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ABSTRACT OF THE THESIS 

 

Ionic Liquid Aqueous Two-Phase Systems  

for Diagnostic Use in Point-of-Care Settings 

 

by 

 

Matthew Foosing Yee 

Master of Science in Bioengineering 

University of California, Los Angeles, 2018 

Professor Daniel T. Kamei, Chair 

 

 The objectives of this thesis were to investigate ionic liquid aqueous two-phase systems 

(ATPSs) as a concentration method for improving the lateral-flow immunoassay (LFA) detection 

of antigens, and demonstrate potential advantages of these ATPSs over conventional polymer-

salt and micellar ATPSs used in the past. ATPSs have been widely utilized for liquid-liquid 

extraction and purification of biomolecules, with some studies also demonstrating their capacity 

as a biomarker concentration technique for use in diagnostic settings. As the limited polarity 

range of conventional ATPSs can restrict their use, ionic liquid (IL)-based ATPSs have been 

recently proposed as a promising alternative to polymer- and micellar-based ATPSs, since ILs 

are regarded as tunable solvents with excellent solvation capabilities for a variety of natural 

compounds and proteins. This study demonstrates the first application of IL ATPSs to point-of-

care diagnostics. ATPSs consisting of 1-butyl-3-methylimidazolium tetrafluoroborate 
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([Bmim][BF4]) and sodium phosphate salt were utilized to quickly concentrate biomarkers prior 

to detection using the LFA. We found the phase separation speed of the IL ATPS to be very 

rapid and a significant improvement upon the separation speed of both polymer-salt and micellar 

ATPSs. This system was successfully applied to both sandwich and competitive LFA formats 

and enhanced the detection of both Escherichia coli bacteria and the transferrin protein up to 8-

fold and 20-fold, respectively. This system’s compatibility with a broad range of biomolecules, 

rapid phase separation speed, and tunability suggest wide applicability for a large range of 

different antigens and biomarkers. 
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Chapter 1: Motivation and Background 
	
	

1.1  Introduction 

Infectious disease continues to be a leading cause of death worldwide, particularly 

prevalent in resource-poor settings. These diseases, encompassing a wide range of various 

pathogens, can greatly reduce quality of life and even lead to death. Furthermore, treatment of 

these illnesses places a large economic burden on both the individual and country. Contributing 

to both loss of life and economic strain, infectious diseases comprise a large burden on resource-

poor settings globally.  

1.1.1  Prevalence of infectious diseases in resource-poor settings 

While mortality due to infectious disease has fallen significantly over the past 20 years, 

infectious disease still constitutes the majority of deaths in low-income countries (1). 

Furthermore, the bulk of these deaths, and the majority of illnesses, are caused by just a few 

pathogens; roughly 20 species caused two-thirds of infection-related deaths in 2010 (2). While 

the number of major infectious diseases is relatively small, these diseases still encompass a large 

range of different pathogens, and therefore different biomarkers, to detect. Acquired 

immunodeficiency syndrome (AIDS) is caused by the human immunodeficiency virus (HIV), 

which afflicted approximately 36.7 million people worldwide at the end of 2016 (3). Malaria is 

caused by the Plasmodium parasite, infecting more than 212 million new people in 2015 alone 

(4). Tuberculosis is a respiratory disease caused by the bacterium Mycobacterium tuberculosis 

and infected over 10 million people in 2016 (5). This variety of disease-inducing pathogens 

requires either 1) a robust diagnostic system to detect for variations of a single biomarker type 
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(i.e., proteins, nucleic acids) across all pathogens, or 2) many diagnostic systems to individually 

target detection of specific pathogens. As the latter is logistically formidable, most current gold-

standard diagnostics focus on the first. 

Current gold-standard diagnostic tests are primarily laboratory based. Cell culture 

remains a popular method of detecting for bacterial infections, able to detect at low pathogen 

concentrations and also give information on bacteria morphology and species. It is commonly 

used as a standard test for screening of Chlamydia trachomatis (6). While highly sensitive, these 

tests take a long time to yield results, one study indicating a median time of 14 days between 

testing and the beginning of therapy, the length of which can reduce the number of patients 

returning for treatment (6). Meanwhile, nucleic acid amplification tests have also been utilized to 

detect for pathogens, specifically for genetic material belonging to viral or bacterial agents. They 

are advantageous as they are pathogen-specific down to the nucleotide level, since genetic 

sequence is unique to each species, and can detect rapidly at low pathogen concentrations. This 

high specificity has been utilized to screen for tuberculosis in patients as well as differentiate 

between infection and environmental bacterial contamination of cell culture tests (7). One final 

commonly used diagnostic test is the enzyme-linked immunosorbent assay (ELISA), which 

detects for disease-related biomarkers utilizing antibodies specific to the target of interest, 

followed by signal enhancement. It is a faster technique than cell culture, producing results in 

hours rather than days, and also more robust, being able to detect for biomarkers corresponding 

to toxins, parasites and viruses, not being limited to detection of bacteria. ELISA coupled with 

microscopy has been used to detect for malaria, displaying similar sensitivities and specificities 

to PCR, while being less expensive and faster than cell culture (8). 
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While all these tests are highly specific and sensitive, they are often difficult to access or 

are underutilized in resource-poor settings. This limited access is due to several factors. All 

require trained laboratory personnel, and often require expensive and bulky equipment, such as 

thermocyclers and incubators, and even lab space to perform. These resources are often 

unavailable in the peripheral health centers that serve the majority of the population, due to poor 

infrastructure and limited assets (9). Resource-poor areas also often lack proper infrastructure to 

ensure proper quality control of available diagnostics, further limiting the proficiency and 

accuracy of these tests (10). Even areas that can produce reliable results generally see low patient 

return for treatment due to the time needed to transport and perform tests at central laboratories, 

as well as stigma surrounding illnesses like sexually transmitted diseases (11). In response to 

these concerns, the development of point-of-care diagnostics that can detect for illnesses at high 

sensitivity and specificity has gained much focus, with the World Health Organization 

establishing characteristics of an ideal diagnostic test as the ASSURED criteria (Table 1.1). One 

such device that satisfies most of these criteria is the lateral-flow immunoassay. 

 

Table 1.1. World Health Organization’s ASSURED criteria for ideal point-of-care diagnostics. 

A – Affordable 
S – Sensitive 
S – Specific 
U – User-friendly (easy to perform without training) 
R – Rapid and robust (under 30 minutes) 
E – Equipment-free 
D – Deliverable to end users 
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1.2  The lateral-flow immunoassay (LFA) 

The lateral-flow immunoassay (LFA) is a portable, paper-based diagnostic device that is 

ideal for point-of-care settings, as it meets many criteria set forth by the World Health 

Organization’s ASSURED criteria. It has been widely utilized as a pregnancy test, for which it 

has been very successful. The LFA usually consists of a sample pad, a detection zone, and an 

absorbent pad, often comprised of different paper materials. These materials can be adjusted 

based on the necessary application. Cellulose or fiberglass materials are often used for the 

sample pad. This sample pad can be pretreated with blocking agents in order to promote flow 

through the LFA strip as well as reduce any nonspecific interactions between sample 

components and the paper material. The sample pad can also be used as a filter in order to 

remove large contaminants in the sample. Following flow through the sample pad, the next 

component is the detection zone, which is typically made of nitrocellulose paper, to allow for 

immobilization of the detection components. This region can also be pretreated with blocking 

agents for similar reasons to the sample pad. Finally, high-density cellulose paper is generally 

used as the absorbent pad material at the end of the strip to wick excess solution and act as a sink 

for fluid flow. 

An LFA test consists of applying the sample solution to the sample pad, usually by 

dipping the LFA strip into the solution. As the device is paper-based, the solution will wick up 

the strip due to capillary flow. The solution will often contain a colorimetric probe, usually 

colloidal gold that is conjugated with antibodies specific to the target of interest. Before the strip 

is added, or during travel up the strip, these probes will interact with the target of interest, and 

these complexes will in turn interact with the detection zone, visually indicating a positive or 

negative result. The solution is drawn fully over the detection zone by the absorbent pad, which 
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collects sample that has passed the detection zone and provides capillary pressure to continue 

flow up the strip from the sample pad. 

There are two formats for the LFA: competitive and sandwich. While both utilize the 

same core technology, they serve different applications. The sandwich assay is primarily utilized 

for larger biomarkers, which consist of multiple binding sites for antibodies. Meanwhile, the 

competitive assay is typically used for small biomarkers like proteins, which may not contain the 

many antigen binding spots required for the sandwich assay, and therefore would be difficult to 

capture between two antibodies. 

1.2.1  Competitive assay 

A competitive format LFA has two lines of protein printed on the detection zone. The 

bottom line, closest to the sample pad, constitutes the test line, and contains the immobilized 

biomarker of interest. If the sample contains enough of the target biomarker, the biomarker will 

saturate all binding spots on the antibodies immobilized to the gold probes. These  

saturated complexes then will have no free binding spots to interact with the immobilized 

biomarker on the detection zone, and the probes will bypass the test line without binding to it. If 

the sample does not contain enough of the target biomarker to saturate the binding spots, the 

probes will bind to the immobilized biomarker, leading to the formation of a colored line. The 

second line, called the control line, consists of secondary antibodies that will bind to the primary 

antibody on the gold probes. Therefore, regardless if there is the target biomarker in the sample 

solution, the gold probe will be able to bind to the control line, leading to the formation of visual 

band. This control line validates the test by demonstrating that the fluid was able to flow up the 

strip. Therefore, the formation of two lines indicates a negative test, and the formation of one 

line indicates a positive test (Figure 1.1). 
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Figure 1.1. Schematic of negative and positive results for the competitive LFA format. 
	

1.2.2  Sandwich assay 

The other type of LFA is the sandwich format LFA. In this format, the control line still 

contains immobilized secondary antibodies that will bind to the primary antibody immobilized 

on the probe. The formation of a visual band at the control line would therefore still indicate a 

valid test. However, the test line contains immobilized primary antibodies specific to the target 

biomarker. If there is biomarker within the sample solution, it will interact with the antibodies on 

the probes, forming target-antibody-probe complexes. These complexes will pass over the test 

line, where the immobilized primary antibody will bind to the target, immobilizing the complex. 

Thus, the formation of a visual line at the test line would indicate the presence of the target 

biomarker. Conversely, if there is no target biomarker in solution, the non-complexed probe will 

be unable to interact with the test line, and no line will develop. Considering this mechanism, the 

presence of two bands would indicate a positive result in this format, while the presence of only 
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one band would indicate a negative result (Figure 1.2). Through the use of both competitive and 

sandwich format assays, a wide variety of different molecules can be detected using the LFA. 

	
Figure 1.2. Schematic of negative and positive results for the sandwich LFA format. 

 

1.3  Aqueous two-phase systems (ATPSs) 

While the LFA is generally ideal for use in point-of-care settings, it does suffer from a 

lack of sensitivity compared to laboratory-based tests. In order to make the LFA a more viable 

test for broad use in diagnostics, the sensitivity of the test needs to be enhanced. Generally, there 

are two methods of doing this. The first is improving the core technology itself, in this case the 

LFA, which can be technically challenging. The second is to concentrate the biomarker prior to 

detection, improving the sensitivity without requiring change to the LFA itself. 
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The aqueous two-phase system (ATPS) is a solution for this second method. ATPSs are 

liquid-liquid extraction systems that consist of two immiscible phases. They are similar to oil-

water systems in this way; however, they are beneficial for use with biological molecules as they 

provide a mild environment for these molecules, which can be damaged or denatured in oil-

based systems. Furthermore, they allow for the extreme partitioning of biomolecules to one of 

the two phases, due to excluded-volume, hydrophobic, and electrostatic interactions that the 

biomolecules experience with the components of each phase. For these reasons, ATPSs can be 

used to enhance the sensitivity of the LFA by concentrating biomarkers in a sample prior to 

application to the LFA. 

The ATPS is also well-suited for use in point-of-care settings as it is lightweight, scalable 

(so as to minimize sample volume) (12), easy-to-use, and does not require power or equipment to 

use. Two common types of ATPSs used for diagnostic enhancement are polymer-salt ATPSs and 

micellar ATPSs. One example of a polymer-salt ATPS is the polyethylene glycol (PEG)-

potassium phosphate (salt) system. This PEG-salt ATPS undergoes phase separation at a critical 

concentration of salt. Initially, PEG molecules introduced to an aqueous solution participate in 

hydrogen bonding with neighboring water molecules, which form hydration shells around the 

PEG molecules. These shells prevent PEG molecules from closely approaching each other. The 

addition of salt to a certain concentration disrupts the directionality of these hydrogen bonds, 

pulling the water molecules away from the PEG molecules. This disrupts the hydration shell, 

allowing PEG molecules to approach each other more closely and interact through favorable van 

der Waals interactions. The combination of the PEG-water interactions becoming less favorable 

and the PEG-PEG interactions becoming more favorable leads to the formation of microscopic 

PEG-rich domains and salt-rich domains. Due to the density difference between the domains and 
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also to reduce the total interfacial energy of the system, the PEG and salt domains will eventually 

coalesce and macroscopically phase separate into a top PEG-rich phase and a bottom salt-rich 

phase. Micellar systems separate in a similar manner, responding primarily to a raise in 

temperature. For example, at a critical temperature, the surfactant Triton X-114 will phase 

separate into a bottom micelle-rich phase and a top micelle-poor phase.  

1.3.1  Applications for ATPSs in diagnostics 

Partitioning of target hydrophilic biomolecules in micellar and polymer-salt systems 

primarily relies on excluded-volume interactions. When large, bulky biomarkers are added to a 

polymer-salt ATPS, they will experience greater steric interactions with the more abundant 

polymers in the polymer-rich phase than in the salt-rich phase. Thus, they will partition 

extremely into the salt-rich bottom phase. Similarly, when large biomolecules are added to 

micellar systems, they will experience greater steric interactions with the more abundant and 

larger micelles in the bottom micelle-rich phase than in the top phase and thus partition 

extremely into the top phase. 

Our group has previously demonstrated the use of these systems to concentrate 

biomarkers prior to detection with the LFA. Specifically, polymer-salt and micellar systems have 

been used to enhance sensitivity 10-fold in detecting biomarkers related to parasites (13) and 

viruses (14). In a similar manner, polymer-salt ATPSs were also demonstrated to improve 

sensitivity and decrease time-to-detection of a paper-based spot immunoassay (15). Furthermore, 

the degree of concentration of these biomarkers can be finely tuned by controlling the ratio of the 

volume of the top phase to the volume of the bottom phase, which is known as the volume ratio. 

More extreme volume ratios would lead to greater concentrations in the target; however, this 

would occur at the expense of phase separation speed. As the volume ratio of the ATPS becomes 
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more extreme, it becomes more difficult for microscopic domains of the smaller phase to find 

each other, and thus time to phase separation is increased. This becomes very apparent in the use 

of micellar systems, which can take 12 hours to phase separate for 1:9 volume ratio ATPSs, due 

to the high viscosity of the components and low interfacial tension between the phases (13). 

To address this issue, our group has previously demonstrated the use of 3-D paper 

architecture to enhance phase separation speed. This is based on the phenomenon that the rate of 

macroscopic phase separation of micellar and polymer-salt ATPSs is increased when applied to 

porous media (13, 16). This enhanced speed is believed to occur due to a combination of 

viscosity differences and interactions with the porous media; as the polymer-rich and micellar-

rich phases are more viscous than their counterpart phases, they travel through the media more 

slowly, while the other phase travels more quickly, facilitating phase separation. This 3-D paper 

architecture was utilized to improve phase separation time of a polymer-salt ATPS from 1 hour 

to 6 minutes and the separation time of a micellar ATPS from 8 hours in a tube to 3 minutes on 

paper. While these results indicate drastic improvements in phase separation speed, it is 

important to note that this technique does require modification to the existing LFA structure. Due 

to this, more modifications will be necessary to use ATPSs with more extreme volume ratios that 

would yield the greatest degree of concentration. 

Furthermore, in these studies, large biomolecules were specifically utilized so excluded-

volume interactions could be used to partition the biomarkers. For the protein biomarkers, which 

were smaller and did not experience strong steric interactions with the polymers or micelles, 

probes were utilized to capture the biomarker. The larger size of the probes then allowed for 

partitioning of the probe-target complex and subsequent concentration of biomarker, leading to 

improvements in the detection of the protein (17). However, there remain limited options to 
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concentrate hydrophilic protein biomarkers themselves within conventional micellar and 

polymer-salt ATPSs. This is due to the limited range in polarity between the two phases, which 

limits the effect of electrostatics in partitioning behavior. Therefore, despite the effectiveness of 

the ATPS in enhancing the sensitivity of LFAs, there are still areas to improve, specifically 

regarding phase separation speed and partitioning behavior. One way to achieve this 

improvement is through the use of ionic liquids.  

 

1.4  Ionic liquids (ILs)  

Ionic liquids (ILs) are salts that are molten at low temperatures due to their low charge 

density, and thus are solvents consisting entirely of ions. They were first discovered in 1914 (18) 

and have been investigated as alternatives to traditional organic solvents, which are generally 

toxic, flammable, and volatile. While initial ionic liquids were primarily investigated for 

applications in extractions and separations, second-generation room temperature ILs were soon 

developed, these air- and water-stable ILs offering applications beyond just extraction processes 

(19). Other uses for them include roles as catalysts, reagents, and even electrolytes for use in 

batteries, displaying a wide range of applications due to their unique nature (20). Furthermore, 

they are relatively inexpensive to produce and easy to modify, the R group of the cation being 

readily variable, and the identity of the anion easily adjusted (21). This potential for modularity 

presents these liquids as designer solvents, whose properties can be fine tuned to solvate a 

variety of different compounds and molecules, including organic, inorganic, and organometallic 

compounds. ILs have also been reported to display miscibility with both water and organic 

solvents, including benzene and toluene (22). 
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Room temperature hydrophilic ILs are particularly promising for protein extraction, as 

they can be used at low temperatures and are easily recycled. Many of these ILs display 

thermosensitive behavior and separate themselves from co-solvents and other materials at higher 

temperatures, allowing for reuse of the IL solvent (23) A popular example is the 

methylimidazolium-based ILs. These are prepared through the alkylation of methlimidazole with 

an akyl halide, the alkyl halide constituting the variable R group of the IL cation (24). Alkylation 

is followed by halogen exchange if the anion species is a halogen, or with addition of salt if the 

anion species is not a halogen. The identity of the halogen or salt thus dictates the anion species. 

As seen from this process, IL preparation can be varied readily, with both the cation and anion 

exhibiting modular behavior. Additionally, while imidazolium-based ILs are the most 

characterized IL for protein partitioning, other ILs have been investigated for use in protein 

isolation, including cholinium-based ILs, ammonium-based ILs, phosphonium-based ILs, and 

Good’s Buffer ILs. These ILs demonstrate varying characteristics for use in different settings, 

such as different protein interactions that promote improved partitioning, buffer capabilities that 

prevent the need for additional buffers, and different phase separation behavior, i.e., phase 

separating with the use of different salts, polymers, or carbohydrates. 

There are six principle techniques reported in the literature for IL-assisted protein 

separation (25). The first involves the use of hydrophobic ILs in liquid-liquid extraction, which is 

more widely used for non-biological compounds. There have been several reported uses of 

protein extraction from aqueous solutions to an IL phase due to enhanced solubility of specific 

proteins in the IL (26, 27). However, compared to hydrophilic ILs, hydrophobic ILs are less 

biodegradable, more expensive, and more toxic, which limits the number of hydrophobic ILs that 

can be used. Additionally, the partitioning of these proteins is extremely dependent on favorable 
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hydrophobic interactions with hydrophobic IL, limiting the number of proteins that can be 

extracted. The second technique, three-phase partitioning, focuses on the concentration of 

proteins to an interface to achieve greater fold improvements in protein concentration. However, 

the number of IL-based systems that can promote the formation of this third phase is limited, and 

there has been little industrial interest in this (28-30). A third technique consists of 

microemulsions using ILs, which have been demonstrated to achieve extraction of proteins 

similar to liquid-liquid extraction with hydrophobic ILs, but with improved selectivity (31, 32). 

In a fourth technique, ILs have also been proposed to be used for protein extraction from solid 

phases, such as algae (33) and yeast cells (34); however, few studies have been performed fully 

exploring this concept. In a different way, ILs were also used to modify adsorbent materials to 

achieve more efficient solid-phase extraction. In this fifth technique, IL moieties were 

immobilized to different polymers (35, 36), the new chemical characteristics of which allowed 

for greater adsorption of specific proteins to the polymers. This phenomenon was highly 

dependent on pH and ionic strength of the solution, indicating the role of electrostatics in 

separation regarding ILs. The last and most robust technique reported was the use of IL-based 

ATPSs.  

1.4.1  Application of ILs to ATPS 

The first reported use of an IL in an ATPS was by Rogers and coworkers in 2003 (37). 

By mixing imidazolium-based ILs with kosmotropic salts, two aqueous phases were reported to 

form. Being primarily aqueous-based, these IL ATPSs have been recognized as efficient protein 

extraction alternatives compared to other IL-based separation processes. In addition to traditional 

ATPS advantages such as mild operating environment and biocompatibility, which is shared 

with polymer-salt and micellar systems, these IL ATPS also offer two distinct advantages in fast 
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macroscopic phase separation equilibrium time as well as increased partitioning contributions 

from electrostatic interactions (38). 

As opposed to the phase separation mechanism of polymer-salt and micellar systems, in 

which the combination of reduced hydrogen bonding with water and increased van der Waals 

interactions between polymers or between micelles promotes the formation of different domains, 

phase separation of IL systems is primarily due to a salting-out effect of the salt component on 

ILs (37). Compared to conventional salts, ILs exhibit a lower charge density, due to their large 

size versus charge, and thus do not interact as strongly with water molecules compared to salt 

molecules. When these higher charge density salts are added to a solution of IL and water, the 

salts are preferentially solvated and hydrated by the water molecules, which reduces the 

solubility of IL in the water (39). This excludes the IL to an IL-rich phase, which exists adjacent 

to the salt-rich phase. Domains will coalesce for similar reasons to conventional ATPSs to form 

two macroscopic bulk phases. 

While the most common IL ATPSs are composed of IL and salt, several alternatives have 

been utilized, with their own advantages and disadvantages. IL and carbohydrate systems have 

been investigated, with the carbohydrate used as the salting-out agent instead of salt (40). While 

the use of carbohydrates limits the amount of ionic exchange between phases, which increases 

the capacity to reuse ILs, there are significantly less carbohydrates available to induce phase 

separation, as they are a weaker salting-out agent (41). Systems composed of IL and polymer 

have also been considered for the partitioning of enzymatic proteins, with the polymer serving as 

the primary phase-forming component and the IL acting as a promoter for separation (42). These 

systems allow for more precise control over the phases’ polarities compared to polymer-salt 
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systems, yet are still less tunable than IL-salt systems. However, these systems allow for lower 

IL concentrations than IL-salt ATPSs, which improves their biocompatibility. 

The degree of IL salting-out, which is controlled by the specific species of salts and ILs 

used, can dictate the polarity of each phase. Thus, through tunable hydrophobic/electrostatic 

interactions with the protein surface chemistry, proteins that normally wouldn’t be concentrated 

through excluded-volume interactions can be partitioned extremely via these IL ATPSs (43). 

Unlike separation in polymer-salt and micellar systems, in which steric interactions dominate 

partitioning, there are multiple factors that dictate partitioning in IL ATPSs. 

One factor is protein salting-out. Specifically when referring to IL-salt ATPSs, 

kosmotropic salts in the ATPS will interact with water molecules more than ILs will, due to the 

disparity in charge density. These kosmotropic salts will then structure water molecules around 

them, forcing them into ‘cage-like’ configurations. As the salt-rich phase consists of a high 

concentration of these salts, the water molecules present in this phase will be less able to interact 

with proteins introduced into the system. Therefore, there will be less solvent in the salt-rich 

phase, promoting protein partitioning to the IL-rich phase, in which these proteins will be more 

soluble (44). Another factor that drives protein partitioning is hydrophobic interactions between 

the protein of interest and the cation species of the IL. For instance, it was found that 

imidazolium-based ILs are very useful for partitioning of bovine serum albumin, lysozyme, and 

hemoglobin, as the aromatic π system of these ILs favorably interacts with the hydrophobic 

residues on these proteins, promoting partitioning to the IL-rich phase (45). Additionally, these 

proteins can be more precisely concentrated by adjusting the system pH to closely match the pI 

of the protein. It was demonstrated that the closer the pH of the system is to the pI of the protein, 

the more significant the hydrophobic interactions and thus the easier to partition these proteins 
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(45). Finally, electrostatic interactions are also thought to play a large role in partitioning. One 

example is through the use of Ammoeng ILs, which are acyclic ammonium-based ILs. As 

opposed to imidazolium-based ILs, in which hydrophobic interactions with proteins are 

described to have a much larger factor in partitioning, protein partitioning in Ammoeng-salt 

ATPSs is primarily controlled by electrostatic interactions between negatively charged protein 

residues and the cation of the IL (46). From these studies, the primary factors that govern 

partitioning in IL ATPSs are hydrophobic interactions between proteins and ILs, electrostatic 

interactions between proteins and ILs, and the salting-out effect. The prevalence of each 

interaction depends on the protein of interest and the specific ATPS components used. 

Through these factors, ATPSs have been demonstrated in several studies to achieve high 

levels of protein extraction, while also retaining protein function regarding the purification of 

enzymes and other functional proteins. Most work in demonstrating the isolation of enzymes are 

focused on lipase enzymes, as lipases are highly relevant for use in industry, having roles in 

petrochemical, pharmaceutical, food, paper, and waste management industries. Lipase from 

Thermomyces lanuginosus was demonstrated to be extracted from aqueous solutions, while 

maintaining its native structure and function, using an appropriate imidazolium-based IL (47). 

While these authors initially performed extraction of purified enzyme, extraction from complex 

media such as fermentation broth was also demonstrated to be successful using IL ATPSs (48). It 

was found that optimized IL ATPSs were more efficient than conventional polymer ATPSs for 

extraction, yielding higher purification factors and enzyme recoveries. While lipases are the most 

well-studied enzyme, isolation of different enzymes, including papain, horseradish peroxidase, 

wheat esterase, and superoxide dismutase have also been demonstrated (25), suggesting these IL-

based systems can be widely applicable for the partitioning of proteins. Furthermore, as protein 
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structure can be maintained in these systems, IL ATPSs have great potential to be used 

effectively in immunoassays. 

With ILs generally considered as alternatives to organic solvents for use in industrial 

separations, there have been few studies investigating their use in enhancing diagnostics. Most 

applications for ILs in diagnostics involve the use of electrochemical sensors that respond to a 

change in chemical environment or other bioelectronics that utilize ILs primarily as a material to 

perform detection on (49). Despite the low number of studies, it has been reported that antibodies 

can retain their function within IL solutions. This was demonstrated through the performance of 

a fluorescence quenching immunoassay between IgG antibodies and a fluorescein-like protein 

(50). Binding between this antibody and protein pair was retained for high IL concentration in 

phosphate buffer. Furthermore, immobilized antibodies were shown to also retain affinity for the 

target when exposed to pure IL as a solvent, with minimal loss in activity. 

 In Chapter 2, application of the IL ATPS for the enhancement of the LFA was 

demonstrated. Despite the high concentration of IL in the ATPS, gold nanoprobes and dextran-

coated gold nanoprobes were both found to be stable in the system and demonstrate suitable 

binding capabilities for use in LFA. The IL ATPS was found to phase separate very quickly; 

complete phase separation was achieved in less than 1 minute for the 1:1 volume ratio ATPS and 

in less than 5 minutes for the 1:9 volume ratio ATPS. This exhibits similar phase separation 

times to phase separation on paper using polymer-salt and micellar systems, without 

necessitating the use of 3-D paper architecture. Furthermore, the IL ATPS was compatible with 

both competitive and sandwich format assays, demonstrating improvements in sensitivity over 

LFA tests alone. The IL ATPS also produced greater enhancements in competitive assay 

detection limits than seen in polymer-salt ATPSs, due to a screening effect that was beneficial 
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for competitive assay tests. This study is the first use of IL ATPS for enhancing diagnostics and 

can be used as a basis for future studies investigating the use of IL ATPS for precise protein 

partitioning in point-of-care diagnostics. 
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Chapter 2: Use of Ionic Liquid Aqueous Two-Phase Systems for the 
Enhanced Paper-Based Detection of Transferrin and Escherichia 
Coli 
 

2.1  Introduction 

 While global health has improved over the last few decades, health pandemics in 

resource-poor settings remain a large problem (51-53). These health issues include chronic 

health conditions, such as diabetes (54) and infectious diseases, such as tuberculosis (5). In 

countries like the U.S, many of these illnesses are readily treatable, especially when diagnosed 

early; however, in resource-poor settings, patients lack easy access to standard laboratory-based 

tests such as the enzyme-linked immunosorbent assay (ELISA), nucleic acid amplification tests, 

and serology tests (55). With issues such as poor infrastructure and limited funding already 

leading to underutilization of central laboratories in these resource-poor settings (55) (56), there 

is a growing interest in developing point-of-care techniques to diagnose a variety of diseases. 

Devices, such as miniaturized bioelectronics and microfluidic tests like the lateral-flow 

immunoassay (LFA), have received much attention over recent years due to their ease-of-use, 

portability, and limited need for power (57). However, in comparison to the gold standard 

laboratory-based tests, these devices are still restricted by their limited sensitivity, indicating an 

increasing need for enhanced detection capabilities at the point-of-care.  

 One technique for enhancing point-of-care detection is the aqueous two-phase system 

(ATPS), a liquid-liquid extraction system that has previously been demonstrated to concentrate 

biological markers (58). ATPSs consist of two immiscible phases, similar to oil-water systems; 

however, both phases of an ATPS are aqueous-based. Molecules introduced into an ATPS can 
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experience extreme partitioning between the two phases based on the excluded-volume, 

hydrophobic, and electrostatic interactions they experience with the components of each of the 

two phases. Furthermore, ATPSs are much more biocompatible than conventional oil-water 

systems, and have been widely utilized for the purification of proteins and nucleic acids (58). 

While the ATPS has been traditionally used in large-scale, industrial bioseparations, it also lends 

itself well for applications in point-of-care settings, as it is easy-to-use, can be rapid, and is 

scalable (to minimize sample volume) (12). In addition, ATPSs do not require laboratory 

equipment and are low in cost compared to more conventional laboratory tests such as the 

ELISA and nucleic acid amplification.  

 For these reasons, our research group has recently demonstrated the use of the ATPS as a 

pre-concentration tool to improve the sensitivity of portable paper-based diagnostic tools such as 

the LFA. Through the use of conventional polymer-salt and micellar systems, ATPSs combined 

with existing detection technologies have been shown to enhance sensitivity in detecting various 

biomarkers, including ten-fold improvements in LFA detection of parasitic biomarkers (13) and 

viruses (14). In a similar manner, the ATPS was also shown to improve sensitivity and decrease 

time-to-detection of a paper-based spot immunoassay (15). However, despite the efficacy of 

these systems, the limited polarity range of these ATPSs can restrict their use (38), particularly 

regarding the partitioning of small hydrophilic proteins. As micellar and polymer ATPSs 

predominantly rely on excluded-volume interactions to partition hydrophilic biomolecules to a 

particular phase, smaller hydrophilic biomarkers such as proteins can be difficult to partition 

extremely. One approach to improve upon this issue is to fine-tune the polarity of the ATPS 

components and introduce electrostatic effects as a more significant factor in partitioning.  
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 One potential solution is through the use of ionic liquids (ILs), which are salts that are 

molten at low temperatures. ILs have been investigated as alternatives to traditional, volatile 

organic solvents as they exhibit non-flammability and negligible volatility (38) due to their ionic 

nature. In addition, they are particularly promising for use in an ATPS as they are highly tunable 

and have excellent solvation capabilities (23) for a variety of natural compounds and proteins. 

This has led to their use in various extraction and separation processes (23, 59, 60) including 

ATPSs. These systems were found to phase separate with the mixture of kosmotropic salts and 

imidazolium-based ILs (37). Since then, different classes of ILs have been discovered, 

developed, and utilized in the formation of ATPSs (39, 61); this variety in ILs, combined with an 

even greater variety in salts, could potentially allow researchers to precisely concentrate smaller 

biomolecules that would otherwise be difficult to partition extremely into one phase through 

excluded-volume interactions alone. 

 In this study, IL ATPSs consisting of 1-butyl-3-methylimidazolium tetrafluoroborate 

([Bmim][BF4]) and sodium phosphate salt were utilized to demonstrate the compatibility of the 

IL ATPS with LFA and the ability of this technique to improve the sensitivity of LFA tests. This 

enhancement was applied to the model protein transferrin, using the competitive LFA format, 

and the model pathogen Escherichia coli O157:H7, using the sandwich LFA format. To our 

knowledge, this is the first application of an IL ATPS for the enhancement of point-of-care 

diagnostics. The IL ATPS demonstrated very fast phase separation and was found to be directly 

compatible with LFA, requiring no additional modification to existing LFA structure; by 

utilizing these benefits and also a significant enhancement effect, our system addresses 

limitations faced by existing paper-based portable diagnostics regarding the concentration of 

small biomarkers. 
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Figure 2.1. Schematic of an IL ATPS when used for diagnostics. Following separation, the 
top phase is applied to both competitive format LFAs for detection of transferrin and 
sandwich format LFAs for the detection of E. coli. 
 

2.2  Materials and Methods 

2.2.1  Preparation of bacterial cell cultures 

 Escherichia coli O157:H7 bacteria (E. coli) (ATCC® 700728™) were grown and 

cultured according to manufacturer protocol (ATCC, Manassas, VA) and plated onto Difco 

Nutrient Agar (Becton, Dickinson and Company, Sparks, MD) plates. Plated cells were 

subsequently incubated at 37°C aerobically overnight. The incubated plates were then sealed 



	
	
23	

with Parafilm and stored at 4°C until use. To prepare bacterial suspensions for use in ATPS and 

LFA tests, single colonies were picked from the agar plate and cultured in 5 mL of Difco 

Nutrient Broth (Becton, Dickinson and Company, Sparks, MD). The cell suspension was then 

incubated in a shaker-incubator at 37°C and 200 rpm for 16 hours. After use in LFA tests, the 

concentrations of bacteria in the suspensions were determined through plating of bacteria 

following serial dilutions. These bacteria were then incubated at 37°C aerobically overnight, 

after which the colonies were counted in order to quantify the bacterial concentrations used in 

the tests. 

2.2.2  Preparation and visualization of IL ATPSs 

Compositions of IL and salt necessary to achieve the desired equilibrium volume ratios, 

i.e., the volume of the top phase divided by the volume of the bottom phase, were determined by 

varying the initial concentrations of both [Bmim][BF4] (Sigma-Aldritch, St. Louis, MO) and 

sodium phosphate (2:1 dibasic:monobasic) in solutions of Dulbecco’s phosphate-buffered saline 

(PBS; Invitrogen, Grand Island, NY, pH 7.4). Conditions for 1:1 and 1:9 volume ratio ATPSs 

were found to be 35% [Bmim][BF4] and 3% salt, and 65% [Bmim][BF4] and 0.5% salt, 

respectively. Additionally, 0.01% Triton X-100 surfactant (Sigma-Aldritch, St. Louis, MO) was 

added to the 1:9 IL ATPS to facilitate phase formation. These conditions were used for all of the 

following experiments.  

For visualization of phase formation in the IL ATPSs, 44 µL or 8.8 µL of bovine serum 

albumin-coated dextran-coated gold nanoparticles were added to 1.5 g 1:1 volume ratio or 1:9 

volume ratio ATPSs, respectively. These ATPSs were well-mixed to ensure a homogenous 

mixture. The ATPSs were then incubated at room temperature. Time-to-equilibrium was 
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established when the visible domains arrived at their respective macroscopic phases, and the 

location of the interface remained stable.  

2.2.3  Detection of transferrin (Tf) 

2.2.3.1  Preparation of dextran-coated gold nanoprobes (DGNPs) 

Purple colored dextran-coated gold nanoparticles (DGNs) were synthesized according to 

Min and coworkers with slight modifications (62, 63).  Briefly, 0.75 g of dextran (Mw 15000-

25000) were dissolved in 9.9 mL of filtered UltraPure sterile water (Rockland Immunochemicals 

Inc., Gilbertsville PA). The solution was stirred and heated to a boil, after which 135 µL of 1% 

w/v gold (III) chloride hydrate were added. The color of the reaction mixture became dark 

purple, and the solution was stirred and boiled for 20 more minutes. The particles were stored at 

4°C until use. 

The dextran-coated gold nanoprobes (DGNPs) were prepared as follows. A 1 mL aliquot 

of dextran-coated gold nanoparticles was adjusted to pH 9.0 using 0.5 M NaOH. Subsequently, 4 

µg of anti-transferrin (anti-Tf) antibodies were added to the solution. The mixture was placed on 

a shaker for 30 min to facilitate the formation of dative bonds between the antibodies and the 

dextran-coated gold nanoparticles. Free antibodies were removed by centrifugation. The pellet 

was resuspended in 100 µL of 0.1 M of sodium borate buffer at pH 9.0.  

2.2.3.2  Preparation of competitive LFA strips 

LFA test strips utilizing the competitive assay format were assembled in a similar manner 

to our previous studies (17). In this format, immobilized Tf constitutes the test line and 

immobilized secondary antibodies specific to the primary anti-Tf antibody constitute the control 

line. If enough Tf is present to saturate the antibodies immobilized to the DGNPs in a sample, 
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the Tf-DGNP complexes flowing through the LFA strip will not bind to the immobilized Tf on 

the test line. This results in the absence of a visible purple band at the test line region. If Tf is not 

present, unbound antibodies on the DGNPs will bind to the immobilized Tf, and a visual band 

will form at the test line. In either case, the antibodies on the DGNPs will bind the secondary 

antibodies immobilized at the control line and form a visible line, indicating successful sample 

flow through the strip. Therefore, a positive result is indicated by only one purple band at the 

control line, while a negative result is indicated by two purple bands at both the test line and 

control line (Figure 2.1). 

2.2.3.3  Detection of Tf with LFA only 

To verify the detection limit of Tf with LFA only tests, anti-Tf DGNPs were added to a 

sample solution in a test tube and allowed to bind to Tf present in the sample to form Tf-DGNP 

complexes. Tests consisted of 50 µL sample solution, which was composed of 3 µL of anti-

transferrin DGNPs and 47 µL of a known amount of Tf dissolved in PBS, or only PBS for the 

negative control. The solution was incubated for 10 min at room temperature to allow the 

DGNPs to capture the Tf in solution. The LFA test strip was then inserted vertically into the 

sample solution, which wicked through the strip via capillary action towards the absorbent pad. 

Images of the test strips were taken immediately after 20 min with a Nikon D3400 camera in a 

controlled lighting environment. Triplicates of each test were obtained and analyzed with a 

custom MATLAB program. 

2.2.3.4  Detection of Tf with the IL ATPS/LFA setup  

For detection of Tf with the 1:1 volume ratio ATPS, 120 mg of a well-mixed 1:1 ATPS 

containing 3.6 µL of anti-Tf DGNPs and a known concentration of Tf were added into a test 
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tube. The solution was incubated for 10 min at room temperature to allow the DGNPs to capture 

the Tf in solution and to allow the ATPS to phase separate. The top phase was extracted and 

placed in a new test tube, and the LFA test strip was inserted vertically into the sample solution 

as explained previously (Figure 2.1). For detection of Tf with the 1:9 ATPS, 600 mg of a well-

mixed 1:9 volume ratio ATPS containing 4.8 µL of anti-Tf DGNPs and a known concentration 

of Tf were added into a test tube. These overall ATPS volumes were chosen to maintain the 

sample volume applied to the LFA at 50 µL. The remainder of the procedure follows the 

methods outlined for detection with the 1:1 ATPS. Images of the test strips were taken 

immediately after 20 min with a Nikon D3400 camera in a controlled lighting environment. 

Triplicates of each test were obtained and also analyzed with a custom MATLAB program. 

2.2.4  Detection of E. coli 

2.2.4.1  Preparation of gold nanoprobes (GNPs) 

 Cherry-colored gold nanoparticles of diameter 40 nm (Nanocomposix, San Diego, CA) 

were obtained and stored at 4°C until use. To prepare functional probes for use in the LFA tests, 

the pH of the gold nanoparticle solution was adjusted to pH 9.0 using 0.5 M NaOH. For every 1 

mL of gold nanoparticle solution, 8 µg of anti-E. coli antibodies were added. The reaction 

mixture was placed on a shaker for 30 min to facilitate formation of dative bonds between the 

antibodies and gold nanoparticles. Free antibodies were removed through centrifugation. The 

pellet was resuspended in 100 µL of 0.1 M sodium borate buffer at pH 9.0 and subsequently 

stored at 4°C until use. 
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2.2.4.2  Preparation of sandwich LFA strips 

 LFA test strips utilizing the sandwich style assay were prepared in a similar manner to 

our previous studies (14). For the sandwich style format, anti-E. coli antibodies specific for the 

target E. coli are immobilized at the test line, while secondary antibodies against the primary 

anti-E. coli antibody are immobilized at the control line. If enough E. coli is present in the 

sample, E. coli will bind to the antibodies on the GNPs, producing E. coli-GNP complexes. 

These will bind to primary antibodies on the test line, trapping the particles and forming a visual 

red band. Alternatively, if the target biomarker is not present, the colloidal gold will bypass the 

test line without binding. Regardless, antibodies immobilized on the GNPs will bind the 

secondary antibodies on the control line, forming a visual band and therefore indicating a valid 

test. Thus, the presence of one line at the control line indicates a negative test, while the presence 

of two lines at both the control line and test line indicates a positive test (Figure 2.1). 

2.2.4.3  Detection of E. coli with LFA only 

 Tests with LFA only were performed as now described. Solutions containing E. coli 

suspensions in Nutrient Broth were first prepared, with E. coli concentrations serially diluted 

from an initially prepared culture in Nutrient Broth to achieve a range of concentrations for 

detection. Five microliters of diluted E. coli suspension, or 5 µL of pure Nutrient Broth for the 

negative control, were added to 40 µL of PBS and 5 µL of anti-E.coli GNPs for a constant 

sample volume of 50 µL. The resulting solutions were mixed and incubated for 10 min to allow 

for binding between E. coli and the GNPs. A test strip was dipped vertically into each solution, 

and the sample was allowed to wick up the LFA. After 20 min, the LFA strips were taken out of 

the solution, and an image of each strip was immediately taken with a Nikon D3400 camera in a 
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controlled lighting environment. Triplicates of each test were obtained; images were analyzed 

visually and quantified using a custom MATLAB program. 

2.2.4.4  Detection of E. coli with the IL ATPS/LFA setup 

 For tests combining the ATPS with LFA, 120 mg of a 1:1 ATPS containing 5 µL GNPs 

and 12 mg of an E. coli suspension were added to a test tube. The suspension was incubated for 

10 min, after which the top phase was extracted and tested as described previously for the LFA 

only tests. For the 1:9 ATPS, 600 mg of an ATPS containing 5 µL GNPs and 60 mg of an E. coli 

suspension were added to a tube and tested in a similar manner to the 1:1 ATPS runs. These 

overall volumes were chosen to maintain the sample volume applied to the LFA at 50 µL. The 

tests were also run for 20 min and immediately imaged with a Nikon D3400 camera in a 

controlled lighting environment. Triplicates of each test were obtained, and the images were 

analyzed via a custom MATLAB program. 

2.2.5  LFA Quantification 

 A custom MATLAB script was written with an approach similar to Yager and coworkers 

(64) to quantitatively analyze the LFA tests. Images of the test strips were taken with a Nikon 

D3400 camera under controlled lighting, with each strip oriented the same way. The images were 

cropped and converted to an 8-bit grayscale matrix. The intensity was averaged along the axis 

perpendicular to the flow, and therefore parallel to both the control and test lines, generating a 

one-dimensional intensity map. The two maxima were identified as the control and test lines, 

with the distance between the two lines calibrated by using a reference LFA image with strong 

test and control lines. In the case of the transferrin competitive assay, this corresponded to the 
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negative control, and in the case of the E. coli sandwich assay, this corresponded to the positive 

control. 

 To obtain test line intensity from our sample data, the location of the control line was 

determined from the reference LFA image, and its distance from the test line was calibrated as 

described above. The test line region was set as a 15 pixel-wide region centered at this location. 

The baseline for the measurement was determined by averaging the signal from two 25 pixel 

wide boxes beginning 25 pixels before and 25 pixels after the center of our determined test line 

region. The test line intensity was then calculated as the area under the curve for this test line 

region.  

2.3  Results 

2.3.1  Visualization of IL ATPS phase separation 

 Several criteria were used to determine a suitable ATPS for use in this study. Our 

anticipated design involved taking advantage of rapid phase separation speeds of IL-based 

systems to avoid issues faced using polymer or micellar systems. To achieve ease-of-use and 

minimize extra user handling steps, we sought an ATPS where our probes would partition to the 

top phase. Additionally, maintaining low ionic content and physiological pH were considered, to 

preserve antibody function for use in the LFAs. With these considerations, [Bmim][BF4] and 

sodium phosphate salt (2:1 dibasic:monobasic) were chosen as the components of the ATPS. 

These components successfully phase separated, and allowed for relatively low salt 

concentrations as well as a pH of 7.0 in the top phase, which was optimal for our applications. A 

schematic of the IL ATPS, along with competitive and sandwich LFA formats, can be found in 

Figure 2.1. 
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Figure 2.2. Visualization of phase separation and speed of an IL ATPS. Purple-colored dextran-
coated gold nanoparticles partitioned extremely to the top phase and were used to visualize 
separation. ATPSs separated within (A) 1 minute for the 1:1 ATPS, and (B) 5 minutes for the 1:9 
ATPS.  
 

 1:1 and 1:9 volume ratio ATPSs were achieved, and phase separation was visualized 

through the addition of bovine serum albumin-coated DGNs. The DGNs partitioned 

preferentially into the top phase, indicated by the purple-colored top phase, while the bottom 

phase remained clear due to the absence of DGNs. The particles were found to be stable in the 

ATPS, exhibiting no signs of aggregation over several days. These visualization experiments 

were also performed utilizing bovine serum albumin-coated gold nanoparticles (GNs), which 

exhibited similar partitioning and stability behavior. In all cases, phase separation was found to 

be quite rapid, occurring in 1 min for the 1:1 ATPS (Figure 2.2A) and in 5 min for the 1:9 ATPS 

A 

B 
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(Figure 2.2B). As 9:1 polymer-salt ATPSs can take an hour or so to phase separate, and 1:9 

micellar systems even longer, this marked a great improvement in phase separation time 

compared to conventional ATPSs. 

2.3.2  Detection of Tf 

 Upon identifying compositions for 1:1 and 1:9 IL ATPSs, we investigated the degree of 

improvement in utilizing these ATPSs for the detection of the model biomarker Tf. To do this, 

we sought to determine the limit of detection of Tf utilizing an LFA-only set-up, and then 

compare it directly with the limit of detection obtained utilizing the IL ATPS/LFA setup. As 

previously mentioned, these experiments were performed as competitive assays; two bands 

would indicate a negative test, as the antibodies on the DGNPs would be able to bind the 

immobilized Tf at the test line, and a single band at the control line would indicate a positive test, 

as DGNP antibody binding sites would be saturated and therefore unable to bind the Tf on the 

test line. With these mechanisms in mind, the limit of detection was defined as the lowest 

concentration of Tf at which the test line was not visible.  
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Figure 2.3. Limit of detection for LFA tests detecting for protein transferrin. (A) Detection limit 
for the LFA-only test was found to be 5 ng/µL. (B) Detection limit for the LFA when combined 
with a 1:1 ATPS was 1.25 ng/µL and (C) detection limit for the LFA when combined with a 1:9 
ATPS was 0.25 ng/µL, indicating 4-fold and 20-fold improvements, respectively. 
 

A 

B 

C 
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 For the LFA-only tests, when a high concentration of Tf was used (10 ng/µL), test lines 

did not develop, indicating a true positive result. However, at a lower concentration (2.5 ng/µL), 

a test line was present, indicating a false negative result. This suggested that the limit of 

detection for LFA without ATPS enhancement was 5 ng/µL (Figure 2.3A). A similar analysis 

was performed for the 1:1 and 1:9 ATPS setups and the limits of detection were found to be 1.25 

ng/µL (Figure 2.3B) and 0.25 ng/µL (Figure 2.3C), respectively, indicating 4-fold and 20-fold 

improvements in detection over LFA-only. The improvement was significant, but the test lines 

were fainter compared to the LFA only tests. The control line intensities were also fainter. These 

findings were confirmed via our MATLAB analysis; test lines were less developed across all 

concentrations, including our negative control at 0 ng/µL (Figure 2.4). We also observed a large 

standard deviation in the test line intensity of LFA only for 0.5 ng/µL, which is likely due to 

variability in the background signal. However, this variability did not have a significant effect on 

our conclusions from the MATLAB analysis, as the error bars for different tests did not overlap, 

and the entire range of intensities for this concentration corresponds to very visible lines. Since a 

less developed test line corresponds to an improvement in the limit of detection for the 

competitive assay, it was unclear if the improvement we observed was primarily a result of this 

diminished line intensity or of the ATPS concentration. To determine this, we also investigated 

the use of the IL ATPS with a sandwich format assay. 
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Figure 2.4. MATLAB analysis of transferrin LFA tests. Data for (p) LFA-only tests without 
ATPS enhancement, (¢) enhancement with a 1:1 ATPS, and (�) enhancement with a 1:9 ATPS. 
At each concentration, test line intensities in arbitrary units (a.u.) were lower for the 1:1 
ATPS/LFA test than the LFA-only test and lower for the 1:9 ATPS/LFA test than the 1:1 
ATPS/LFA test, indicating improved detection with more extreme volume ratios.  
 

2.3.3  Detection of E. coli 

 Following the detection of Tf, we studied the detection of E. coli as a large biomarker to 

demonstrate improvement using an IL ATPS in a sandwich-format LFA, where diminishing of 

line intensities will have a negative impact on the detection limit. We performed experiments in a 

similar manner to the Tf tests. For this format, the top line still constituted the control line, 
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indicating a valid test. However, the test line was comprised of primary antibodies specific to the 

target, rather than the target biomolecule itself. If the sample solution contains the target antigen, 

the antigen will bind antibodies on the GNPs, forming an antigen-antibody complex. This 

complex will then bind the immobilized antibodies on the test line, producing a visual red band. 

Conversely, if there is no target antigen, the antibody-antigen complex will not form and no test 

line will develop. Thus, for sandwich assays, two lines would indicate a positive test, while only 

one line would indicate a negative test. In this case, the limit of detection was defined as the 

lowest concentration of E. coli at which the test line was visible.  

 When testing with LFA only, at a high concentration of E. coli (1.8×106 cfu/mL), two 

strong lines developed, indicating a true positive result. At a lower concentration (9×104 

cfu/mL), only one line formed, exhibiting a false negative result. These results suggest the limit 

of detection of E. coli using LFA only tests is 3.6×105 cfu/mL (Figure 2.5A). Utilizing this 

analysis, the limits of detection for the 1:1 ATPS and 1:9 ATPS were determined to be 1.8×105 

cfu/mL (Figure 2.5B) and 4.5×104 cfu/mL (Figure 2.5C), respectively, indicating 2-fold and 8-

fold improvements in the limit of detection. While lighter line intensities than expected were still 

observed in these tests, the fact that improvement was still achieved in a sandwich LFA indicated 

that the concentration effect due to the IL ATPS was the dominant contributor to the 

improvement in detection limit. This analysis was confirmed via MATLAB analysis. As seen in 

Figure 2.6, test line intensity was improved with the application of more extreme volume ratio 

ATPSs, which corresponds with improvements in the detection limit of these tests. 
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Figure 2.5. Limit of detection for LFA tests detecting for Escherichia coli. (A) Detection limit 
for the LFA-only test was found to be 3.6×105 cfu/mL. (B) Detection limit for the LFA when 
combined with a 1:1 ATPS was 1.8×105 cfu/mL and (C) detection limit for the LFA when 
combined with a 1:9 ATPS was 4.5×104 cfu/mL, indicating 2-fold and 8-fold improvements, 
respectively. 

A 

B 

C 
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Figure 2.6. MATLAB analysis of E. coli LFA tests. Data for (p) LFA-only tests without ATPS 
enhancement, (¢) enhancement with a 1:1 ATPS, and (�) enhancement with a 1:9 ATPS. At 
each concentration, test line intensities in arbitrary units (a.u.) were greater for the 1:1 
ATPS/LFA test than the LFA-only test and greater for the 1:9 ATPS/LFA test than the 1:1 
ATPS/LFA test, indicating improved detection with more extreme volume ratios.  
	

2.4 Discussion 

 Our group had previously demonstrated enhanced detection through the combination of 

LFA with ATPSs, specifically using polymer-salt and micellar systems; however, a primary 

handicap in the direct application of these ATPSs is their long phase separation time. As 

described previously, these systems can take hours to phase separate, which can limit their 
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viability at the point-of-care. Our laboratory also demonstrated that the application of an ATPS 

to 3-D paper architecture drastically improves phase separation time (13). However, this method 

requires modification to existing LFA devices to accommodate the enhancement technique. As 

the phase separation time of the IL ATPS for both 1:1 and 1:9 volume ratios were within 1 min 

and 5 min, this IL ATPS can be directly applied to existing LFA technologies, without 

necessitating modifications to the LFA. We hypothesize that this rapid phase separation speed 

can be due to several factors. First, relative to micellar and polymer systems, IL-based systems 

exhibit low viscosity (65), allowing domains to move more quickly in solution and find similar 

domains faster, promoting more rapid macroscopic phase separation. Furthermore, preliminary 

wetting experiments indicate greater hydrophilic/hydrophobic differences between phases than 

exhibited in polymer or micellar systems, suggesting a greater interfacial tension between the 

two phases that can facilitate faster phase separation. This is further supported by the work of 

Gutowski et al. in 2001; kosmotropic salts would increase the difference in dielectric constants 

between IL and water (37), promoting coalescing of similar domains in response to a high 

interfacial tension. 

 In addition to more rapid phase separation, the IL ATPS also displayed a greater degree 

of enhancement, specifically regarding the competitive LFA tests for Tf. While the degree of 

concentration for the 1:9 ATPS should be close to 10-fold, the improvement in the limit of 

detection was found to be 20-fold. We hypothesize this unexpected improvement is most likely 

due to the high ionic content of the system, which produces a screening effect that influences 

antibody-antigen binding. However, as use of the IL ATPS for the detection of E. coli still 

improved detection 8-fold, we determined that most of the enhancement seen for Tf is still a 

result of the ATPS concentration effect. The precise level of test line diminishment, and 
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therefore the deviance from expected improvement, likely depends on the exact antibodies used 

in a particular assay. We do note that, in this study, both monoclonal and polyclonal antibodies 

for different antigens in different assay formats were successful, suggesting this system should 

still be widely applicable. Additionally, while the system does exhibit diminishing of line 

intensities, it should be noted that a primary motivation for use of this system would be to apply 

it to the partitioning of small biomarkers. These smaller biomarkers would generally require 

detection with the competitive LFA, as they typically do not contain many antigen binding sites 

required for use with the sandwich assay. Therefore, this screening effect only helps our system. 

 We envision the IL ATPS to be used for the detection of a wide range of proteins, with 

the ability to tailor the exact IL and salt system to accommodate the target of choice. To achieve 

this, we anticipate that a greater understanding of the phase separation mechanism of these IL-

based ATPSs will be required. We also investigated the IL ATPS comprised of [Bmim][Cl] and 

potassium phosphate salt. Surprisingly, despite having similar components to our [Bmim][BF4] 

ATPS, this system displayed different phase separation behavior, consisting of an IL-rich top 

phase and a salt-rich bottom phase. While the exact mechanism of IL ATPS phase separation is 

not precisely understood, it is commonly believed that separation occurs due to the salting out 

effect of kosmotropic salts on the IL component. The degree of this salting out is likely a large 

factor in determining partitioning behavior and relative hydrophobicity/hydrophilicity of each 

phase. We found that this [Bmim][Cl] system yielded different gold nanoprobe partitioning 

behavior from the [Bmim][BF4] counterpart, with GNs partitioning extremely to the top IL-rich 

phase and DGNs partitioning extremely to the bottom salt-rich phase. While the ability to 

partition similar particles to different phases is promising, it is clear that a greater understanding 



	
	
40	

of phase separation and partitioning behavior is needed to take full advantage of these 

capabilities.  

2.5  Conclusions 

In summary, we successfully demonstrated the first use of an IL ATPS for the enhanced 

detection of biomarkers with the LFA. Specifically, a 20-fold improvement in the detection limit 

for transferrin was achieved utilizing a 1:9 volume ratio ATPS. This improvement can be seen as 

a combination of biomarker concentration, induced by the ATPS, as well as diminished test line 

intensity, likely due to screening effects from the ionic content of the ATPS. Despite the effects 

of the ATPS ionic content, an 8-fold improvement could still be achieved in the detection limit 

for E. coli using the sandwich-format LFA, where diminished test line intensities have a negative 

impact on the detection limit. Accordingly, most of the enhancement in the detection limit can be 

attributed to the preconcentration capability of the ATPS. Furthermore, this IL ATPS was found 

to phase separate very quickly, allowing for direct application to LFA without requiring 

modifications to existing LFA structure. While we demonstrated functionality using two 

biomarkers, we anticipate that further investigation into specific IL-salt pairings can enhance 

improvement for small biomarkers that would be difficult to concentrate otherwise. This 

combination of tunability and speed presents this system as a flexible, powerful enhancement 

tool for use with a wide variety of biomarkers and pathogens. 
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