497 nm, and its 

emission peak is at 520 nm when bound to DNA. The fluorescence intensity from each well is 

proportional to the concentration of DNA present in the solution. As previously described for the 
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DNA partitioning studies, a standard curve was generated using DNA standards with known 

concentrations ranging from 0.2-100 ng of DNA (Invitrogen). Similarly, separate standards for the 

micelle-poor and micelle-rich phases were made by extracting 5 µL of either the top phase and 

bottom phase of a control Triton X-100 ATPS containing no DNA and adding it to each DNA 

standard. The 96-well plate containing the DNA standards and samples was placed into a plate 

reader (TECAN Infinite F200) to quantify the fluorescence intensity. Once the standard curves 

were generated, the DNA concentrations from the top and bottom phase samples were then 

calculated using the respective acquired proportionality constants. 

3.2.7 Detection via gel electrophoresis 

Detection of the target amplicon in both tHDA-only reactions and one-pot systems was 

conducted in two ways. First, initial analysis was performed via traditional gel electrophoresis and 

staining utilizing ethidium bromide. Briefly, a 50 µL 2% agarose (Promega) gel in 

Tris/Borate/EDTA buffer (Sigma) was prepared and mixed with 2.5 µL of a 10 mg/mL ethidium 

bromide (Bio-Rad) solution before cooling. Following amplification, either 10 µL of the micelle-

poor top phase of the one-pot reaction or 10µL of the tHDA-only reaction were extracted. Each 

amplified sample was mixed with DNA 6x Loading Dye (Thermo Fisher Scientific) and pipetted 

into the wells of the gel. Similarly, 5 µL of O’GeneRuler Ultra Low Range DNA Ladder (Thermo 

Fisher Scientific) were loaded onto the gel as the standard to distinguish the size of the DNA 

product. The gel was immersed in Tris/Borate/EDTA buffer in a gel electrophoresis chamber 

(Mini-Sub® Cell GT Cell, Bio-Rad) connected to a PowerPac 200 power source (Bio-Rad), which 

was then run at 105 volts for 35 minutes. The gel was then removed and examined on a UV 

Transilluminator (UVP) under a 302 nm light for a target 100 bp band, indicating successful 

amplification. Gel images were subsequently captured with a Thermo ScientificTM myECLTM 
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Imager. The 100 bp target band was then excised from the gel and purified using the PureLinkTM 

Quick Gel Extraction Kit (Invitrogen). The purified sample was subsequently sent to  Laragen, Inc 

(Culver City, CA) for sequencing.  

3.3 Results and Discussion 

3.3.1 Phase separation in the ATPS  

A micellar ATPS composed of Triton X-100 surfactant was selected for the one-pot reaction. 

Specifically, Triton X-100 surfactant was ideal for several reasons. First, Triton X-100 is a 

commonly used cell lysis agent. It has been previously demonstrated that, near and above the 

critical micelle concentration, Triton X-100 surfactant is able to solubilize membrane components, 

resulting in the disruption of cell membranes [48]. Thus, we anticipated that it would facilitate 

lysis of whole cells that are added to a mixed ATPS. Secondly, at and above the critical micelle 

concentration, the Triton X-100 surfactant monomers form micelles in aqueous solution, and phase 

separation can be induced by an increase in temperature. In concert with phase separation, 

biomolecules can be partitioned into one of the two phases, thereby resulting in their concentration. 

We anticipated that this concentration phenomenon could be exploited for the extraction and 

concentration of DNA from whole cells. Specifically, it was expected that DNA molecules 

released from the lysed cells would partition preferentially to the top, micelle-poor phase, where 

they experience fewer excluded-volume interactions with the smaller and less abundant micelles 

in that phase. Lastly, unlike polymer-salt ATPSs, in which one phase is salt-rich, the micellar 

ATPS does not require high salt concentrations for phase separation. Since we envisioned 

ultimately combining the ATPS purification directly with the isothermal tHDA reaction – which 

is sensitive to salt concentration – this characteristic was an important criterion in our ATPS 

selection. 
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A 1:1 volume ratio Triton X-100 ATPS was achieved with 9% w/w Triton X-100 and the 

appropriate salt concentrations for the tHDA reaction. Macroscopic phase separation was 

completed within 15 minutes of incubation at 68C. The Triton X-100 ATPS forms a relatively 

more hydrophilic micelle-poor top phase and a denser, more hydrophobic micelle-rich bottom 

phase. Partitioning of biomolecules between the two phases is predominantly dependent on size, 

as well as relative hydrophobicity. Therefore, when Brilliant Blue FCF dye was added into the 

mixed ATPS, it partitioned extremely to the micelle-rich bottom phase due to its small size and 

hydrophobicity. The addition of the dye thus yielded a blue bottom phase, while the top phase 

remained clear due to the absence of dye (Figure 3.1). 

 

Figure 3.1: Phase separation in the Triton X-100 ATPS platform. At t=0, the ATPS is well-mixed, and Brilliant Blue FCF dye is 

dispersed throughout the entire solution. After incubation at 68oC, the ATPS phase separates into a clear micelle-poor top phase 

and a blue micelle-rich bottom phase containing the partitioned Brilliant Blue FCF dye. 

3.3.2 DNA partitioning in the ATPS 

Upon achieving a 1:1 Triton X-100 ATPS, it was necessary to assess the viability of the 

ATPS as a platform technology for sample preparation. Specifically, we verified that the DNA 

released from whole cells indeed partitioned to the micelle-poor top phase, as expected. We 

observed the partitioning behavior of three different types of DNA: a 25 bp DNA fragment, a 100 

bp DNA fragment, and E. coli genomic DNA. The 25 bp DNA fragment and the 100 bp DNA 

fragment were chosen to model the partitioning behavior of the primers (~25 bp) and the expected 

tHDA product (100 bp), respectively. The average partition coefficients (concentration of DNA in 

the top phase divided by concentration of DNA in the bottom phase) for each DNA type are shown 
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in Figure 3.2. For all three DNA types, the average partition coefficients were all greater than one, 

indicating that all three DNA types partition preferentially to the micelle-poor top phase. This was 

consistent with our hypothesis that the DNA should be driven to the top, micelle-poor phase due 

to experiencing greater repulsive, excluded-volume interactions with the larger and more abundant 

micelles in the bottom, micelle-rich phase. The average partition coefficient for the 25 bp DNA 

fragment was found to be 3.81  0.12. Meanwhile, the average partition coefficients of the 100 bp 

DNA fragment and genomic DNA were 23.2  1.3 and 20.2  3.4, respectively. This indicated that 

the 25 bp DNA fragment partitioned less extremely to the micelle-poor top phase than the 100 bp 

DNA fragment and genomic DNA. An explanation for this may be that the smaller 25 bp fragment 

experienced fewer excluded-volume interactions with the micelles in the micelle-rich bottom 

phase, which led to its less extreme partitioning into the micelle-poor top phase. In contrast, both 

the 100 bp DNA fragment and the genomic DNA yielded similar, larger partition coefficient 

values, likely due to their experiencing greater excluded volume interactions with the micelles in 

the bottom phase. Notably, the preferential partitioning of the DNA to the micelle-poor top phase 

results in its concentration in half the original volume. This is significant in that it confirmed that 

concentration of released genomic DNA can be achieved with the TX-100 ATPS, demonstrating 

its ability to serve as an appropriate sample preparation platform. 
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Figure 3.2: Average partition coefficients (n=3) of a model 25 bp DNA fragment, 100 bp DNA fragment, and genomic DNA (gDNA) 

in the one-pot reaction. The average partition coefficient for the 25 bp DNA fragment was found to be 3.81  0.12. The average 

partition coefficients of the 100 bp DNA fragment and genomic DNA were 23.2  1.3 and 20.3  3.4, respectively. 

 

3.3.3 Proposed mechanism for one-pot reaction 

After verifying that the DNA released from whole cells indeed partitioned to the top 

micelle-poor phase of the TX-100 ATPS, we assessed the compatibility of the ATPS with the 

tHDA reaction. To do this, the one-pot reactions were set up as previously described, and various 

whole cell concentrations were directly added. DNA concentrations were measured in the top and 

bottom phases of a one-pot reaction every 15 minutes during the one-hour reaction time. Figure 

3.3 shows the data from triplicate one-pot reactions at 106 cfu/mL, compared to triplicates of 

tHDA-only reactions at 107 and 106 cfu/mL. DNA concentration in the top phase of the one-pot 

reaction was significantly higher than that of the bottom phase within the first 15 minutes of 

incubation at 68C and at all time points thereafter, which coincided with the expected DNA 

partitioning behavior. Furthermore, it is notable that the DNA concentration in the one-pot reaction 

at 106 cfu/mL was similar to that of the tHDA-only reaction containing a starting concentration of 

107 cfu/mL. In contrast, the DNA concentration of the tHDA-only reaction containing 106 cfu/mL 
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was significantly less than that of the one-pot reaction containing 106 cfu/mL. We also observed 

that just half the concentration of primers (75 nM) in the one-pot reaction was sufficient for 

amplification in the one-pot reaction, compared to 150 nM primers needed for the tHDA reaction 

alone. This indicated that the DNA concentration phenomenon we observed from the partitioning 

studies in the one-pot set-up can significantly improve DNA amplification outcomes. 

  

 

Figure 3.3: Comparison of DNA concentration over time in the one-pot reaction and the tHDA-only reaction (n=3). Use of the 

one-pot reaction with a starting cell concentration of 106 cfu/mL (squares) increases the DNA concentration such that it becomes 

comparable to the tHDA-only reaction with a 107 cfu/mL starting cell concentration (circles) at all time points measured. 

 

Additionally, the DNA concentration in the top phase was found to increase over time, 

demonstrating that the helicase and polymerase enzymes in the tHDA reaction remained 

operational and were compatible with the Triton X-100 ATPS. Moreover, while DNA 

concentration increased in the top phase over time, it remained nearly constant in the bottom phase. 

This is an indication that not only does the DNA partition preferentially to the top phase, but that 

the tHDA amplification reaction also occurred in the top phase of the one-pot system. A possible 

explanation for this is that the helicase and polymerase enzymes involved in the tHDA reaction 

also partitioned preferentially to the top, micelle-poor phase; as such, DNA amplification occurred 
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primarily in the top phase. These results helped to elucidate a proposed mechanism for the one-

pot reaction (Figure 3.4), in which the cells are first lysed, the DNA partitions within the first 15 

minutes, and is then predominately amplified in the top phase during the remainder of the 1-hour 

reaction time.   

 

 

Figure 3.4: Proposed mechanism for the one-pot reaction. 1) Whole cells are added into a one-pot reaction containing Triton X-

100 and tHDA reagents for amplification. 2) The mixture is incubated at 68C, and the cells become lysed by the Triton X-100 

surfactant and heat, allowing the DNA to be released. 3) Phase separation is achieved, and the DNA released from the cells is 

partitioned to the top phase of the ATPS. 4) The DNA is amplified and collected in the top phase of the one-pot reaction. 

 

3.3.4 Determining the limit of detection of the one-pot system  

After identifying a potential mechanism for the one-pot reaction, we then wanted to 

determine the detection limit of the one-pot reaction. To do this, the one-pot reaction was tested 

with a range of whole cell concentrations, using the optimized reaction conditions for the one-pot 

reaction. For comparison, these cell concentrations were similarly tested with the conventional 

tHDA reaction alone, using the optimized reaction conditions for the tHDA-only reaction with 

whole cells. Gel electrophoresis was used to determine whether the target DNA sequence was 
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successfully amplified (Figure 3.5). The amplified product was expected to be 100 bp long; thus, 

the appearance of a 100 bp band in the gel indicated that the correct sequence was amplified. Using 

the tHDA reaction alone, it was determined that amplification could be achieved at an initial cell 

concentration of 107 cfu/mL. Meanwhile, when the cell concentrations were decreased, 

amplification was no longer successful. Comparatively, when the one-pot reaction was tested, 

amplification was possible at initial cell concentrations as low as 104 cfu/mL. In fact, the 100 bp 

band is present even at concentrations as low as 102 cfu/mL, although smaller primer artifacts start 

to appear dominant. We believe that this is due to insufficient template genomic DNA being 

available to be amplified at these lower cell concentrations. Regardless, a significant improvement 

in the whole cell detection limit is observed using the one-pot reaction. 

 

 

Figure 3.5: Gel electrophoresis comparison of DNA amplification from whole-cell samples in the one-pot reaction and in the 

conventional tHDA reaction. The numbers above the wells are in cfu/mL. The one-pot reaction is able to detect as low as 102 

cfu/mL, although the 50 bp primer artifacts start to become dominant due to insufficient template genomic DNA at low cell 

concentrations. 

 

The improvement in detection limit using the one-pot system can be further elucidated 

when we consider the proposed mechanism of the one-pot reaction, as discussed in Section 3.3.3 

(Figures 3.3 and 3.4). Specifically, we compared the tHDA-only reactions performed with 107 and 
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106 cfu/mL with a one-pot reaction performed using 106 cfu/mL. When the one-pot reaction was 

performed using 106 cfu/mL, DNA concentrations throughout the reaction were comparable to 

those of the tHDA-only reaction with 107 cfu/mL, meaning that the one-pot reaction sufficiently 

concentrated the released genomic DNA to a point where it could be amplified as effectively as if 

the initial starting cell concentration was 10 times higher. This outcome was similarly reflected in 

the gel electrophoresis data, where we confirmed that the one-pot reaction was able to detect and 

amplify from whole cell concentrations of 106 cfu/mL and lower. Sequencing results also allowed 

us to verify that the 100 bp product that was amplified in the one-pot reaction was indeed the exact 

sequence of the eae gene we expected (Figure 3.6).  

 

Figure 3.6: Bi-directional sequencing verification of amplified product with the forward primer (a) and the reverse primer (b). The 

sequencing results yielded an exact match of the expected eae gene segment 
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While we recognize that the current standard NAAT detection limit can be even lower 

when used with a commercially purified DNA sample, the emphasis of the development of the 

one-pot system is on the combination of cell lysis, DNA purification and extraction, and 

amplification all in one automated reaction. Moreover, it should be noted that research articles that 

have reported lower detection limits using isothermal technology utilized DNA samples that had 

undergone separate purification steps prior to amplification, or quantified genomic DNA that was 

purchased from a vendor [49, 50]. In contrast, our studies focused on utilizing unprocessed, whole 

cells as our starting point. Moreover, the cell lysis, DNA extraction, and amplification are achieved 

within the same reaction volume, thus bypassing the need for separate compartments or pump-

driven liquid transfer between multiple microfluidic chambers in chip-based devices [51]. 

We believe that the substantial improvement of amplification from whole cell samples with 

the one-pot reaction can be attributed to several factors. While the DNA partitioning phenomenon 

in the one-pot reaction is responsible for the concentration of DNA in the top phase, we anticipate 

a synergistic effect that involves the purification of the DNA sample in the one-pot reaction as 

well. It was noted that when the tHDA-only reaction and the one-pot reaction were tested with 

genomic DNA that was extracted and purified with a commercial kit, the detection limits appear 

more similar (Figure 3.7). Although the one-pot reaction was still able to detect lower 

concentrations of template DNA, the disparity between the detection limits of the one-pot and 

tHDA-only reactions were not as drastic as when they were tested with whole cells. Considering 

that tHDA-only amplifies and detects DNA comparably to the one-pot reaction when the template 

DNA is purified, we believe that this points to tHDA’s hindered activity in the presence of cell 

debris, such that amplification from whole cells is only possible when the cell concentration is 

sufficiently high. This further indicates that the one-pot reaction – via incorporation of the ATPS 



 

 41 

 

– allows for a degree of DNA sample purification such that detection and amplification from whole 

cell samples is much improved. Thus, the DNA concentration and simultaneous purification via 

ATPS plays a crucial role in the success of the one-pot reaction. 

 

Figure 3.7: Gel electrophoresis comparison of DNA amplification from purified genomic DNA in the one-pot reaction and in the 

conventional tHDA reaction. The detection limits of both reactions are similar, although the one-pot reaction can detect as few 

as 30 copies of template DNA. 50 bp primer artifacts start to appear as the template DNA concentration becomes lower 

 

Our research group has also previously demonstrated that the use of a 1:1 volume ratio 

ATPS results in a two-fold concentration of large hydrophilic biomolecules, since the large 

hydrophilic biomolecules would partition extremely to one phase – half the original volume [13, 

20, 21]. However, it is worth noting that in this study, the lowered detection limit that was achieved 

with the one-pot reaction utilizing a 1:1 ATPS exceeded the expected 2-fold improvement. One 

possible explanation may be that the two-fold increase in DNA concentration in the top phase of 

the ATPS sufficiently increased the number of interactions the DNA has with the reagents for 

amplification. As the number of interactions increase, DNA amplification can be more easily 

initiated, resulting in a multiple-fold improvement in the detection limit. 

 Alternatively, molecular crowding has previously been found to help improve DNA 

amplification efficiency [52].  To take advantage of this phenomenon, researchers have explored 

the use of enhancer additives, such as betaine, Ficoll, polyethylene glycol, and dextran, to simulate 

a crowding effect that has been demonstrated to promote amplification [53]. We hypothesize that 
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using the one-pot system where the reaction is performed in the top phase may likewise simulate 

this crowding effect, and contribute to the overall improvement in the detection limit. 

3.4 Conclusion 

In summary, we successfully designed a novel NAAT platform that combines both sample 

preparation steps and subsequent amplification within a micellar ATPS. Moreover, the detection 

limit of the one-pot reaction using whole cells was found to be as low as 102 cfu/mL, a substantial 

improvement from the whole-cell detection limit of the existing tHDA technology (107 cfu/mL). 

Of note is that this improvement in detection limit was achieved with the automation of cell lysis, 

DNA extraction, and amplification in a single reaction volume. The viability of the direct addition 

of unprocessed samples to a one-step, sample-to-detection platform allows NAAT diagnostics to 

move towards eliminating upstream sample processing and multi-chamber chip-based platforms. 

Thus, this device embodies a simplified NAAT, where the user can directly add cell samples to 

the ATPS platform and perform amplification without any additional liquid handling. This 

platform is the first known application of ATPS with isothermal DNA amplification. While we 

demonstrated the functionality of our device using a model pathogen E. coli O157:H7, this 

platform technology can be modified by changing the primer sequences to detect specific DNA 

from other pathogens, making it a flexible and powerful diagnostic tool. 
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Chapter 4: Further advancing NAATs for point-of-care 
 

4.1 Introduction 

The ability to simplify a complicated assay, while maintaining or increasing its 

effectiveness, is paramount to the success of POC diagnostics. The NAAT remains one of the most 

complicated diagnostics, but if simplified, has the potential to expand the accessibility of this 

diagnostic method. To this end, we address two elements that would help further drive the 

development of a POC NAAT. These include gaining a better understanding of how to use the 

ATPS for sample preparation prior to amplification and transitioning from a liquid, tube-based 

NAAT to a paper-based device. Both elements have significant implications in allowing us to 

better design and further advance the NAAT for POC use.  

We have identified a key area that could benefit from theoretical studies and quantitative 

experimentation. While ATPSs have been used for select manipulations with DNA, such as the 

separation of plasmid DNA from RNA and removing proteins from DNA [17, 54], its use as a 

standard nucleic acid sample preparation method has been limited due to the difficulties in 

predicting its partitioning behavior.  Nucleic acid partitioning can vary greatly depending on the 

ATPS used or the salts introduced into the ATPS, and clear partitioning trends have not been well 

established. To this end, we aim to further study and identify trends that will aid us in predictively 

determining nucleic acid partitioning behavior. This improved understanding will then allow us to 

refine the sample processing step that can be achieved with ATPSs. 

In addition, the development of paper-based NAATs will further improve the NAAT’s 

ease-of-use in a POC setting.  The transition of NAATs from liquid, tube-based assays to paper 

offers several advantages. Most notably, conversion to a paper-based format allows for compact, 

centralized storage of reagents, and minimized liquid handling on the user end. Thus, we aim to 
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extend our previous work to develop a POC NAAT that combines sample preparation, 

amplification, and detection on paper. 

For this purpose, we examined recombinase polymerase amplification (RPA), an 

isothermal amplification method which has been demonstrated to be robust and consistent across 

a wide range of diagnostic applications. As its name suggests, recombinase is used in place of high 

heat to facilitate double-stranded template DNA separation and promote primer binding to the 

sequence of interest. Because RPA operates at the lower temperature range of 37-42C, it is more 

amenable for paper-based amplification, as evaporation can be more easily minimized at this lower 

temperature. Additionally, the TwistAmp® Nfo kit has been designed to include endonuclease 

enzymes that, when combined with labeled probes and primers, will yield amplicons that are 

compatible with LFA. Probes for the Nfo kit are specially designed to include a 5’ 

carboxyfluorescein (FAM), an abasic tetrahydrofuran (THF) residue that replaces a nucleotide in 

the probe sequence, and a C3-spacer phosphoramidite on the 3’ end of the probe sequence. Upon 

identifying and binding to the complementary target sequence, this probe is cleaved at the THF 

residue by the Nfo enzyme. This removes the C3-spacer blocking group, allowing polymerase to 

generate the complementary strand for the remainder of the amplicon, generating dual-labeled 

amplicons that are ready to be detected via LFA. 

Overall, we have several aims for this chapter. First, we aim to derive a mathematical model 

for nucleic acid partitioning, and intend to use this model to identify the design parameters that 

need to be considered for optimal nucleic acid partitioning in our chosen system. Second, we aim 

to vary some of the design parameters to determine trends in the measured DNA partition 

coefficients. In parallel, we aim to assemble a device to perform DNA amplification and detection 
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on paper. By achieving these aims, we hope to identify design criteria for using ATPSs as a DNA 

pre-concentration step in our paper-based NAAT. 

4.2 Theory 

4.2.1 Role of the electrostatic potential difference in DNA partitioning 

The partitioning behavior of DNA can be quantified using the DNA partition coefficient, which is 

defined as follows:  

 
𝐾𝐷𝑁𝐴 ≡

𝐶𝐷𝑁𝐴,𝑡

𝐶𝐷𝑁𝐴,𝑏
 

(1) 

 

where CDNA,t and CDNA,b are the concentrations of the DNA in the top and bottom phases of the 

ATPS, respectively. 

 The experimentally observed DNA partitioning behavior in ATPSs can be understood with 

thermodynamics. At equilibrium and at constant temperature and pressure, the chemical potentials 

of DNA in the top and bottom phases are equivalent: 

 𝜇𝐷𝑁𝐴,𝑡 = 𝜇𝐷𝑁𝐴,𝑏 (2) 

 

where the chemical potential of DNA in each phase  can be written as: 

 𝜇𝐷𝑁𝐴,𝛼 = 𝜇𝐷𝑁𝐴
0 + 𝑘𝐵𝑇𝑙𝑛𝐶𝐷𝑁𝐴,𝛼 + 𝜇𝐷𝑁𝐴,𝛼

𝑒𝑥 + 𝑧𝐷𝑁𝐴𝑒𝜓𝛼 (3) 

 

where 0
DNA is the standard state chemical potential of DNA, kB is the Boltzmann constant, T is 

the absolute temperature, CDNA, is the concentration of DNA in the phase , 𝜇𝐷𝑁𝐴,𝛼
𝑒𝑥  is the excess 

chemical potential of DNA in the phase , zDNA is the valence of the DNA molecule, e is the 

electronic charge, and is the electrostatic potential of the phase . The 𝜇𝐷𝑁𝐴,𝛼
𝑒𝑥  term captures the 
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interactions of the DNA with the surrounding phase components, while kBT ln CDNA, is the ideal 

entropy of mixing term. The 𝑧𝐷𝑁𝐴𝑒𝜓𝛼 term is the electrostatic potential energy of the DNA in the 

phase . By equating the chemical potentials for DNA in the top and bottom phases, and 

rearranging the equation, an expression for partition coefficient of DNA can be derived as follows: 

 

 
𝐾𝐷𝑁𝐴 ≡

𝐶𝐷𝑁𝐴,𝑡

𝐶𝐷𝑁𝐴,𝑏
= exp [−

(𝜇𝐷𝑁𝐴,𝑡 
𝑒𝑥 − 𝜇𝐷𝑁𝐴,𝑏 

𝑒𝑥 ) − 𝑧𝐷𝑁𝐴𝑒(𝜓𝑡 − 𝜓𝑏)

𝑘𝐵𝑇
] 

 

 

(4) 

Equation (4) can also be rewritten as: 

 
𝐾𝐷𝑁𝐴 =  𝑒𝑥𝑝 [

𝜇𝐷𝑁𝐴,𝑡
𝑒𝑥 − 𝜇𝐷𝑁𝐴,𝑏

𝑒𝑥

𝑘𝐵𝑇
] 𝐾𝐷𝑁𝐴

𝐸𝑙𝑒𝑐 

 

(5) 

Here, the electrostatic potential terms have now been grouped into 𝐾𝐷𝑁𝐴
𝐸𝑙𝑒𝑐, the contribution to the 

DNA partition coefficient due to the electrostatic potential difference, and is given by: 

 

 
𝐾 𝐷𝑁𝐴

𝐸𝑙𝑒𝑐 =  [𝑒𝑥𝑝 [−
𝑒(𝜓𝑡 − 𝜓𝑏)

𝑘𝐵𝑇
]]

𝑧𝐷𝑁𝐴

 
(6) 

 

The electrostatic potential difference that arises between the two phases can be explained 

as follows. Although the two phases and the interface of the ATPS are all electroneutral when the 

two phases are at equilibrium with each other, ions in the three-dimensional interfacial region can 

orient in a non-uniform manner depending on their interactions with the two macroscopic phases. 

This non-uniform orientation may result in net positive and net negative charges on opposites sides 
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of the interface, contributing to an electrostatic potential difference across the interface. Typically, 

this electrostatic potential difference is small, approximately a few millivolts at most. However, it 

should be noted that the valence of DNA can be large due to the presence of the phosphate groups 

on DNA. When the valence of the DNA becomes large, 𝐾𝐷𝑁𝐴
𝐸𝑙𝑒𝑐 can have a substantial contribution 

to the partition coefficient of DNA despite the electrostatic potential difference being small. We 

anticipate that this electrostatic potential difference across the interface can be altered by changing 

the salt species that is added into the ATPS.  

 

 

Figure 4.1: Schematic depicting how the electrostatic potential difference arises across the interface: a.) negative and positive ions 

in the three-dimensional interfacial region (bound by dashed lines) of the ATPS will orient non-uniformly depending on their 

interactions with the macroscopic phases b.) This can result in a net negative and net positive charge across the interface (indicated 

by the solid line), which gives rise to the electrostatic potential difference. The electrostatic potential of the top and bottom phases 

are denoted by 𝜓𝑡 and  𝜓𝑏, respectively.  

 

4.2.2 Contribution of excluded-volume interactions to the DNA partition coefficient 

Now that the electrostatic potential difference contribution to the DNA partition coefficient 

has been accounted for, we will address the excess chemical potential contribution (𝜇𝐷𝑁𝐴,𝑡 
𝑒𝑥 −

𝜇𝐷𝑁𝐴,𝑏 
𝑒𝑥 ) to the partition coefficient of DNA in Eq. (4). An expression for the excess chemical 

potential terms can be obtained from taking a partial derivative of the excess Gibbs free energy of 

each phase : 
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𝜇𝐷𝑁𝐴,𝛼

𝑒𝑥 = (
𝜕𝐺𝛼

𝑒𝑥

𝜕𝑁𝐷𝑁𝐴,𝛼
)

𝑇,𝑃,𝑁𝑘,𝛼≠𝐷𝑁𝐴,𝛼

 
(7) 

 

where 𝐺𝛼
𝑒𝑥  is the excess Gibbs free energy of phase , NDNA,  is the number of DNA molecules in 

phase , T is the absolute temperature, P is the pressure, and Nk,DNA, is the number of molecules 

k in phase  that are not DNA molecules. The excess Gibbs free energy in each phase will be 

assumed to be due to only the excluded-volume interactions that operate between the DNA 

molecules and micelles, since partition coefficients of DNA and hydrophilic proteins have been 

reasonably predicted with this assumption [13, 55]. Therefore, 

 𝐺𝛼
𝑒𝑥 = 𝐺𝛼

𝑒𝑥,𝐸𝑉
 (8) 

 

Substituting Eq. (8) into Eq. (7) yields:  

 
𝜇𝐷𝑁𝐴,𝛼

𝑒𝑥,𝐸𝑉 = (
𝜕𝐺𝛼

𝑒𝑥,𝐸𝑉

𝜕𝑁𝐷𝑁𝐴,𝛼
)

𝑇,𝑃,𝑁𝑘,𝛼≠𝐷𝑁𝐴,𝛼

 
(9) 

 

Equation (9) can be substituted into Eq. (5) to yield: 

 

 
𝐾𝐷𝑁𝐴 =  𝑒𝑥𝑝 [

𝜇𝐷𝑁𝐴,𝑡
𝑒𝑥,𝐸𝑉 − 𝜇𝐷𝑁𝐴,𝑏

𝑒𝑥,𝐸𝑉

𝑘𝐵𝑇
] 𝐾𝐷𝑁𝐴

𝐸𝑙𝑒𝑐  

 

(10) 

The above expression can be further rewritten as:  

 𝐾𝐷𝑁𝐴 =  𝐾𝐷𝑁𝐴
𝐸𝑉 𝐾𝐷𝑁𝐴

𝐸𝑙𝑒𝑐 (11) 

where the excess chemical potential terms have now been grouped into 𝐾𝐷𝑁𝐴
𝐸𝑉 , the contribution to 

the DNA partition coefficient due to excluded-volume interactions. 
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Previously, a mathematical model to predict 𝐾𝐷𝑁𝐴
𝐸𝑉  was derived for hydrophilic proteins in 

a micellar ATPS by treating globular proteins as spheres and micelles as cylinders [14]. Our group 

further extended this model by deriving an expression for 𝐾𝐷𝑁𝐴
𝐸𝑉  for DNA-micelle excluded-volume 

interactions, where both DNA fragments and micelles are modeled as cylinders [13]. This 

expression is shown below: 

 
𝐾𝐷𝑁𝐴

𝐸𝑉 = 𝑒𝑥𝑝 [−(𝜙𝑡 − 𝜙𝑏) (1 +
𝑙𝐷𝑅𝐷

2

𝑙𝑚𝑅𝑚
2

+
1

2
(

𝑅𝑚(𝑙𝑚 + 𝑅𝑚)(𝑙𝐷 + 𝜋𝑅𝐷 ) + 𝑅𝐷(𝑙𝐷 + 𝑅𝐷)(𝑙𝑚 + 𝜋𝑅𝑚)

𝑙𝑚𝑅𝑚
2 ))] 

 

(12) 

where t and b are the surfactant volume fractions of the top and bottom phases, respectively; ld 

and RD denote the length and radius of the DNA fragment, respectively; and lm and Rm denote the 

length and radius of the micelle, respectively.  If we assume that the lengths of the DNA fragments 

and micelles are much longer than their respective radii, the expression can be further simplified 

to: 

 
𝐾𝐷𝑁𝐴

𝐸𝑉 = 𝑒𝑥𝑝 [−(𝜙𝑡 − 𝜙𝑏) (1 +
𝑙𝐷𝑅𝐷

2

𝑙𝑚𝑅𝑚
2

+
𝑙𝐷

2
(

𝑅𝑚 + 𝑅𝐷

𝑅𝑚
2

))] 
(13) 

 

This expression can be used to calculate the contribution to the DNA partition coefficient due to 

the excluded-volume interactions. 

4.3 Materials and Methods 

4.3.1 Preparation of E. coli genomic DNA 

Escherichia coli O157:H7 strain bacteria (ATCC® 700728™) were cultured according to 

manufacturer protocol (ATCC, Manassas, VA) and plated onto Difco Nutrient Agar (Becton, 

Dickson and Company, Sparks, MD) plates. Cells were incubated at 37C aerobically overnight. 

The plate was then sealed with Parafilm and stored at 4C until use. Single colonies were picked 
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from the agar plate and cultured in 5 mL of Difco Nutrient Broth (Becton, Dickson and Company, 

Sparks, MD) to prepare liquid bacterial culture. The cell suspension was then incubated in a 

shaker-incubator at 37C and 240 rpm for 16 hours overnight. Genomic DNA was extracted from 

overnight E. coli cultures using the PureLink™ Genomic DNA Mini kit (Thermo Fisher Scientific, 

Waltham, MA). 

4.3.2 Quantification of DNA in the Triton X-114 ATPS 

200 µL Triton X-114 ATPSs with 1:1 volume ratios were prepared. Mg(CH3COO)2, 

MgCl2, or MgSO4 was added to the ATPSs to a final overall ion charge concentration of 0.1 M. 

For example, for the Mg(CH3COO)2 salt, we assumed that the salt dissociates completely to one 

Mg2+ ion and two CH3COO- ions. To ensure a final ion charge concentration of 0.1 M, 0.025 M of 

Mg(CH3COO)2 was added to the ATPS. Upon dissociation, this leads to a total of 0.025 M Mg2+ 

and 0.050 M of CH3COO- ions. Because each Mg2+ has a valence of +2, the total ion charge 

concentration from Mg2+ ions was calculated to be 0.050 M. Meanwhile, each CH3COO- has a 

valence of -1, such that the total ion charge concentration from the CH3COO- ions was calculated 

to be 0.050 M. Thus, the sum of the charge concentration values from the negative and positive 

ions amounted to 0.1 M. To each ATPS, either 200 ng of NoLimits 25 bp, 50 bp, 100 bp, 200 bp, 

or 2000 bp DNA fragment (Thermo Fisher Scientific) was added. Finally, a buffer solution 

containing 2.5 mM dibasic and 0.5 mM monobasic potassium phosphate salt was added to a final 

volume of 200 µL. Triplicate ATPSs were made for each salt and type of DNA added. Each 

solution was vortexed to ensure that the solution was homogenous, and placed in a 37C water 

bath to phase separate overnight. Note that all of the salts were purchased from Sigma-Aldrich (St. 

Louis, MO), and all other materials in the Methods section were obtained from Sigma-Aldrich 

unless otherwise noted. 
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Upon phase separation, 10 µL was extracted from the top and bottom phases of each ATPS 

to be analyzed using the Quant-iTTM High-Sensitivity dsDNA Assay Kit (Invitrogen, Carlsbad, 

CA). Each 10 µL of extracted sample was added to a 96-well plate with wells each containing 90 

µL of a manufacturer-supplied buffer and fluorescent dye, which non-covalently binds to double-

stranded DNA. This dye is maximally excited at 502 nm, and its emission peak is at 523 nm when 

bound to DNA. The fluorescence intensity from each well is proportional to the concentration of 

DNA present in the solution. A standard curve was generated using DNA standards with known 

concentrations ranging from 0.2-100 ng of DNA. From this standard curve, a proportionality 

constant between DNA concentration and fluorescence intensity could be determined. However, 

since the presence of Triton X-114 surfactant can influence the fluorescence intensity, it was 

necessary to generate standards that account for surfactant concentrations corresponding to the top 

and bottom micelle-containing phases. Thus, for the micelle-poor and micelle-rich phases, 10 µL 

of either the top phase and bottom phase of a control ATPS containing no DNA was added to each 

DNA standard. The 96-well plate containing the DNA standards and samples was placed into a 

plate reader (TECAN Infinite F200, Tecan, Männedorf, Switzerland) to quantify the fluorescence 

intensity. Once the standard curves were generated, the DNA concentrations from the top and 

bottom phase samples were then calculated using the respective acquired proportionality constants.  

4.3.3 Preparation of Triton X-114 ATPS for genomic DNA pre-concentration 

For this study, a 500 µL Triton X-114 micellar ATPS with a top phase volume to bottom 

phase volume ratio of 1:5 was utilized. To ensure optimal RPA enzyme function, the 

concentration of magnesium acetate in the ATPS was maintained at 14 mM, as recommended by 

the manufacturer. The initial % w/w concentration of Triton X-114 was adjusted and optimized 

to obtain the desired equilibrium volume ratio of 1:5. Finally, nuclease free water (Integrated 
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DNA Technologies, Coralville, IA) was added to a final volume of 500 µL. Each solution was 

vortexed to ensure that the solution was homogenous, and placed on a heat block to phase 

separate overnight. 

4.3.4 Primer and Probe design 

Multiple pairs of primers were designed to target the eae gene found in E. coli O157:H7. 

All primer sequences were designed with the PrimerQuest Tool according to recommended 

parameters listed by the manufacturer, and obtained from Integrated DNA Technologies 

(Coralville, IA). Specifically, the suggested parameters included the primer length (30-35 bp) and 

primer G+C content (30-70%), as well as the resulting amplified product size (80-500 bp, 

optimally 100-200 bp). For each pair of primers, the reverse primer was labeled with biotin on the 

5’ end. Similarly, probe sequences that were complimentary to the amplified target sequence were 

designed according to manufacturer suggestions. These parameters included the probe length (46-

52 bp), the inclusion of an internal abasic tetrahydrofuran (THF) residue that replaced a nucleotide 

in the probe sequence, and a C3-spacer phosphoramidite on the 3’ end of the probe sequence that 

functions as a polymerase blocking group. In addition, at least 30 bp of the probe sequence needed 

to be upstream of the THF site, and at least 15 bp of the probe needed to be downstream of the 

THF site. Each probe was labeled with carboxyfluorescein (FAM) on the 5’ end.   

Initial primer and probe screening tests were performed with purified genomic DNA 

extracted from overnight E. coli cultures as previously described in Section 4.3.1. A 50 µL RPA 

reaction was prepared using rehydration buffer, a 280 mM magnesium acetate solution, and 

enzyme pellets from the TwistAmp® Nfo kit (TwistDx, Cambridge, UK). Template DNA and 

forward and reverse primers were also added according to manufacturer protocol. Optimal primer 
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and probe sequences (Table 3.1) were identified and used for the design of a paper-based RPA 

reagent pad.  

 

Table 4.1: Primer and probe sequences for the eae gene of E. coli O157:H7. 

 

4.3.5 Preparation of RPA reagent pads 

To prepare the dehydrated RPA reagent pad, a 1.5 cm2 piece of fiberglass was cut and 

placed on an adhesive backing. A 50 µL solution consisting of nuclease free water, rehydration 

buffer, primers, and probe was added to a tube containing the enzyme pellet. To determine the 

optimal reagent pad composition, primer concentrations were varied from 0.42 – 2.0 µM, while 

probe concentrations were varied from 0.12 – 0.60 µM. Additionally, varying amounts of 

rehydration buffer were also tested. To dissolve the enzyme pellet, the tube contents were mixed 

via pipetting. Upon mixing, the solution was then pipetted onto the fiberglass paper. The 

fiberglass paper was then lyophilized for 1 hour. In order to prevent prematurely starting the 

RPA reaction, the magnesium acetate solution was not dehydrated onto the reagent pad with 

other reagents, but was instead added at the time the genomic DNA sample was applied to the 

dehydrated reagent pad. 

4.3.6 Performing RPA on paper 

A 50 µL solution composed of nuclease free water, 2.5 µL of a 280 mM of magnesium 

acetate, and 10 uL of template genomic DNA at various concentrations was added to the 

lyophilized RPA reagent pad. Upon rehydrating the reagent pad, a piece of parafilm was placed 
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on top to seal the reagent pad and prevent evaporation. The reagent pad was then placed onto a 

39C heat block for 20 min for amplification to occur. The parafilm was then removed, and the 

reagent pad was centrifuged to elute the amplified product for detection. 

4.3.7 Combining ATPS pre-concentration with paper-based RPA 

A 500 µL Triton X-114 ATPS with a volume ratio of 1:5 was prepared as previously 

described in Section 4.3.3. In addition, varying concentrations of genomic template DNA were 

added to the ATPS. The genomic DNA concentration was kept constant between the combined 

ATPS and paper-based RPA reactions, as well as the corresponding paper-based RPA-only 

reactions. The solution was then well-mixed via vortexing until the solution was clear and 

homogenous, after which the tube was placed on a 39C heat block to induce phase separation. 

After phase separation was complete, 50 µL of the top phase of the ATPS was extracted and 

directly added on the dehydrated RPA reagent pad. The rehydrated reagent pad was then covered 

with parafilm to prevent evaporation, and placed on a 39C heat block for 20 min to allow for 

amplification. Following heating, the reagent pad was centrifuged to elute the amplified product 

for detection.  

4.3.8 Conjugating gold nanoprobes 

40 nm citrate-capped gold nanoparticles were purchased from nanoComposix (San Diego, 

CA). To form anti-FAM functionalized gold nanoprobes (GNPs), the pH of the gold nanoparticle 

suspension was adjusted to pH 8 with a 0.1 M sodium borate solution, and 8 μg of FITC 

Monoclonal antibody (Thermo Fisher Scientific) were added for every 1 mL of gold nanoparticles. 

The suspension was mixed on a microplate shaker (Thermo Fisher Scientific). To prevent 

nonspecific binding of proteins to the gold nanoparticle surfaces, a 10% w/v bovine serum albumin 

(BSA) solution was added to the suspension.  To remove excess unbound antibodies, the 
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suspension was centrifuged for 6 min at 9000 RPM and resuspended with a 1% w/v BSA solution 

three times. After the third centrifugation, the GNPs were resuspended in a 0.1 M sodium borate 

buffer. The GNPs were then stored at 4C until time of use. 

4.3.9 Detection with LFA 

The sandwich assay format of the LFA was assembled using the UniSart® CN95 

nitrocellulose membrane (Sartorius, Göttingen, Germany). The control line consisted of 0.5 

mg/mL goat anti-mouse IgG antibodies (Rockland, Limerick, PA) in a 25% w/v sucrose solution. 

For the test line, a streptavidin-biotin-BSA complex was printed on the membrane. This 

streptavidin-biotin-BSA complex was formed by first incubating a well-mixed solution of 

streptavidin and biotinylated BSA (Thermo Fisher Scientific) in a 3: 1 ratio for 15 min at room 

temperature. The solution was then similarly combined with a sucrose solution to a final 

composition of 25% w/v sucrose, and printed on the nitrocellulose membrane to form the test line. 

The membrane was placed in a vacuum chamber with desiccant overnight.  The membrane was 

then blocked with a solution of 1% w/v BSA in filtered Ultrapure water for 2 hours, and lyophilized 

for 1 hour. Following blocking, the membrane was stored at room temperature with desiccant until 

use. To assemble the LFA, the blocked membrane was placed on an adhesive backing. A sample 

pad made of fiberglass paper was placed on the upstream end of the membrane, while an absorbent 

made of cellulose paper was applied to the downstream end. 

To perform detection, 25 µL of running buffer (0.4% w/v BSA and 0.6% w/v Tween 20 in 

PBS), 5 µL of anti-FAM GNPS, 19 µL of PBS, and 1 µL of RPA product were combined in an 

Eppendorf tube to form a 50 uL solution. The LFA strip was inserted vertically into the sample 

solution, and the solution was allowed to wick through the LFA strip towards the absorbent pad 
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via capillary action for 20 min at room temperature. The LFA test strips were then imaged with a 

digital camera (Canon EOS 1000D, Tokyo, Japan) in a controlled lighting environment. 

4.4 Results and Discussion 

4.4.1 DNA Partitioning in the presence of magnesium salts 

As discussed in the Theory section, the electrostatic potential difference can influence 

DNA partitioning. To investigate this possible effect, the partitioning behavior of model 25 bp and 

100 bp DNA fragments in the Triton X-114 ATPS was investigated as a function of different 

magnesium salts. Magnesium salts were chosen for this study, since magnesium ions are a 

necessary cofactor for RPA enzyme function. Specifically, we were interested in determining 

whether the addition of magnesium salt to the system could offer a two-pronged benefit, first in 

influencing the DNA pre-concentration phenomenon in the ATPS, and secondly to initiate the 

ensuing RPA reaction. 

The measured partition coefficients (concentration of DNA in the top phase divided by 

concentration of DNA in the bottom phase) in the presence of each salt are shown in Figure 4.3. 

For all three magnesium salts, the partition coefficients of both the 25 bp and 100 bp fragment 

were greater than one, indicating DNA partitions preferentially to the micelle-poor top phase. The 

partition coefficients for the 25 bp DNA fragment were found to be 4.06  0.05, 6.06  2.12, and 

3.30  0.20 in the presence of Mg(CH3COO)2, MgCl2, and MgSO4, respectively.  
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Figure 4.3: Measured partition coefficients for 25 and 100 bp DNA fragments in Triton X-114 ATPSs containing Mg(CH3COO)2, 

MgCl2, or MgSO4.at a total ion charge concentration of 0.1 M. Error bars represent standard deviations from duplicate 

measurements.  

 

Meanwhile, the partition coefficients for the 100 bp DNA fragment were found to be 15.1  0.4, 

12.9  1.8, and 9.71  3.43 in the presence of Mg(CH3COO)2, MgCl2, and MgSO4, respectively. 

For all three salts, the 25 bp DNA fragment partitioned less extremely to the micelle-poor top 

phase than the 100 bp DNA fragment. An explanation for this difference can also be found in the 

derivations presented in the Theory section. Specifically, it is possible that the smaller 25 bp 

fragment experienced fewer excluded-volume interactions with the micelles in the micelle-rich 

bottom phase compared to the larger 100 bp fragment, which led to its less extreme partitioning 

into the micelle-poor top phase. In contrast, the 100 bp DNA fragment yielded larger partition 

coefficient values across all three salts, likely due to their experiencing greater excluded-volume 

interactions with the micelles in the bottom phase. 

 Moreover, in comparing the effects of the different magnesium salts on partitioning, it was 

observed that amongst the 100 bp partition coefficient values, the largest measured value was 

observed for the 100 bp fragment in the presence of Mg(CH3COO)2, followed by MgCl2, and 
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MgSO4. One possible explanation for this trend can be found by looking at the Hofmeister series 

for anions (Figure 4.4). The Hofmeister series has traditionally been used to rank ions based on 

their ability to precipitate proteins, but can also be used to describe how the ions interact with 

surrounding water molecules as a function of ion charge density. Specifically, ions with higher 

charge density form strong hydration complexes with water, while ions with low charge density 

form weak hydration complexes [56, 57]. Previous studies have attributed trends in protein 

partitioning in polymer-salt ATPSs to different ion hydration effects based on their position in the 

Hofmeister series [58–60].  Similarly, because we anticipate SO4
2- ions in the ATPS to form strong 

hydration complexes, we expect that they will prefer the relatively more hydrophilic micelle-poor 

top phase and orient towards that phase, potentially leading to a significant reduction in the positive 

potential on the micelle-poor side of the interface. This would reduce the partitioning of the 

negatively charged DNA into the micelle-poor phase, and give rise to a smaller partition 

coefficient.  Note that the micelle-poor side of the interface is expected to have the positive 

potential as the DNA partitions to that phase. If the micelle-poor phase of the interface was 

negative, the DNA could be driven to the opposite micelle-rich phase due to the potential 

difference, despite experiencing greater excluded-volume interactions with the more abundant and 

larger micelles in the micelle-rich phase. Meanwhile, because CH3COO- and Cl- ions have a lower 

charge density, they may orient less extremely to the micelle-poor phase, and potentially have a 

smaller effect in reducing the positive potential on the micelle-poor side of the interface. 

Accordingly, DNA partitioning into the micelle-poor phase would be less effected for these salts 

relative to the sulfate ion. This phenomenon may be responsible for why the DNA partition 

coefficient in ATPSs containing MgSO4 is slightly lower than those measured in ATPSs containing 

Mg(CH3COO)2 and MgCl2.  Notably, the observed preferential partitioning of the DNA to the 
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micelle-poor top phase reflects the DNA pre-concentration phenomenon that can be achieved with 

the Triton X-114 ATPS. Moreover, the presence of Mg(CH3COO)2 demonstrated the most extreme 

partition coefficient for the 100 bp fragment among the magnesium salts investigated, rendering it 

the optimal salt to include for the purpose of DNA concentration in the ATPS and for its 

subsequent use as a cofactor for the RPA reaction.  

 

Figure 4.4: Hofmeister series for anions 

 

4.4.2 Measuring partition coefficients of various DNA fragment sizes 

After determining the Mg(CH3COO)2 salt to be the optimal salt for DNA partitioning in 

Triton X-114 ATPS, we wanted to further investigate the effect of DNA fragment size since the 

excluded-volume interactions were expected to have an effect on partitioning as described in the 

Theory section. The DNA fragment size was varied from 25 bp to 2000 bp, and the measured 

partition coefficients are shown in Figure 4.5. The partition coefficients seem to increase from 25 

bp to 100 bp, with a significant difference between the 50 bp and the 100 bp fragment. However, 

the partition coefficients of the 100, 200, and 2000 bp fragments appear to be similar to each other. 

These trends in the partition coefficient corroborate those found in Section 4.4.1, where all 

measured partition coefficients of the 100 bp DNA fragment were greater than those of the 25 bp 

DNA fragment. These results indicate that the DNA fragment of interest should be at least 100 bp 

to ensure greater partitioning into the micelle-poor phase. Since we were interested in using the 



 

 60 

 

ATPS to pre-concentrate samples of large genomic DNA, we confirmed that the system we chose 

was appropriate for this purpose. 

 

 

Figure 4.5: Measured partition coefficients for various DNA fragment sizes in the Triton X-114 ATPS containing Mg(CH3COO)2 

salt.at a total ion charge concentration of 0.1 M. Error bars represent standard deviations from triplicate measurements. 

4.4.3 Probe design parameters to reduce false positives 

Because the end goal of our assay is to provide a definitive visual readout of the results via 

the LFA, it was imperative to ensure that the assay was optimized to have minimal background or 

non-specific signal. To this end, in addition to testing a range of reagent pad compositions, we also 

carefully evaluated the design of the probe sequence. While the manufacturer provides parameters 

such as length and elements for general Nfo probe function, previous research groups have further 

demonstrated that the Nfo probe nucleotide sequence and structure can have a major effect on the 

background signal of the LFA [61]. Important considerations include evaluating potential hairpin 

structures (where the probe folds onto itself) and probe self-dimer structures (where one probe 

dimerizes with another probe) that can form with a given probe sequence. Specifically, the 
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placement of the internal abasic THF residue (that is cleaved by Nfo enzyme) relative to the sites 

of potential hairpin and dimerization activity is crucial.  

We then evaluated our initial probe sequence (Probe 1) design for potential hairpin and 

dimerization structures using the OligoAnalyser 3.1 program (Integrated DNA Technologies, 

Coralville, IA). It was observed that, in one of the more likely hairpin structures, the THF residue 

was located within the hairpin region (Figure 4.6a). In this scenario, should the hairpin structure 

form, the Nfo enzyme would mistake the hairpin formation as a probe and complementary target 

sequence binding event, and cleave the C3-spacer blocking group at the location of the THF. This 

would allow polymerase to bind at the site, and amplify the remainder of the hairpin segment.  

These non-specific amplicons may become further propagated over several cycles of 

amplification, resulting in non-specific DNA segments that are dual-labeled. When the contents of 

the RPA reaction are applied to the LFA, these erroneously generated dual-labeled segments will 

become sandwiched between the anti-FAM antibodies on the GNPs and the streptavidin printed 

on the test line. This binding will generate a visible red signal at the test line that is observed as a 

false positive. 
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Figure 4.6: Potential hairpin structure of a.) Probe 1 and b.) Probe 2. The red box indicates the nucleotide base that is replaced 

with a THF residue that is cleaved by the Nfo endonuclease. 

. 

Upon this evaluation, a new probe sequence (Probe 2) was designed to both reduce the 

likelihood of hairpin structures, and to ensure that the placement of the THF residue was outside 

of potential hairpin regions (Figure 4.6b). Furthermore, the Probe 2 sequence was evaluated for 

potential self-dimer structures to ensure that the THF residue was not located in the potential self-

dimer regions (Figure 4.7). When both Probes 1 and 2 were applied to RPA reactions, Probe 1 

resulted in false positive results, while the Probe 2 yielded true results (Figure 4.8). Thus, we were 

able to demonstrate an improved probe design that helps reduce non-specific signal on the LFA. 
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Figure 4.7: Potential self-dimer structures for Probe 2. The dimerization regions are indicated by the short vertical lines between 

two complementary regions. The red box indicates the nucleotide base that is replaced with a THF residue that is cleaved by the 

Nfo endonuclease. 

 

Figure 4.8: Comparison of positive and negative tests using Probes 1 and 2. A false positive is visible using Probe 1, whereas a 

true negative was achieved using Probe 2. Note that no control line is printed on the test strips for Probe 1, as the streptavidin was 

spotted on the membrane to perform this proof-of-concept test. 

 

4.4.4 Demonstrating improved detection limit by combining ATPS with paper-based RPA 

After identifying an appropriate dehydrated reagent pad composition, we then wanted to 

determine the detection limit of the paper-based RPA-only set-up and compare it to that of the 

combined ATPS with paper-based RPA reaction. To do this, we tested both set-ups with varying 

amounts of template genomic DNA, using the optimized reaction conditions. For the RPA-only 

set-up, solutions containing genomic DNA were applied directly to the lyophilized reagent pad to 

be amplified. For the combined RPA on paper with the ATPS pre-concentration step, the genomic 

DNA solution was first applied to the mixed ATPS. Upon phase separation, the top phase 
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containing the concentrated DNA was extracted and applied to the RPA reagent pad to be 

amplified. The eluted amplicons were then detected using the LFA. 

When template genomic DNA is present during amplification, the biotin-labeled reverse 

primer and a FAM-labeled probe that is complementary to the target sequence are incorporated to 

generate dual-labeled amplicons. Upon application to the LFA, the dual-labeled amplicon will 

become sandwiched between the anti-FAM antibodies on the GNPs and the streptavidin printed 

on the test strip. This binding will generate a visible red signal at the test line. Conversely, if no 

amplicon is present, no sandwich complex will form, resulting in the absence of a test line. 

Regardless of the presence of the amplicon, the anti-FAM antibodies on the GNPs will bind to the 

control line consisting of secondary antibodies. Upon binding, a red signal will develop, indicating 

successful sample flow through the strip. Therefore, a visual readout of two red lines on the strip 

indicate a positive test, while a negative test is indicated by the appearance of one red line (the 

control line). 

The LFA results are shown in Figure 4.9. Using paper-based RPA alone, amplification and 

detection was successful at 105 copies of genomic DNA. Meanwhile, when the number of template 

DNA copies was decreased to 104, amplification was no longer successful. Comparatively, when 

the ATPS was used to preconcentrate the genomic DNA, amplification and detection was possible 

with 105 and 104 copies of genomic DNA. The negative tests both with and without ATPS did not 

have test line signal development, as expected. Thus, we were able to demonstrate a 10-fold 

improvement in detection limit by combining the ATPS DNA pre-concentration step to paper-

based RPA.  
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Figure 4.9: Comparison of LFA detection limits for paper-based RPA (top row) and for combined ATPS and paper-based RPA 

(bottom row). The detection limit for paper-based RPA was 105 initial copies of E. coli genomic DNA, while the detection limit for 

ATPS and paper-based RPA combined was 104 initial copies of E. coli genomic DNA.  

 

Our research group has also previously demonstrated that the fold-improvement in the LFA 

typically corresponds to the ATPS volume ratio that is used for the biomolecule pre-concentration 

step. For instance, the use of a 1:1 volume ratio ATPS results in a two-fold concentration of large 

hydrophilic biomolecules, since the large hydrophilic biomolecules would partition extremely to 

one phase that is half the original volume [13, 20, 21]. However, it is worth noting that, in this 

study, a 10-fold improved detection limit was achieved utilizing a 1:5 ATPS, exceeding the 

expected 6-fold improvement, since the top phase is 1/6 the original volume. A possible 

explanation for this discrepancy may be that the 6-fold concentrated DNA in the top phase of the 

ATPS sufficiently increased the number of DNA molecules such that the interactions between 

DNA and RPA reagents also increased. As the number of interactions increase, DNA amplification 

can be more easily initiated, resulting in a greater fold-improvement in the detection limit. It is 

also conceivable that performing the RPA reaction in a relatively more crowded paper matrix 
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environment can introduce an increase in excluded-volume interactions, forcing biomolecules to 

be closer in proximity with each other, thereby promoting an increase in the number of interactions 

compared to when the reaction occurs in liquid form in a test tube. 

4.5 Conclusions 

In this study, we developed a theoretical model to determine which design criteria could 

impact DNA partitioning in an ATPS. Specifically, we identified the electrostatic potential 

difference and the size of the DNA as potential factors that could influence DNA partitioning. 

Since the electrostatic potential difference can vary with the type of salt, we measured DNA 

partition coefficients in the presence of three different magnesium salts as magnesium ions are 

required for the RPA reaction. We found that the partition coefficient indeed varied with the salt 

type that was added into the ATPS, where an increase in the partition coefficient was observed to 

correspond to a decreasing ion hydration effect according to the Hofmeister series for anions. 

Additionally, as expected, the DNA partition coefficients were experimentally found to vary with 

the size of the DNA fragment. As a result of these studies, we determined that the Mg(CH3COO)2 

salt should be used to ensure greater partitioning into the micelle-poor phase. Moreover, the DNA 

fragment should be at least 100 bp in length. With these optimal design criteria, we applied a Triton 

X-114 ATPS as a genomic DNA sample pre-concentration step for the improvement of RPA. Not 

only did we successfully perform RPA on paper and design an LFA to detect the amplicons, but 

we also achieved a 10-fold improvement in the detection limit when our ATPS DNA pre-

concentration method was combined with paper-based RPA.  
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