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ABSTRACT OF THE THESIS

Improving the Lateral-Flow Immunoassay Using Aqueous Two-Phase Systems

By

Alexander Minh-Quan Le
Master of Science in Biomedical Engineering
University of California, Los Angeles, 2012

Professor Daniel T. Kamei, Chair

The objective of this thesis was to investigate a concentration method using aqueous two-
phase systems (ATPS) for improving the detection of proteins and viruses at the point-of-care. In
the first part of the thesis, aqueous two-phase micellar systems were generated using Triton X-
114 surfactant to concentrate a model protein, namely transferrin (Tf). In the second part of the
thesis, agueous two-phase polymer-salt systems were generated using polyethylene glycol (PEG)
and potassium phosphate salt to concentrate a model virus, namely bacteriophage M13 (M13). In
both studies, the concentration step was combined with a detection assay, namely the lateral-flow
immunoassay (LFA), to enhance the detection of protein and viral targets.

The detection of proteins at the point-of-need has several applications such as detecting
food allergens in a food sample and protein toxins used as biowarfare agents in-field. For such
applications, a sensitive, yet rapid, inexpensive, and portable detection assay that requires



minimal training and power is desired. Due to its ease of use, rapid processing, and minimal
power and laboratory equipment requirements, the LFA is an appropriate assay for such
applications. However, the LFA detection limit for proteins is inferior to lab-based assays, such
as the enzyme-linked immunosorbent assay (ELISA), and needs to be improved. Aiming to
improve the protein sensitivity of the LFA, we employed an aqueous two-phase micellar system
composed of Triton X-114 surfactant to concentrate Tf prior to the detection step. However, one
challenge with concentrating small biomolecules, such as proteins, is that they partition evenly
between the two phases due to experiencing fewer excluded-volume interactions compared to
larger biomolecules. To address this issue, we developed a novel approach involving larger
colloidal gold nanoparticles decorated with anti-Tf antibodies in the concentration step to bind Tf
and aid its transport to the micelle-poor phase. By manipulating the volume ratio of the two
coexisting micellar phases to achieve higher concentrations, the Tf detection limit of LFA was
improved by 10-fold from 0.5 pg/mL to 0.05 pg/mL. The ability to concentrate colloidal gold
nanoparticles bound to Tf has opened up a whole new approach for improving the detection of
smaller analytes with the LFA.

Viral detection in the point-of-care setting also has several applications. For example, the
detection of infectious viral agents and pandemic pathogens, such as the swine-origin influenza
A (HIN1) virus, is crucial for isolating confirmed cases and preventing outbreaks. The
portability, simple operation procedure, rapid time to result, and minimal power and laboratory
equipment requirements of the LFA make it an appropriate detection assay for such diagnostic
applications. However, the viral sensitivity of the LFA is inferior to laboratory-based methods,
such as viral culture and reverse-transcriptase polymerase chain reaction (PCR). We previously

showed in a proof-of-principle study that the viral detection limit of the LFA could be improved



by concentrating a model virus, namely bacteriophage M13, using an aqueous two-phase
micellar system prior to the detection step. The previous investigation represented the first time
these two established technologies were ever combined. However, the micellar system exhibited
slow phase separation times that were on the order of hours, indicating a need to improve the
speed of the concentration step. Therefore, in this study, we investigated an aqueous two-phase
polymer-salt system composed of polyethylene glycol (PEG) and potassium phosphate salt,
which phase separates on the order of minutes, to concentrate M13. Furthermore, the colloidal
gold nanoparticles used as the colorimetric indicator in the LFA were modified with a coated
layer of PEG in order to improve their stability in the high salt content of the PEG-salt system.
When M13 was concentrated using the PEG-salt system and combined with the LFA, the
detection limit was improved by 10-fold from 5x10° plaque forming units (pfu)/mL to 5x10’
pfu/mL. This study represents the first time that viral detection by LFA has been combined with
a concentration method using an aqueous two-phase polymer-salt system. The faster phase
separating ability of the PEG-salt system is a significant advance for applying this concentration
method to improving point-of-care detection. Furthermore, the viable function of the modified
colloidal gold nanoparticles coated with PEG in the LFA demonstrates a novel method for

detecting biomolecules in ATPS containing high levels of salt.
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Chapter 1: Introduction

1.1. Motivation and Background

The focus of this thesis was to investigate a method to improve the sensitivity of a
biomolecule detection assay, namely the lateral-flow immunoassay (LFA), for the detection of
two biomolecule targets: proteins and viruses. Our approach employed the use of aqueous two-
phase systems (ATPS) to concentrate a model protein, namely transferrin (Tf), and a model
virus, namely bacteriophage M13 (M13), prior to their detection via LFA. This chapter
summarizes the motivation for investigating the detection of proteins and viruses, and also

describes the aqueous two-phase systems employed along with the LFA technologies.

1.1.1. Protein Detection

The detection of proteins has a variety of applications, such as detecting food-allergens at
the point-of-need or defending against protein toxins used as biological warfare agents. In the
case of food allergens, under the Food Allergen Labeling and Consumer Protection Act
(FALCPA) in the US, food manufacturers must indicate whether pre-identified food allergens
are used as ingredients [1]. However, this labeling does not account for food allergens present in
products due to contamination during transportation or the production process [2]. Therefore, a
sensitive, yet rapid and inexpensive assay, which could be used at the point-of-need, may result
in more frequent screening of food products by the manufacturers, benefitting both food
manufactures and consumers. Furthermore, protein detection would also prove useful in
defending against bioterrorism agents. For example, protein toxins used in biological warfare,
such as ricin toxin, are typically invisible to the naked eye, odorless, tasteless, and may not cause

an immediate reaction [3-4]. In order to minimize their spread and harmful impact to the civilian
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population, it is essential to provide the authorities with the means to rapidly detect bioterrorism
agents in-field at the point-of-need.

For detecting proteins at the point-of-need, one detection method that has gained much
attention in recent years due to its ease of use, rapid time to result, and minimal power and
laboratory equipment requirements is the LFA. The LFA utilizes a test strip that collects a
sample through lateral-flow, and detects the presence of a target molecule through its specific
antibody labeled with a colorimetric indicator, such as colloidal gold nanoparticles [5]. The LFA
has previously been used for the detection of protein targets [6-8]. Compared to lab-based assays,
such as the enzyme-linked immunosorbent assay (ELISA), the LFA does not require laboratory
equipment and provides a faster time to result (Table 1.1). However, the detection limit of LFA
for proteins, such as food allergens, is still inferior to the ELISA (Table 1.2) and needs to be

improved [8-9].

Table 1.1. Comparison of the required equipment and time to result of various protein detection
methods.

Detection method Required equipment Time
ELISA ELISA plate reader 30-60 min [8]
LFA No laboratory equipment <10 min [8]

Table 1.2. Comparison of LFA and ELISA detection limits for various food allergens.

Food allergen LFA detection limit (ppm) | ELISA detection limit (ppm)
Cereals with gluten 10 2.50
Crustaceans 5 0.05
Peanuts 1 0.15
Milk <5 0.12
Almond 1 0.17
Hazelnut 1 0.15

Furthermore, the allergic threshold concentration levels of some food allergens are too

low to be detected by LFA, such as the peanut allergen. Previous studies have determined the
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threshold of allergic reaction, or No Observed Adverse Effect Level (NOAEL), of peanut
allergens to be approximately 30 pg [10]. However, in order to detect this threshold level in food
serving sizes, which are typically greater than 250 g for meals [11], this would require a
detection limit lower than 0.12 pg of peanut allergen out of 1 g of food. According to Table 1.2,
the LFA detection limit for peanut allergen is 1 ppm, or 1 pg of peanut allergen out of 1 g of

food. Therefore, this demonstrates that there is a need to improve the sensitivity of the LFA.

1.1.2. Viral Detection

The detection of viral agents also has many useful applications. The outbreak of swine-
origin influenza A (H1N1) virus infection [12] highlighted the need for a means to rapidly and
accurately diagnose and detect infectious agents and pandemic pathogens at the point-of-care.
Rapid and accurate diagnosis of such agents and pathogens at the point-of-care would result in
better patient management, such as timely use of appropriate antiviral treatments, isolation of
confirmed cases, and prevention of outbreaks [13-14]. Furthermore, viral detection can be
utilized to defend against biowarfare agents, such as Ebola or Marburg viruses. Frontline military
personnel would benefit from a point-of-care viral detection device that would allow protection
from such harmful viral biowarfare agents.

For the detection of viruses at the point-of-care, the LFA can be an appropriate detection
assay. As mentioned previously, the LFA requires minimal laboratory equipment, provides fast
time to result, and is portable. However, while the LFA has been used to detect a wide range of
biomolecules [15-22], its sensitivity has been shown to be inferior to the gold standards for viral
detection, namely viral culture and real-time or reverse-transcriptase polymerase chain reaction

(PCR) [14, 18, 23-27]. For example, LFA sensitivity and specificity has been shown to range



between 19% to 32%, and 96% to 99.6%, respectively, when the LFA test (QuickVue Influenza
A+B Test, Quidel, San Diego, CA) was compared to reverse-transcriptase PCR [14]. In another
study, the sensitivity of the QuickVue Influenza A+B Test was found to be 51%, 63%, and 31%
for detecting swine-origin influenza virus, HIN1 seasonal influenza virus, and H3N2 influenza
virus, respectively, when compared to reverse-transcriptase PCR [27]. Although LFA offers
advantages over viral culture and PCR in terms of ease of use and rapid time to result (Table
1.3), its low sensitivity in detecting pathogens and viruses (Table 1.4) has rendered it an
ineffective point-of-care detection assay for preventing pandemic outbreaks. Therefore, the need

to improve the sensitivity of LFA for detection of infectious agents definitely exists.

Table 1.3. Comparison of the required equipment and time to result of various viral detection
methods.

Detection method Required equipment Time
Viral culture Incupator, 1-14 days [28-29]
centrifuge
PCR Thermal cycler, 4-6 hours [30]
gel electrophoresis
LEA No Ia_boratory <10 min [8]
equipment

Table 1.4. LFA sensitivity compared to PCR for detection of various viral targets

Viral target

LFA sensitivity compared to PCR

Influenza A and B

19-329% [14]

Swine-origin influenza virus 51% [27]
H1N1 seasonal influenza virus 63% [27]
H3N2 influenza virus 31% [27]




1.2. Aqueous Two-Phase Systems

In order to improve the sensitivity of the LFA for protein and viral particle targets, we
investigated a method to concentrate the biomolecule targets prior to their detection. Since the
concentration step is to be combined with a detection assay designed to be used at the point-of-
care or in low-resource settings, small samples are typically preferred. Liquid-liquid extraction is
one separation method that can be readily scalable for small sample sizes [31]. However,
conventional oil-water systems cannot be used for separating biomolecules as such molecules
tend to denature in nonpolar solvents. On the other hand, aqueous two-phase complex fluid
systems are comprised primarily of water, and therefore, these solvents are less prone to
denaturing biomolecules. The partitioning of cells, proteins, viruses, and nucleic acids in agueous
two-phase systems have been investigated for several years [32-51]. However, the main focus of
these previous studies has been on large-scale purifications for the biotechnology and
pharmaceutical industries. In this project, we instead examined this technology for small-scale
diagnostic applications, such as the detection of food allergens, protein toxins, and infectious
viral agents.

There are various types of aqueous two-phase systems (ATPS) that may be employed.
For instance, ATPS may be comprised of (i) surfactant or (ii) polymer and salt constituents [34,
38, 52]. When such constituents are mixed together in an aqueous solution, and at appropriate
operating temperatures and concentrations of the constituents, the solution can undergo a
macroscopic phase separation [34]. Biomolecules have been found to partition, or distribute
unevenly between the two distinct macroscopic phases depending on physico-chemical
characteristics such as hydrophobicity [38, 53] and size [54-55]. Through manipulating the

volume ratio between the two-macroscopic phases, higher concentrations of a target biomolecule



can be achieved. In this study, two types of ATPS were used to concentrate proteins and viruses.
In the first part of the study, agueous two-phase micellar systems were used to concentrate a
model protein, namely transferrin. In the second part of the study, aqueous two-phase polymer-
salt systems were used to concentrate a model virus, namely bacteriophage M13. The following

sections describe these ATPS in further detail.

1.2.1. Aqueous Two-Phase Micellar Systems

Agueous two-phase micellar systems are primarily comprised of water and surfactant.
Surfactants are amphiphilic molecules which, when placed in an aqueous environment, self-
assemble into aggregates called micelles, when the surfactant concentration is above the critical
micelle concentration (CMC). In the structure of a micelle, hydrophobic tails face inwards and
hydrophilic heads face outwards [56-57]. Above a temperature known as its cloud point (specific
to a particular surfactant concentration), an aqueous solution containing a nonionic surfactant can
separate into two macroscopic phases, a micelle-rich phase and a micelle-poor phase.

In one of the studies, we used Triton X-114 surfactant to form the aqueous two-phase
micellar system. At low temperatures, the Triton X-114 micellar system exhibits a homogeneous,
isotropic phase. However, upon increasing the temperature, the solution undergoes a
macroscopic phase separation to yield a top, micelle-poor phase and a bottom, micelle-rich phase
as shown schematically in Figure 1.1 below. This phenomenon occurs since the increase in the
thermal energy of molecules weakens the hydrogen bonds between water molecules and
hydrophilic heads of the micelles. As a result, the micelle-water interactions become less
favorable, and the micelle-micelle interactions become more favorable due to their ability to

approach each other more closely and increase their van der Waals attractive interactions. This



allows the formation of micelle-poor and micelle-rich domains. These respective domains
coalesce together and move up or down depending on their relative densities leading to the

formation of two macroscopic phases.

a
GH  CHs
Hac—CIE—CH2—<|3—@—[OCHECH2]~OH
CH; CH; 8
tetramethylbutyl-phenyl (ethylene oxide)g
\/\. Micelle
Hydrophobic ~ Hydrophilic
b

Increasing & * Micelle-poor
temperature 23 smare o] phase

Micelle-rich
phase

Homogeneous Two-phase
micellar solution micellar solution

Figure 1.1. (a) Chemical structure of the Triton X-114 surfactant, and schematic representations
of the Triton X-114 surfactant and micelle. (b) Schematic representation of the aqueous two-
phase Triton X-114 micellar system phase separating upon an increase in temperature.

After phase separation, each phase can be extracted and analyzed for the presence of
target biomolecules. Large hydrophilic macromolecules, such as genomic DNA fragments and
viruses partition primarily into the top, micelle-poor phase due to the greater excluded-volume
interactions that operate between the DNA fragment or virus and the larger number of micelles

in the bottom, micelle-rich phase [58-59]. However, unlike viruses and genomic DNA, smaller

water-soluble proteins partition fairly evenly between the two phases of an ATPS [40, 43-44, 54,



60] as they do not experience as many excluded-volume interactions due to their smaller size.
This in turn would result in limited concentration of such proteins into one of the two phases. To
overcome this shortcoming associated with proteins, our research group has developed a novel
approach to “fish” the target protein into the top micelle-poor phase using large hydrophilic
colloidal gold nanoparticles (see Chapter 2). The volume ratio can then be manipulated to
achieve higher concentrations of the target protein through altering operating conditions such as

temperature and surfactant concentration.

1.2.2. Aqueous Two-Phase Polymer-Salt Systems

There also exist aqueous two-phase systems that can form when a specific polymer and
specific salt is added together in an aqueous solution. One such example is an aqueous solution
containing polyethylene glycol (PEG) and potassium phosphate salt. At low concentrations of
polymer and salt, the aqueous solution exists as a single homogeneous phase. When the
concentration of salt is increased, phase separation occurs. One explanation for this phase
separation phenomenon is similar to the one mentioned earlier for the surfactant systems.
Specifically, the salt ions dehydrate the ethylene oxide units of PEG, which make the PEG-water
interactions less favorable and the PEG-PEG interactions more favorable. Another hypothesis is
that the addition of certain salts creates two different water structure types that are incompatible
with each other leading to the formation of two immiscible phases [61-62]. Specifically in PEG-
salt systems, the PEG polymer contains an ether oxygen whose dipole can interact with salt
cations. However, experimental evidence has shown that some cations, particularly those with
small multivalent anions of high charge density, are unable to interact with the PEG ether oxygen

dipoles perhaps due to the proximity of electron-donating groups on the PEG molecule [61].



Such types of salt ions consequently create a region of salt-depleted water around the polymer as
they are unable to approach the PEG molecule. The water structure of the salt-poor regions
around the polymer is different than the water structure of salt-rich regions. Due to the
incompatibility between the polymer-rich, salt-poor regions and polymer-poor, salt-rich regions,
the polymers coalesce together to maximize their number of possible configurations and to
minimize their interaction with the salt-rich regions. This leads to the formation of polymer-rich,
salt-poor and polymer-poor, salt-rich domains. The domains eventually coalesce together, and
due to their density difference, move up or down accordingly. Once near equilibrium, two
distinct macroscopic phases are formed in the solution: a top polymer-rich, salt-poor phase and a
bottom polymer-poor, salt-rich phase [63].

Agueous two-phase systems involving polymers have been previously utilized to
concentrate and purify viruses from sewage water [64] as well as culture supernatant [65]. In this
study, a polymer-salt ATPS using PEG and potassium phosphate salt was employed to
concentrate M13. Macromolecules have been shown to partition in PEG-salt systems based on
hydrophobicity [61] and size [66]. Hydrophilic biomolecules such as hydrophilic proteins
partition more into the bottom polymer-poor, salt-rich phase of PEG-salt systems [61]. Due to
the outer hydrophilic coat of M13 [67], the virus is expected to partition into the bottom
polymer-poor, salt-rich phase. Furthermore, large linear polymers form a mesh network in
solution limiting the size of the macromolecule that can be contained in the polymer-rich phase
[66]. Thus, due to the excluded-volume interactions that operate between the viral particles and
the polymer molecules in the top polymer-rich phase, viral partitioning is expected to be driven

to the bottom polymer-poor, salt-rich phase. The volume ratio between the bottom, polymer-poor



phase and top, polymer-rich phase can also be manipulated to achieve higher concentrations of

the target virus.

1.3. Lateral-Flow Immunoassay

Immunoassays are generally performed to detect molecules from human samples to
identify certain diseases or conditions. Immunoassays have a broad range of applications as they
can detect target molecules such as frequent drugs of abuse [20], hormones [21], toxins [22], and
pathogens [15]. The lateral-flow immunoassay (LFA) utilizes a test strip that collects a sample
through lateral flow, and detects the presence of a target molecule through its specific antibody
bound to a colorimetric indicator, such as colloidal gold nanoparticles that exhibit a dark-red to
purple color [68-69]. LFA requires minimal sample volumes, yields results rapidly, and requires
minimal laboratory skills, making it an attractive option for a point-of-care detection device.

A traditional LFA test strip, shown schematically in Figure 1.2, consists of 4 main
components: sample pad, nitrocellulose membrane, absorbent pad, and adhesive vinyl backing.
The sample pad is located at the lower end of the test strip, where the test trip first makes contact
with the solution. The solution then flows by capillary action up to the absorbance pad through
the nitrocellulose membrane. The sample pad functions as a filter to block large debris or other
particles, such as cells, that might be present in the sample. Detection occurs on the
nitrocellulose membrane where antibodies are immobilized to capture the target molecule. The
absorbent pad, located at the upper end of the test strip, acts as a sink to absorb excess liquid.
The final component is the adhesive vinyl backing, which holds all the components together and

provides physical support for the strip [70].
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Absorbance pad

Nitrocellulose membrane

Sample pad

Figure 1.2. Schematic representation of an LFA strip. The adhesive vinyl backing, which lies
underneath the sample pad, the nitrocellulose membrane, and the absorbance pad, does not
appear in this schematic.

1.3.1. Competition Assay

There are two different approaches for the lateral-flow immunoassay: the sandwich assay
and the competition assay. In the first part of this thesis, the competition assay was utilized for
the detection of the transferrin protein. The schematic of the competition assay is shown below in
Figure 1.3. In the competition LFA assay, the entire target of interest, or a portion of the target
(such as a nontoxic chain of a toxin molecule), is immobilized on a nitrocellulose membrane in
the form of a line, called the test line. The colloidal gold probes (AuP), which are used as the
colorimetric indicator for the LFA, have primary antibodies specific for the target protein
immobilized on the surface of the nanoparticle. Secondary antibodies specific to the primary
antibody bound on these AuP are also immobilized on the nitrocellulose membrane in the form

of a line, called the control line. In LFA, a sample first comes into contact with the AuP. If the
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target molecules are present in the sample, they would first bind to their specific antibodies on
the AuP. If the sample has enough target molecules to saturate the target-specific antibodies on
the AuP, the target-specific antibodies in the AuP cannot bind to the immobilized target
molecules on the test line, and hence do not form a visual band at the test line. This indicates a
positive result as shown in Figure 1.3a. Alternatively, if the sample does not contain the target
molecules at a concentration that saturates the target-specific antibodies immobilized on the
colloidal gold nanoparticles, the target-specific antibodies on the AuP can bind to the
immobilized target, and form a visual band at the test line indicating a negative result as shown
in Figure 1.3b. Furthermore, regardless of the presence of the target molecule in the sample,

AuP will bind to the immobilized secondary antibodies on the control line, indicating a valid test.
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Figure 1.3. Schematic representation of (a) positive and (b) negative results for the LFA using
the competition assay mechanism.
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1.3.2. Sandwich Assay

In the second part of this thesis, the sandwich assay was utilized to detect the presence of
M13. The schematic of the sandwich assay is shown in Figure 1.4. For this method, two different
types of AuP were used, one designed to bind only to the test line and the other designed to bind
only to the control line. The first AuP (AuPys;), Which contains antibodies specific for the target
biomolecule coated on its surface, is designed to bind only to the test line. The second AuP
(AUPcontro1), Which is coated with a different antibody that does not bind the target biomolecule, is
designed to bind only to the control line. Antibodies specific for the target biomolecule are
immobilized on a nitrocellulose membrane in a line, called the test line. Secondary antibodies
specific for the primary antibody on AuPconwo are also immobilized on the nitrocellulose
membrane above the test line, to form the control line. In LFA, a sample first comes into contact
with the target-specific antibodies bound on AuPys. If the target molecules are present in the
sample, they will first bind to their specific antibodies on the AuPgs. AS the AuPg-target
protein complexes move up the LFA strip, the targeted protein will bind to their specific
antibodies immobilized on the test line. Due to trapping of the colloidal gold nanoparticles,
which exhibit a purple red color, a visual band is formed at the test line indicating a positive
result (Figure 1.4a). Alternatively, if the target molecule is not present in the solution, the
colloidal gold probes will not bind to the immobilized antibodies at the test line, indicating a
negative result (Figure 1.4b). Furthermore, regardless of the presence or lack of the target
molecule in the sample, AuPconwo Will bind to the immobilized secondary antibodies on the

control line, indicating a valid test.
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Figure 1.4. Schematic representation of (a) positive and (b) negative results for the LFA using

the sandwich assay mechanism.
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Chapter 2: Concentrating Transferrin Using an Aqueous Two-Phase Micellar
System to Improve Detection with the Lateral-Flow Immunoassay

2.1. Introduction

Proteins are markers for a wide variety of applications, such as detecting food allergens
and protein toxins. In the case of food allergens, under the Food Allergen Labeling and
Consumer Protection Act (FALCPA) in the US, food manufacturers are required to indicate the
presence of any of the 8 pre-identified food allergens only if they are used as ingredients [1].
However, this labeling does not account for food allergens present in products due to
contamination caused by using shared transportation containers and production lines [2].
Therefore, a sensitive, yet rapid and inexpensive assay, which could be used at the point-of-need
(PON), may lead to more frequent screening of food products by the manufacturers, and could be
beneficial to both food manufactures and consumers.

In the case of protein toxins, bioterrorism agents (BAs), such as ricin toxin, present great
danger to the general public, since they are usually invisible to the naked eye, odorless, tasteless,
and may not cause an immediate reaction [3-4]. In order to minimize their spread and harmful
impact to the civilian population, it is essential to provide the authorities with the means to
rapidly detect BAs in-field and at the PON.

One detection method that has gained much attention in recent years due to its ease of
use, rapid time to result, and minimal power and laboratory equipment requirements is the
lateral-flow immunoassay (LFA). LFA utilizes a test strip that collects a sample through lateral
flow, and detects the presence of a target molecule through its specific antibody labeled with a
colorimetric indicator, such as colloidal gold nanoparticles. LFA has previously been used for

the detection of protein targets [6-8]. However, the detection limit of LFA is still inferior to lab-
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based assays, such as the enzyme-linked immunosorbent assay (ELISA), and needs to be
improved [8-9].

One approach to achieve a higher sensitivity for LFA is to improve the assay itself.
Another approach is to concentrate the target molecule prior to the detection step, and we have
focused on this latter approach. However, for the detection assay to still be implementable at the
PON, the concentration step must also be implementable at the PON, meaning it must be simple
to perform and require minimal training and power. One method that meets these criteria is
liquid-liquid extraction using aqueous two-phase systems (ATPS). ATPS, which can be formed
with micelles (ATPMS), polymers (ATPPS), or a combination of the two, have generally been
examined for large-scale biotechnological applications [34, 38-39, 43-44, 58, 71] and not small-
scale diagnostic applications. We previously, and for the first time, combined the established
technologies of LFA and ATPS to improve the detection limit of LFA in detecting a model virus
[72]. This paper represents a follow-up to that work, where a proof-of-principle study for protein
markers, was performed. Specifically, we investigated the concentration of human transferrin
(Tf), our model protein, using an ATPMS prior to its detection via LFA. Tf transports iron in
serum, and has a molecular weight of about 78 kDa. It was chosen as our model protein due to it
being similar in size to some known allergens, and our research group’s experience with its
radiolabeling.

In this first part of the thesis, an ATPMS comprised of the nonionic surfactant Triton X-
114 and phosphate-buffered saline (PBS) was investigated for concentrating Tf. In an aqueous
solution at concentrations above their critical micelle concentration (CMC), the surfactant
molecules form micelles [57]. The Triton X-114 micellar system exhibits a homogeneous,

isotropic phase at low temperatures. However, upon increasing the temperature, the solution
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undergoes a macroscopic phase separation to yield a top, micelle-poor phase and a bottom,
micelle-rich phase. Biomolecules would then distribute, or partition, unevenly between the two
phases based on their physico-chemical characteristics, such as hydrophobicity [53] and size
[54].

Unlike large hydrophilic macromolecules, such as genomic DNA fragments and viruses
[58-59], water-soluble proteins partition fairly evenly between the two phases of an ATPS [40,
43-44, 54, 60], which in turn would result in limited concentration of such proteins into one of
the two phases. Accordingly, a novel approach was investigated to concentrate the target
proteins into the top, micelle-poor phase. In this approach, as shown schematically in Figure 2.1,
the target proteins are “fished” into the top, micelle-poor phase by utilizing hydrophilic, colloidal
gold particles, which are nanometers in diameter, and are coated with antibodies specific for the
target proteins. The colloidal gold-antibody-target protein complex is then expected to partition
extremely into the top, micelle-poor phase based on the greater repulsive, steric, excluded-
volume interactions that operate between the colloidal gold nanoparticles and micelles that are
present in the bottom, micelle-rich phase. Therefore, similar to DNA and viral partitioning, if
the target protein partitions extremely into the top, micelle-poor phase, it can be concentrated in
that phase by reducing its volume relative to the bottom, micelle-rich phase. Furthermore,
another advantage of this approach is that the concentrated colloidal gold-antibody-target protein

complexes could directly be utilized in the subsequent downstream LFA detection step.
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Figure 2.1. Schematic representation of the method for concentrating target proteins in an
aqueous two-phase micellar system using colloidal gold nanoparticles that are decorated with
target-specific antibodies. The y-shaped object, the red circle, and the orange circle represent the
antibody, the colloidal gold nanoparticle, and the target molecule, respectively.

In this study, the partitioning behavior of the target protein was investigated with the
system described above using Triton X-114 as the surfactant. Specifically, the partition
coefficients of gold nanoparticles and Tf, with or without utilizing colloidal gold nanoparticles
for enhancing Tf partitioning were measured. In addition, gold nanoparticles and Tf were
concentrated in the top, micelle-poor phase by manipulating the volume ratio (the volume of the
top, micelle-poor phase divided by that of the bottom, micelle-rich phase). Furthermore, we
developed an LFA for the detection of Tf in-solution. Once the detection limit of the
immunoassay was established, Tf was concentrated by utilizing the ATPMS prior to the

detection step to investigate the effect of the concentration step on the detection limit of LFA.
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2.2. Materials and Methods

2.2.1. Radiolabeling of Transferrin and Anti-Transferrin Antibody

Tyrosine residues of iron-loaded Tf and goat polyclonal anti-Tf antibody (Bethyl
Laboratories, Montgomery, TX) were radiolabeled with Na'*®I (MP Biomedicals, Irvine, CA)
using IODO-BEADS (Pierce Biotechnology, Rockford, IL). The radiolabeled proteins were
purified from free iodine-125 using a Sephadex G10 size-exclusion column in the presence of
bovine serum albumin (BSA) to inhibit nonspecific binding to the column. The phosphotungstic
acid assay was used to quantify the specific activity and concentration of the radiolabeled
proteins. All reagents and materials were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise noted.

2.2.2. Preparing Colloidal Gold Probes

The colloidal gold nanoparticles were prepared according to Frens [73]. Using this
method, a solution of colloidal gold nanoparticles with an average hydrodynamic radius of 19
nm was obtained, which appeared as a clear, dark cherry-colored solution. The size of the
colloidal gold nanoparticles was obtained by using a Zetasizer Nano ZS particle analyzer
(Malvern Instruments Inc, Westborough, Massachusetts) following the manufacturer’s
instructions.

The colloidal gold-anti-Tf complexes, henceforth referred to as gold probes (AuP), were
prepared as described by Horisberger and Clerc [74]. Briefly, the pH of a 2.5 mL colloidal gold
nanoparticle solution was adjusted to pH 9 using 0.1 M NaOH. Subsequently, 40 pg of anti-Tf

antibody at a concentration of 0.1 mg/mL was added to the colloidal gold solution and mixed for
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1 hour on a shaker. To prevent nonspecific binding of other proteins to the surfaces of the
colloidal gold nanoparticles, 250 pL of a 10% w/v BSA solution was added to the mixture and
mixed for 15 min on a shaker. To remove free, unbound antibodies, the mixture was then
centrifuged for 30 min at room temperature and 4000 g, followed by resuspending the pellet of
colloidal gold nanoparticles in 1.3 mL of a 1% w/v BSA solution. The centrifugation and
resuspension step was repeated two more times, and after the third centrifugation, the pellet of
gold nanoparticles was resuspended in 375 pL of 0.1 M sodium borate buffer at pH 9.0. The
average hydrodynamic radius of the AuP was also found by using the Zetasizer Nano ZS particle
analyzer.

The above protocol was also carried out in triplicate with radiolabeled anti-Tf antibodies
to quantify the amount of antibody bound to the gold nanoparticles. After each centrifugation
step, the amount of free radiolabeled anti-Tf antibody in the supernatant was measured by using
a Cobra Series Auto-Gamma Counter (Packard Instrument Co., Meriden, CT). After
resuspending the gold nanoparticles for the third and final time in 0.1 M sodium borate buffer,
the amount of radiolabeled anti-Tf antibodies bound to gold particles was measured by using the

Cobra Series Auto-Gamma Counter.

2.2.3. Partitioning Colloidal Gold Probes

Colloidal gold nanoparticles bound to radiolabeled anti-Tf antibodies were partitioned in
ATPMS. For each partitioning experiment, four identical 3.5 mL Triton X-114 solutions in
Dulbecco’s phosphate-buffered saline (PBS, Invitrogen, pH 7.4, containing 1.47 mM KH;PQy,
8.10 mM Na,HPO,, 138 mM NaCl, 2.67 mM KCI, and 0.495 mM MgCl,) were prepared. 5 uL

of colloidal gold nanoparticles bound to radiolabeled anti-Tf antibodies (radioactive AuP) were
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added to three of the solutions. The fourth solution served as the control which did not contain
any radioactive AuP. In order to ensure that each solution was in one phase prior to phase
separation, the solutions were equilibrated at 4°C prior to the addition of the radioactive AuP.
Once radioactive AuP were added, the solutions were mixed and placed in a water bath set at the
appropriate temperature which yielded a volume ratio equal to approximately 1. The operating
conditions (i.e. temperature and initial surfactant concentration) are listed in Table 2.1. After
incubating the four solutions in the water bath for 18 hours, the two coexisting micellar phases
were withdrawn carefully using syringe and needle sets. Assuming that radiolabeled anti-Tf
antibodies remained bound to gold nanoparticles throughout the partitioning experiments, the

amount of AuP in each phase was determined by measuring the amount of radioactivity in each

phase using the Cobra Series Auto-Gamma Counter.

Table 2.1. Operating conditions, Triton X-114 concentrations in the top and bottom phases, and
masses of the top and bottom phases for the partitioning experiments.

Operating Conditions Experimental Values Obtained for DNA Partitioning
- Triton X-114 | Triton X-114
. Initial Concentration | Concentration Mass of the | Mass of the
Temperature | Triton X-114 . - Top Bottom
. ; in the Top in the Bottom
O Concentration Phase Phase
(% wiw) Phase Phase @) @)
(% wiw) (% wiw)
36.1 9.89 0.022 + 0.001 199+0.8 1.65+£0.02 | 1.70 £ 0.02
34.3 8.66 0.020 + 0.002 165+1.1 1.60+£0.02 | 1.72+0.04
32 7.83 0.026 + 0.001 16.7+£0.3 1.58+£0.03 | 1.72+0.06
30 7.20 0.034 + 0.001 13.4+21 1.66+0.01 | 1.69 +0.02
29.1 6.15 0.038 + 0.001 13.1+1.38 151+0.01 | 1.80+0.01
26.7 5.29 0.076 + 0.001 10.8+0.4 1.66+0.02 | 1.73+0.02
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2.2.4. Partitioning Transferrin

To determine the partition coefficient of Tf in the ATPMS, the same partitioning
experiment was performed, except that 5 ng of radiolabeled Tf was added instead of the colloidal
gold nanoparticles bound to radiolabeled anti-Tf antibodies. Furthermore, to enhance the
partitioning of Tf in the ATPMS, the above partitioning experiments were also performed in the
presence of nonradioactive AuP (colloidal gold nanoparticles bound to unlabeled anti-Tf
antibodies). For these experiments, 100 puL of nonradioactive AuP were added to the micellar
solutions, and the solutions were mixed prior to the addition of 5 ng of radiolabeled Tf. After
phase separation, the concentration of Tf in each phase was determined by measuring the amount

of radioactivity in each phase using the Cobra Series Auto-Gamma Counter.

2.2.5. Concentrating Gold Probes and Transferrin

By altering the volume ratio of the partitioning experiments, colloidal gold nanoparticles
bound to radiolabeled anti-Tf antibodies and radiolabeled Tf were concentrated in the top,
micelle-poor phase. The same protocols described in 2.2.3. Partitioning Colloidal Gold Probes
and 2.2.4. Partitioning Transferrin were used, except that the initial Triton X-114 surfactant
concentrations and operating temperatures were varied in order to achieve a 1/9 volume ratio.
For the concentration experiments, solutions of 9.50% w/w Triton X-114 in PBS were used and

incubated at 26.1°C for 18 hours.

2.2.6. Preparing Lateral-Flow Immunoassay Test Strips
There are two different approaches for the LFA: the sandwich assay and the competition

assay. In this study, we implemented the competition assay. In the competition LFA assay, as
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shown schematically in Figure 1.3, the entire target of interest, or a portion of the target (such as
a nontoxic chain of a toxin molecule), is immobilized on a nitrocellulose membrane in the form
of a line, called the test line. Secondary antibodies specific to the primary antibody on the
colloidal gold nanoparticles are also immobilized on the nitrocellulose membrane in the form of
a line, called the control line. In LFA, a sample first comes into contact with the AuP. If the
target molecules are present in the sample, they would first bind to their specific antibodies
immobilized on the colloidal gold nanoparticles. If the sample has enough target molecules to
saturate the target-specific antibodies immobilized on the colloidal gold nanoparticles, the target-
specific antibodies in the AuP cannot bind to the immobilized target molecules, and hence do not
form a visual band at the test line. This indicates a positive result (Figure 1.3a). Alternatively, if
the sample does not contain the target molecules at a concentration that saturates the target-
specific antibodies immobilized on the colloidal gold nanoparticles, the target-specific antibodies
in the AuP can bind to the immobilized target, and form a visual band at the test line indicating a
negative result (Figure 1.3b). Furthermore, regardless of the presence of the target molecule in
the sample, AuP will bind to the immobilized secondary antibodies on the control line, which
indicates a valid test. The LFA test strips used in this study were prepared using a similar

approach to that of Schuurs and coworkers [75].

2.2.7. Transferrin Lateral-Flow Immunoassay

The operating condition that yielded a 1/9 volume ratio and was used for performing the
concentration step prior to the detection step resulted in Tf and AuP being concentrated in the
top, micelle-poor phase that had a Triton X-114 concentration of 0.065% w/w in PBS. Since

surfactant can aid lateral flow and since we wanted to be consistent between the LFA performed
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with or without the concentration step, Tf solutions in 0.065% w/w Triton X-114 in PBS were
used to perform the immunoassay without the pre-concentration step. For the LFA, solutions of
Tf diluted in 0.065% wi/w Triton X-114 in PBS were first prepared. 45 pL of the Tf solutions
were then added to 5 pL of the AuP solution and 10 pL of test buffer (0.2% BSA, 0.3%
Tween20, 0.2% sodium azide, 0.1% polyethylene glycol, 0.1 M Trizma base, pH 8), which was
used to facilitate the flow of the samples through the test strips. The resulting solutions were
mixed and incubated for 18 hours. This incubation time was chosen to allow the same time for
anti-Tf antibodies present on the AuP to bind to Tf with or without the concentration step. After
the incubation period, an LFA test strip was dipped vertically into each solution so that only the
sample pad would come in contact with the solution. After 15 minutes, the test strips were taken
out of the solution, and an image of each strip was immediately taken by a Canon EOS 1000D

camera (Canon U.S.A,, Inc., Lake Success, NY).

2.2.8. Combining Concentration of Transferrin with the Lateral-Flow Immunoassay

To combine the concentration step with the detection step, Tf was first concentrated
following a similar protocol as mentioned previously by first adding 50 pL of AuP to the
aqueous micellar solutions, followed by mixing the solutions well. Next, various amounts of Tf
were added to each solution to obtain appropriate initial concentrations of Tf. For these
experiments, 5 mL solutions of 9.50% w/w Triton X-114 in PBS were used and incubated at
26.1°C for 18 hours. At these operating conditions, a volume ratio of 1/9 (0.111) was obtained.
After phase separation, the top phases were withdrawn carefully using syringe and needle sets.
The LFA was performed as described in 2.2.7. Transferrin Lateral-Flow Immunoassay except

instead of using 45 pL of the Tf solutions diluted in 0.065% w/w Triton X-114 in PBS and 5 pL
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of AuP, 50 pL of the withdrawn top, micelle-poor phases were added to 10 pL of test buffer
before a test strip was immediately dipped vertically into each solution. Since the amount of
AUP used affects the detection limit of LFA, 50 uL of the top, micelle-poor phase was used,
since it contained approximately the same amount of AuP utilized in the LFA without the

concentration step.

2.3. Results and Discussion

2.3.1. Partitioning Gold Probes in an Aqueous Two-Phase Micellar System
To quantify the partitioning behavior of a molecule in an ATPMS, the partition
coefficient, K, is evaluated, which is defined as follows:

C
Ky = o™ (2.1)

m,b
where Cy: and Cnp are the concentrations of the molecule in the top and bottom phases,
respectively. Previously, the partitioning behavior of a spherical, water-soluble molecule in a
nonionic ATPMS was studied, and it was shown that the partition coefficient could reasonably
be predicted using the following expression [54]:

KsEV :exp!(@t —Cpb)(l-l- %J ] (22)

0

where &, and @&, are the surfactant volume fractions in the top and bottom phases, respectively,
Rs is the hydrodynamic radius of a spherical molecule, and Ry is the cross-sectional radius of
each cylindrical micelle. The above expression was derived considering only the repulsive,

steric, excluded-volume interactions that operate between the spherical molecules, such as
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spherical proteins, and the cylindrical micelles. As noted previously, water-soluble proteins have
been shown to partition fairly evenly between the two phases of an ATPS [40, 43-44, 54, 60],
which in turn would result in limited concentration of such proteins into one of the two phases.
However, the hydrodynamic radius of AuP utilized in this study (28 nm) is large. Accordingly,
based on this radius, the cross-sectional radius of Triton X-114 micelles (23.4 A, [58]), and the
one-to-one correspondence between operating temperature and (@-@®y) found previously [58],
extremely large (>> 1000) partition coefficients of AuP as a function of temperature were
predicted using Equation 2.2. Therefore, similar to the partitioning of DNA fragments and
viruses in ATPMS [58, 72, 76], the entrainment of micelle-poor domains in the macroscopic
micelle-rich phase were expected to have a significant impact on the partitioning behavior of
AUP.

Due to the small density difference and interfacial tension between the micelle-rich and
micelle-poor domains, even after waiting a long time, macroscopic phase separation equilibrium
is not attained. As a result, some micelle-poor domains are entrained in the macroscopic
micelle-rich phase, and similarly, some micelle-rich domains are entrained in the macroscopic
micelle-poor phase. If AuP partition extremely into the micelle-poor domains, as predicted by
Equation 2.2, the concentration of AuP in the micelle-poor domains would be orders-of-
magnitude greater than that in the micelle-rich domains. Therefore, the effect of entrained
micelle-poor, AuP-rich domains on the measured concentration of AuP in the macroscopic,
micelle-rich, AuP-poor phase would be very significant, while the effect of entrained micelle-
rich, AuP-poor domains on the measured concentration of AuP in the macroscopic, micelle-poor,

AuP-rich phase would be negligible. Defining x as the volume fraction of micelle-poor domains
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entrained in the bottom, macroscopic micelle-rich phase, the newly predicted partition

coefficient could be written as follows [58, 76]:

K EVEnt _ K/EL\;/P (2.3)
M tex (KR -1)

where K5¥

Is the partition coefficient of AuP based only on excluded-volume interactions, and

EV
AuP,mp

EV

it is equal to the ratio of C to Cap - FOr large values of KLY, as in the case of AuP in

ATPMS, Equation 2.3 simplifies to:

jm KEen oL (2.4)

KRip > X
Equation 2.4 indicates that the partition coefficient of AuP is only dependent on x if (i)
entrainment is present and (i) K3, is much, much greater than 1. Blankschtein and coworkers

demonstrated that x is only a function of the volume ratio [76]. Therefore, if the volume ratio is
maintained at 1 for all temperatures, the measured partition coefficients for AuP should not
change by varying the operating temperature. Figure 2.2 shows the partition coefficients of AuP
obtained experimentally at various operating temperatures, while the volume ratio was
maintained at approximately 1. As indicated in Figure 2.2, the partitioning behavior of AuP in
the Triton X-114 ATPMS is approximately independent of the operating temperature, suggesting
that the partitioning of AuP is driven by the steric, excluded-volume interactions that operate

between AuP and micelles, but is limited by entrainment.
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Figure 2.2. Experimentally measured partition coefficients for gold probes at varying
temperatures. Error bars represent standard deviations from triplicate measurements.

2.3.2. Partitioning Transferrin in an Aqueous Two-Phase Micellar System

As mentioned previously, unlike large hydrophilic macromolecules, such as genomic
DNA fragments and viruses, water-soluble proteins have been shown to partition fairly evenly
between the two phases of an ATPS. Therefore, in this study, as shown schematically in Figure
2.1, we investigated utilizing AuP, or colloidal gold nanoparticles bound to Tf-specific
antibodies, to enhance the partitioning of Tf in the Triton X-114 ATPMS. In this approach, if all
the Tf molecules are successfully captured by the AuP, the same partition coefficients as those
obtained for AuP (Figure 2.2) are expected for Tf. Figure 2.3 shows the partition coefficients of
Tf obtained experimentally, with or without utilizing AuP, at the operating temperatures used
previously for the AuP partitioning experiments. Although the measured partition coefficients of
Tf increased when AuP were used, they were significantly lower than those obtained for AuP
alone, which indicates that not all Tf molecules were captured by anti-Tf antibodies bound to

gold nanoparticles. This could be due to two reasons. The first reason is that not enough anti-Tf
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antibodies bound to gold nanoparticles were present in the solution to capture all the Tf
molecules. Based on our characterization of AuP using radiolabeled anti-Tf antibodies,
approximately a 134-fold molar excess of anti-Tf antibody was used. However, the orientations
of the antibodies on the surfaces of gold nanoparticles are unknown, since the three main amino
acids thought to be responsible for protein-gold conjugation, namely, lysine, tryptophan, and
cysteine [77], are at various locations on the anti-Tf antibodies. Therefore, some of the anti-Tf
antibodies might not be able to bind to Tf due to the steric hindrance from the gold nanoparticles.
To improve the efficiency of capturing Tf, and thus enhance Tf partitioning further, other
conjugation methods must be investigated where more control over the orientation of the
antibodies may be applied. The second reason could be a low affinity between the anti-Tf
antibodies used in these studies and Tf. Therefore, to further improve Tf partitioning, anti-Tf
antibodies with higher affinity for Tf could be utilized. Nonetheless, since the measured values
of the partition coefficients of AuP are much greater than 1, they can still be exploited in a novel

fashion to improve the Tf LFA detection limit as described in the following sections.
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Figure 2.3. Experimentally measured partition coefficients of Tf at varying temperatures without
(white bars) and with (black bars) utilizing gold probes. Error bars represent standard deviations
from triplicate measurements.

2.3.3. Concentrating Gold Probes and Transferrin by Manipulating the Volume Ratio
By utilizing the mass balance of species i in the ATPS, in an approach similar to that

developed by other researchers [34], an expression for the concentration factor, that is, the

concentration of molecule i in the top phase (C,,), divided by the initial concentration of

molecule i (C,,), was derived:

C \\;t+1
Concentration factor = — = Y b (2.5)
Vi
Vb

i,0

1
+7
K"
where V, and V, are the volumes of the top and bottom phases, respectively, and K" is the

measured partition coefficient of species i obtained experimentally. For large values of K", the

concentration factor for molecule i could be approximated as follows:
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Concentration factor = —* ~1+
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1
v (2.6)
Vb

Therefore, based on Equation (2.6), and the large values of the partition coefficients of
the AuP, Ky, obtained experimentally (Figure 2.2), the concentration factor for gold probes

can be manipulated by solely varying the volume ratio. However, Equation (2.6) cannot be
applied to Tf, with or without utilizing AuP, since much smaller Tf partition coefficients were
obtained (Figure 2.3). Figure 2.4 shows the concentration factors obtained experimentally with
an approximately 1/9 volume ratio for AuP, and Tf molecules, with or without utilizing AuP. As
indicated in Figure 2.4, there is reasonable agreement between the experimentally measured
concentration factor of AuP and the prediction based on Equation (2.6). This agreement is not
observed for Tf, with or without utilizing AuP, due to the lower partition coefficients, which
prevented the Tf molecules from being significantly concentrated. However, note that increasing
the efficiency of capturing Tf molecules is expected to increase the Tf partition coefficients when
AUP are utilized. This, in turn, would allow the Tf molecules to be concentrated to the same
extent as the AuP. However, as described in the next sections, successfully concentrating the

AuP themselves can still be exploited to improve the detection limit of LFA.
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Figure 2.4. Concentration factors for the gold probes (crossed bars) and Tf, without (white bars)
and with (black bars) the use of gold probes with a 1/10 volume ratio. Error bars represent
standard deviations from triplicate measurements.

2.3.4. Detecting Transferrin via the Lateral-Flow Immunoassay

In this study, we implemented the competition assay to detect Tf in-solution. To
establish the limit of Tf detection via LFA, test strips were prepared by utilizing rabbit
polyclonal anti-goat 1gG antibody and Tf. The results of LFA performed are shown in Figure
2.5. As mentioned previously, the top line, which contains immobilized rabbit polyclonal anti-
goat IgG antibody, is the control line, indicating a valid test. In the competition LFA, as shown
schematically in Figure 1.3, Tf was immobilized on the nitrocellulose membrane on the test line.
If the solution being tested contained enough Tf molecules to saturate the anti-Tf antibodies
bound to the colloidal gold nanoparticles, then these anti-Tf antibodies could not bind to the

immobilized Tf molecules at the test line, and hence, would not form a visual band at the test
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line. This indicated a positive result, which was observed for solutions with Tf concentrations as
low as 0.5 pg/mL (Figure 2.5e). Alternatively, if the sample did not contain Tf at a
concentration that saturated the anti-Tf antibodies bound to the colloidal gold nanoparticles, then
some of these anti-Tf antibodies would bind to the immobilized Tf at the test line, and therefore,
form a visual band indicating a negative result. This was observed for the negative control,
which did not contain any Tf (Figure 2.5a), as well as for solutions with Tf concentrations of 0.1
and 0.05 pg/mL (Figure 2.5f and g). This indicated a detection limit of approximately 0.5

pg/mL for the TT LFA performed without a prior concentration step.

Control )
Line
Test
Line

Figure 2.5. LFA used to detect Tf without a prior concentration step. The negative control
without any Tf is shown in panel (a). The remaining solutions contained Tf at concentrations of
(b) 10, (c) 5, (d) 1, (e) 0.5, (f) 0.1, and (g) 0.05 pg/mL.

2.3.5. Concentrating Gold Probes and Transferrin Prior to the Lateral-Flow Immunoassay

After establishing the detection limit of the Tf LFA, we investigated the possibility of
improving the detection limit of LFA if an ATPMS was utilized to concentrate AuP and Tf
molecules prior to the detection step. As shown previously, while AuP were successfully

concentrated in the ATPMS in a predictive manner, lower concentration factors were obtained
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for T with or without utilizing AuP. However, as explained below, the successful concentration
of AuP was still exploited to improve the LFA detection limit of Tf.

In the competition LFA, the deciding factor for detecting Tf in-solution is saturation of
the anti-Tf antibodies bound to colloidal gold nanoparticles with Tf molecules. If these anti-Tf
antibodies bound to colloidal gold nanoparticles are not saturated with Tf, then they would bind
to the immobilized Tf at the test line, and form a visual band indicating a negative result. As
shown in Figure 2.5g, in the case of the solution with a Tf concentration of 0.05 pg/mL, the anti-
Tf antibodies were not saturated with Tf molecules, and therefore, the test line appeared for this
Tf concentration, indicating a false negative result. Therefore, to detect Tf at the concentration
of 0.05 pg/mL, the anti-Tf antibodies bound to colloidal gold nanoparticles must be saturated
with Tf molecules. One approach is to add more Tf molecules by utilizing a larger volume of the
0.05 pg/mL Tf solution for performing the LFA, while holding the AuP volume constant.

In the previously mentioned studies, LFA was performed by adding 45 pL of Tf solutions
to 5 puL of the AuP and 10 pL of test buffer before dipping an LFA test strip into the mixture.
Note that Tf was successfully detected at a concentration of 0.5 pg/mL (Figure 2.5e) by utilizing
45 pL of the 0.5 pg/mL Tf solution, indicating that the anti-Tf antibodies bound to colloidal gold
nanoparticles were successfully saturated with Tf. Therefore, in the case of a 0.05 pg/mL Tf
solution, which is 10 times more dilute, to ensure that there are enough Tf molecules to saturate
the anti-Tf antibodies bound to colloidal gold nanoparticles, instead of 45 pL of the 0.05 pg/mL
Tf solution, 45 pL x 10 = 450 uL of the 0.05 pug/mL Tf solution could be added to 5 pL of the
AuP and 10 pL of test buffer. The solution would also need to be thoroughly mixed to ensure
that the antibodies can interact with the Tf molecules in the dilute solution. However, only a

limited volume (approximately 50 pL) can be used in the LFA test strip before the strip becomes
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saturated with liquid, leading to the flow stopping. Therefore, although the anti-Tf antibodies
bound to colloidal gold nanoparticles would become saturated with Tf by using a 10 times larger
volume of the 0.05 pg/mL Tf solution, only a small portion of the AuP would pass through the
strip when 50 pL of the solution is used, since the AuP would be diluted 10-fold in the 450 [1L
solution. As a result, the control line will not appear, indicating an invalid test. To overcome
this problem, the ATPMS was used to concentrate the AuP into the top, micelle-poor phase prior
to the LFA. As shown in Figure 2.4, by using an approximately 1/9 volume ratio, the AuP were
concentrated in the top, micelle-poor phase by approximately 10-fold. This would counteract the
effect of the 10-fold dilution of the AuP and allow detection at the control line. It should be
noted that in this setup, it is not as important to capture all the Tf molecules, but rather to recover
almost all of the AuP at a high enough concentration that a valid result can be obtained when
only 50 pL of the solution is used.

To combine the concentration step with LFA, 9.50% w/w Triton X-114 in PBS solutions
that contained AuP and had different initial concentrations of Tf were prepared. The solutions
were mixed well, and subsequently incubated at 26.1°C for 18 hours. After phase separation,
which yielded a 1/9 volume ratio, the top, micelle-poor, AuP-rich phases were withdrawn using
syringe and needle sets, and were consequently used in the LFA as described previously. The
results of the LFA with the prior concentration step are shown in Figure 2.6. While the test line
appeared for the negative control solution, which did not contain any Tf, indicating a negative
result, the test line did not appear for the decreasing concentration of Tf until the concentrations
of 0.01 and 0.005 pg/mL (Figure 2.6h and i). This indicated a detection limit of approximately
0.05 pg/mL for the Tf LFA when combined with the ATPMS, which represented a 10-fold

improvement of the detection limit of the LFA assay. It should be noted that, in this proof-of-
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concept study, a volume ratio of only 1/9 was utilized to demonstrate the improvement of the
concentration step on LFA’s detection limit. In the future, even lower volume ratios may be
used to yield greater concentration factors of the AuP that can then lead to even lower detection
limits. Furthermore, while phase separation of an ATPS could be sped up via low-speed
centrifugation [78], the ultimate goal of this approach is to enhance the detection of protein
markers at the PON without using any laboratory equipment. Accordingly, other ATPS could
instead be utilized and optimized to achieve rapid separation within the time frame of typical

LFA diagnostic tests without the need for centrifugation.

Control )
Line
Test
Line

Figure 2.6. LFA used to detect Tf with the prior concentration step. The negative control
without any Tf is shown in panel (a). The remaining solutions contained Tf at concentrations of
(b) 10, (c) 5, (d) 1, (e) 0.5, (f) 0.1, (g) 0.05, (h) 0.01, and (i) 0.005 pg/mL.

2.4 Conclusions

Concentrating proteins, such as food allergens and protein toxins, prior to a detection step
via LFA may improve the detection limit of the immunoassay. In this study, the partitioning and
concentration of a model protein, namely Tf, using a novel modification in the Triton X-114
ATPMS was investigated. Specifically, anti-Tf antibodies bound to colloidal gold nanoparticles,
or AuP, were utilized to enhance the partitioning of Tf in the ATPMS. First, to understand the

partitioning behavior of AuP in the ATPMS, we compared experimentally measured partition
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coefficients of AuP with the theoretical predictions obtained from a model developed previously
for partitioning of spherical molecules in micellar systems. The agreement between theory and
experiment indicated that the partitioning behavior of AuP in the nonionic micellar system is
primarily driven by repulsive, steric, excluded-volume interactions that operate between the
micelles and AuP, but is limited by the entrainment of micelle-poor, AuP-rich domains in the
macroscopic, micelle-rich phase. Subsequently, we investigated the partitioning of Tf in the
ATPMS with or without utilizing the AuP. Although Tf partitioning was enhanced by
approximately 2-fold when AuP were utilized, it was shown that only 39% to 49% of Tf
molecules was captured by the AuP, which resulted in limited improvement of Tf partitioning in
the micellar system. Therefore, to enhance Tf partitioning further by increasing the percentage
of Tf molecules captured, AuP with higher affinity to Tf must be utilized and the orientation of
the conjugated molecules must be examined. However, even with the current system, we
discovered a novel approach to improve the detection limit of Tf. Specifically, by decreasing the
volume ratio from 1 to approximately 1/9, AuP were concentrated in the top, micelle-poor phase
by approximately 10-fold in a predictive manner, and although Tf molecules were not
concentrated in the top phase as extremely, the successful concentration of AuP into the top,
micelle-poor phase improved the detection limit of LFA by approximately 10-fold by being able
to concentrate the AuP that were saturated with Tf. In the future, the operating conditions could
be manipulated to obtain even lower volume ratios, which in turn should result in obtaining
higher concentration factors of AuP that yield even lower detection limits of LFA. Furthermore,
ATPS that yield rapid phase separation could be utilized, so that the complete detection assay,
including the concentration step, could be completed within 30 minutes. We believe once

optimized, the novel approach of utilizing ATPS to concentrate target proteins prior to the
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detection step could significantly improve the sensitivity of LFA, which in turn, could enhance

its effectiveness as a PON assay in detecting target proteins in various sample matrices.
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Chapter 3: Concentrating Bacteriophage M13 Using an Aqueous Two-Phase
Polymer-Salt System to Improve Detection with the Lateral-Flow
Immunoassay

3.1. Introduction

Viruses are infectious agents responsible for many various medical ailments and diseases,
such as AIDS, the common cold, herpes, and influenza. A means to rapidly and accurately detect
infectious agents and pandemic pathogens at the point-of-care (POC) could result in better
patient management, such as timely use of appropriate antiviral treatments and isolation of
confirmed cases, to aid in preventing outbreaks [13-14]. Viruses, such as the Ebola and Marburg
viruses, may also be used as dangerous weapons in biological warfare. Thus, frontline military
personnel require a means to rapidly detect these agents when advancing in hostile territories in
the form of a portable viral detection device.

One detection method that has gained much attention in recent years due to its ease of
use, rapid time to result, and minimal power and laboratory equipment requirements is the
lateral-flow immunoassay (LFA). However, studies have shown that the sensitivity of LFA in
detecting viruses is inferior to the gold standards of viral culture and real-time PCR [14, 18, 23-
27]. Therefore, in order to use LFA as a point-of-care solution for viral detection, the sensitivity
of LFA must first be improved. A practical solution for increasing the sensitivity of LFA is to
concentrate the target virus in a solution prior to the detection step.

Aqueous two-phase systems (ATPS) can be utilized to concentrate biomolecules.
Previously, in a proof-of-principle study, we investigated the use of an aqueous two-phase
micellar system using Triton X-114 surfactant to concentrate a model virus, namely

bacteriophage M13 (M13), prior to its detection via LFA [79]. Although partitioning of viruses
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in aqueous two-phase systems has been previously studied, our work previously reported was the
first time the established technologies of LFA and aqueous two-phase systems have been
combined. In fact, aqueous two-phase systems have generally been examined for large-scale
biotechnological applications [34, 38-39, 43-44, 58, 71] and not small-scale diagnostic
applications. Nonetheless, aqueous two-phase systems are appropriate for a POC device, as they
involve liquid-liquid extractions making them scalable (to require minimal sample volume), and
could be designed to require minimal training and power.

Despite our previous success in improving the viral sensitivity of the LFA by employing
an aqueous two-phase micellar system with Triton X-114 surfactant [79], there was an aspect of
the concentration method that still needed to be improved from our proof-of-principle study
before it could be practically implemented. Specifically, the aqueous two-phase micellar system
had phase separation times on the order of hours, which is a result of the low density difference
and low interfacial tension between the two phases. Since the micelle-poor rich and micelle-poor
domains move up or down accordingly to density difference, the low density difference makes it
more difficult for the macroscopic separation of the two-phases. Furthermore, the low interfacial
tension allows for greater surface area between the two phases. This consequently allows for
more entrained domains of the micelle-rich phase within the micelle-poor phase and vice versa,
making it more difficult to form two-distinct macroscopic phases due to increased entrainment.

In this study, we employ the use of another ATPS, one composed of polymer and salt,
which phase separates on the order of minutes and is more practical to be implemented for
improving point-of-care detection. The aqueous two-phase polymer-salt system was formed
using polyethylene glycol (PEG) polymer and potassium phosphate salt. However, the PEG-salt

system has one disadvantage which previously prevented its use in being combined with the
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LFA. Due to the high-salt content of the solution, the colloidal gold nanoparticles used as the
colorimetric indicator in the LFA lose their stability and aggregate in-solution. In this study, we
developed modified colloidal gold nanoparticles designed to have increased stability in high-salt
solutions. We subsequently investigated the PEG-salt system for concentrating bacteriophage
M13 as a model virus to improve the LFA detection of M13.

Macromolecules partition in PEG-salt systems based on hydrophobicity [61] and size
[66]. For example, hydrophilic proteins partition more into the bottom polymer-poor, salt-rich
phase of PEG-salt systems [61]. Since M13 contains an outer hydrophilic coat [67], M13 is
expected to partition into the bottom, polymer-poor, salt-rich phase. Furthermore, large linear
polymers form a net in solution and limits large macromolecules from being contained within the
polymer-rich phase [66]. Thus, large viral particles are expected to be driven to the bottom,
polymer-poor phase due to the excluded-volume interactions that operate between the viral
particles and the polymer molecules in the top polymer-rich phase. M13 can thus be concentrated
in the bottom, polymer-poor phase by manipulating the volume ratio, defined as the volume of
the bottom, polymer-poor phase divided by that of the top, polymer-rich phase.

After ensuring that we could concentrate M13 in the aqueous two-phase polymer-salt
system, we developed an LFA for the detection of M13 in-solution. However, before the PEG-
salt system could be combined with LFA, the colloidal gold probes (AuP) that were used as the
colorimetric indicator needed to be further stabilized. In solutions of low salt concentration, the
AuP remain stable due to electrostatic repulsions that result from their negatively charged
surfaces which are attributable to citrate ions that remain adsorbed on the nanoparticles in the
synthesis process [80]. However, due to the high salt concentration of the aqueous two-phase

polymer-salt system, the salt ions screen the electrostatic repulsions between two charged
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colloidal gold nanoparticles. Due to these reduced electrostatic repulsions, the AuP are allowed
to more closely approach each other, which consequently increases their van der Waal attractions
and results in aggregation of the AuP. To overcome this, one approach is to increase the
repulsions between AuP by coating the AuP with a layer of PEG on the surface. The PEG layer
provides steric repulsions between AuP to effectively prevent them from aggregation. In this
study, the AuP were coated with PEG prior to coating with antibodies specific for the target
Virus.

Once the AuP were PEGylated, we investigated the LFA detection limit of M13 using
these modified gold probes. Subsequently, M13 was concentrated using the aqueous two-phase
polymer-salt system prior to the detection step to investigate the effect of the concentration step
on the LFA’s detection limit. To the best of our knowledge, the results reported in this study
represent the first time LFA has been combined with an aqueous two-phase system composed of
polymer and salt constituents and the first time that PEGylated AuPs have been employed for use

in the LFA.

3.2. Materials and Methods
3.2.1. Bacteria and Bacteriophage M13 Culture

Escherichia coli bacteria (American Type Culture Collection, ATCC, Manassas, VA)
were incubated in 6 mL of lysogeny broth (LB, 10 g/L tryptone (BD, Franklin Lakes, NJ), 5 g/L
yeast extract (BD), and 10 g/L NaCl) media at 37°C and 240 RPM in a shaker incubator for 12
hours. This bacteria solution was then used in the plaque assay to quantify the concentration of
M13 (see 3.2.2. Bacteriophage M13 Quantification).  Additionally, in order to culture M13

(ATCC), 10 pL of the stock M13 solution was added to Escherichia coli bacteria solution grown
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in LB media for 12 hours as described above. The mixture was then incubated in a shaker
incubator at 37°C and 240 RPM for 5 hours. The solution was then centrifuged at 4°C and
8000g for 15 min to remove the bacteria. The supernatant containing M13 was collected and
filtered using a 0.22 pm syringe filter (Millipore, Billerica, MA). All reagents and materials

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.

3.2.2. Bacteriophage M13 Quantification

The plaque assay was used to quantify the concentration of M13 in a solution [81]. In
this assay, 100 pL of a diluted sample with an unknown concentration of M13 was added to 200
pL of a bacteria solution and 3 mL of soft LB agar (LB, with 0.3% w/v agarose (Promega,
Madison, W1)). This solution was then mixed and poured onto a Petri dish covered with hard LB
agar (LB, with 1.2% w/v agarose (Promega)). This assay relies on the fact that M13 infects
cells, replicates inside them, slows down their growth, and spreads to neighboring cells.
Consequently, if a single M13 viral particle is placed in an environment of growing bacteria
cells, eventually a plaque or hole will be visible in the opaque yellowish bacteria lawn due to the
inhibited growth of bacterial cells that are infected by the replicating bacteriophage. Although
many bacteriophages are responsible for one plaque, they all originated from a single infectious
viral particle that was initially placed on the hard LB agar. Therefore, the concentration of M13

is reported in plaque forming units (pfu) per mL.

3.2.3. Concentrating Bacteriophage M13 in Aqueous Two-Phase Polymer-Salt Systems
By altering the volume ratio of the aqueous-two phase polymer-salt system, M13 can be

concentrated in the bottom, polymer-poor phase. For each concentration experiment, four
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identical aqueous solutions composed of 25% w/w PEG8000 (Promega, Madison, WI) and 3.2%
w/w potassium phosphate salt (1 to 5 mass ratio of KH,PO, to K,HPO,) dissolved in Dulbecco’s
phosphate-buffered saline (PBS, Invitrogen, pH 7.4, containing 1.47 mM KH,PQO,4, 8.10 mM
Na;HPOy, 138 mM NacCl, 2.67 mM KCI, and 0.495 mM MgCl,) were prepared. M13 was added
to three of the solutions such that the final concentration of the solution was 10® bacteriophage
particles/mL. The fourth solution served as the control which did not contain any bacteriophage.
The four solutions were incubated in a water bath at 37.0 °C, which yields a volume ratio,
defined as the volume of the bottom, polymer-poor phase divided by the top, polymer-rich phase,
of approximately 10. After thirty minutes, the two coexisting polymer-rich and polymer-poor
phases were extracted from the solutions using syringe and needle sets. The concentration of
M13 in each phase was determined as described above in 3.2.2. Bacteriophage M13
Quantification. The concentration experiment which involved the triplicate solutions and control,

was repeated three times.

3.2.4. Preparing Colloidal Gold Probes

The colloidal gold nanoparticles were prepared according to Frens [73]. Briefly, 1 mL of
a 10% gold (111) chloride hydrate was added to 1 L of 100°C deionized water. 1.5 mL of 12%
sodium citrate was then added to reduce the gold chloride into gold atoms, which would
subsequently nucleate to form gold colloids. Using this method, a 1 L solution of colloidal gold
nanoparticles was obtained, which appeared as a clear, dark cherry-colored solution.

The concentration of the colloidal gold nanoparticle solution was determined by using

Beer’s Law for a path length of 1 cm:

(3.1)

o[>
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In Equation (3.1) above, C is the concentration of colloidal gold nanoparticles in mol/liter, ¢ is
the molar extinction coefficient in M™cm™, and A is the peak absorbance value of the colloidal
gold nanoparticles in water. In our studies, the peak absorbance value of the colloidal gold
nanoparticles was measured using a spectrophotometer. The molar extinction coefficients are
specific to colloidal gold nanoparticle size and were taken from a data sheet provided by
BBInternational Life Sciences (Madison, WI), a manufacturer of colloidal gold nanoparticles.
Some of the molar extinction coefficients from this data sheet are shown in Table 3.1. The values
in the data sheet were extrapolated from mean-free-path corrected Mie-theory calculations
performed by Wolfgang Haiss at the University of Liverpool [82]. The average diameter of the
colloidal gold nanoparticles was measured using dynamic light scattering measurements (DLS)
with a Zetasizer Nano ZS particle analyzer (Malvern Instruments Inc, Westborough,
Massachusetts) following the manufacturer’s instructions.

Table 3.1. Colloidal gold nanoparticle extinction coefficients.

diameter (nm) | e M cm™) | diameter (nm) | e M cm™)
31 4.00E+09 41 1.01E+10
32 4.44E+09 42 1.09E+10
33 4.91E+09 43 1.18E+10
34 5.42E+09 44 1.27E+10
35 5.96E+09 45 1.37E+10
36 6.54E+09 46 1.47E+10
37 7.16E+09 a7 1.58E+10
38 7.82E+09 48 1.69E+10
39 8.52E+09 49 1.81E+10
40 9.26E+09 50 1.94E+10

After quantifying the colloidal gold nanoparticles using the method described above, the
results were verified with another concentration quantification method by using a mass balance

of the nanoparticles. Since the nanoparticles are spheres, the total number of nanoparticles can be
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calculated from the measured nanoparticle mass and radius. The mass balance and corresponding

equation is shown below.

number of particles - volume per particle- density = total mass (3.2)
AnR®
n 3 p=m (3.3)

The radius of the nanoparticles, R, was determined using DLS measurements. The
density of the nanoparticles, p, was taken to be approximately the same as the density of gold,
which is equal to 19.3 g/cm®. The mass of the colloidal gold nanoparticles, m, was determined
through freeze-drying a known volume of colloidal gold nanoparticle solution using a
lyophilizer. The calculated colloidal gold nanoparticle concentration using this method was
similar to the results attained from using Beer’s Law and the provided molar extinction
coefficients listed in Table 3.1.

After the colloidal gold nanoparticles were synthesized and their concentration
determined, a polyethylene glycol (PEG) layer was added to the particle surfaces for increased
particle stability in high-salt containing solutions. Briefly, the pH of a 1 mL colloidal gold
nanoparticle solution was adjusted to pH 7.2 using 10x PB buffer (6.7 mM KH,PQ,4, 13.7 mM
K2HPQO,). In the PEGylation process, both monofunctional and bifunctional PEG polymers were
utilized to coat the colloidal gold nanoparticles. Amino-PEG MW 5000 (Nanocs, New York,
NY) served as the monofunctional PEG and is able to bind to the colloidal gold nanoparticles
through dative bonds via the amine group [80]. In the case of the bifunctional PEG polymer,
amino-PEG-maleimide MW 10000 (Nanocs) was used. The amine group binds to the colloidal
gold nanoparticles, while the maleimide group binds to free thiols on antibodies. Both

monofunctional and bifunctional PEG were added to the colloidal gold nanoparticle solution at a
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molar ratio of 5000 PEG polymers per 1 colloidal gold nanoparticle. The solution was then
mixed on a shaker for 1 hour.

After PEGylation, antibodies were conjugated to the free ends of the bifunctional PEG on
the colloidal gold nanoparticles to complete the synthesis of the colloidal gold probe (AuP). To
accomplish this, the PEGylated colloidal gold nanoparticle solution was first adjusted to pH 9
using 0.1 M NaOH. In the case of forming the first gold probe species (AuPs) designed to bind
only to the test line, 16 pg of anti-M13 mouse monoclonal antibody (Abcam Inc., Cambridge,
MA) at a concentration of 0.2 mg/mL was added to the colloidal gold solution and mixed for 10
min on a shaker. In the case of forming the second gold probe species (AuPconirol) designed to
bind only to the control line, 16 pg of goat polyclonal anti-Tf antibody (Bethyl Laboratories,
Montgomery, TX) at a concentration of 0.2 mg/mL was added to the colloidal gold solution and
mixed for 10 min on a shaker. To prevent nonspecific binding of other proteins to the surfaces
of the colloidal gold nanoparticles, 100 pL of 10% wi/v bovine serum albumin was added to both
the AuUPist and AuPcontror SOlution and mixed for 15 min on a shaker to block any remaining
exposed surfaces on the colloidal gold nanoparticles. The AuPgst and AuPcontror SOlUtiONS were
then centrifuged for 30 min at 4°C and 9000g to remove free antibody and bovine serum
albumin. The pellets from both AuPies; and AuPconiror SOlUtions were resuspended in 150 pL of

0.1 M sodium borate buffer at pH 9.0.

3.2.5. Preparing Lateral-Flow Immunoassay Test Strips
Using a similar approach to that of Schuurs and coworkers [75], the LFA test strips were
prepared as follows: Rabbit polyclonal anti-goat IgG (Bethyl Laboratories) and mouse

monoclonal anti-M13 antibodies (Abcam) were first diluted to 0.4 mg/mL and 0.2 mg/mL,
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respectively, by using a 50% w/v sucrose solution. The antibody solutions were then sprayed at
their corresponding locations of a nitrocellulose membrane (Sartorius, Goettingen, Germany)
using a syringe and PEEK™ tubings (Upchurch Scientific, Oak Harbor, WA). The
nitrocellulose membrane was then dried under vacuum for two hours, and left overnight at room
temperature and atmospheric pressure to allow the membrane to retain its relaxed form.
Subsequently, the treated nitrocellulose membrane, the sample pad (Whatman, Kent, UK) which
is where the solution is applied, the absorbance pad (Whatman) which functions as a sink for
excessive sample fluid, and adhesive vinyl backing (G&L, San Jose, CA) were assembled, and
cut into test strips shown schematically in Figure 1.1 in Chapter 1. Before assembly, the sample
pad was incubated overnight in a water solution containing surfactant (0.5% w/v PEG8000 and
0.5% w/v Tween20) and vacuum dried for two hours the following day. This was done to aid in

the capillary flow of the sample up the LFA strip.

3.2.6. Bacteriophage M13 Lateral-Flow Immunoassay

To be consistent between the lateral-flow immunoassays performed with or without the
concentration step, M13 solutions were prepared in aqueous samples that were extracted from
the bottom, polymer-poor phase of a PEG-potassium phosphate salt solution that had phase
separated under the same operating conditions as mentioned in 3.2.3. Concentrating
Bacteriophage M13 in Aqueous Two-Phase Polymer-Salt Systems. These M13 solutions were
used to perform the LFA without the concentration step. Forty-five pL of these M13 solutions of
varying M13 concentration were then added to 10 pL of the AuPyg Solution, 5 pL of the
AUPonirol SOlUtion (see 3.2.4. Preparing Colloidal Gold Probes) and 25 pL of test buffer (0.2%

bovine serum albumin, 0.3% Tween20, 0.2% sodium azide, 0.1% polyethylene glycol, 0.1 M
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Trizma base, pH 8), which was used to facilitate the flow of the samples through the test strips.
The resulting solutions were mixed, and incubated for 5 minutes before a test strip (see 3.2.5.
Preparing Lateral-Flow Immunoassay Test Strips) was dipped vertically into each solution.
After 20 minutes, the test strips were taken out of the solution, and an image of each strip was

immediately taken by a Canon EOS 1000D camera (Canon U.S.A., Inc., Lake Success, NY).

3.2.7. Combining Concentration of M13 with the Lateral-Flow Immunoassay

To combine the concentration step with the detection step, M13 was first concentrated
following the same protocol as mentioned previously (see 3.2.3. Concentrating Bacteriophage
M13 in Aqueous Two-Phase Polymer-Salt Systems). Various amounts of M13 were added to
each solution to obtain appropriate initial concentrations of M13. After phase separation, the
bottom, polymer-poor, virus-rich phases were withdrawn carefully using syringe and needle sets.
The LFA was performed as described in 3.2.6. Bacteriophage M13 Lateral-Flow Immunoassay,
except instead of using 45 pL of the M13 solutions diluted in a pre-extracted bottom phase, 45

pL of the withdrawn bottom, polymer-poor phases were used.

3.3. Results and Discussion

3.3.1. Concentrating Bacteriophage M13 by Manipulating the Volume Ratio
In an approach similar to that developed by other research groups [34], an expression for

the concentration factor, that is, the concentration of virus in the bottom phase divided by the
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initial concentration, will now be derived. The starting point in the derivation is the mass
balance of M13 in the aqueous two-phase system:

CM13,0 '(Vt +Vb) = CMlS,t ’Vt +CM13,b 'Vb (3-4)

where V; and V, are the volumes of the top and bottom phases, respectively, Cyizo is the initial
concentration of M13 in the homogeneous micellar solution prior to phase separation, and Cys;
and Cwysp are the concentrations of M13 in the top and bottom phases, respectively. Dividing

both sides of Equation (3.4) by Vi and Cwi3sp Yields the following equation:

c
Zwso g, Voy 1 Ve (35)
CMl3,b Vt KM13 Vt

where Ky, is the measured partition coefficient obtained from quantifying the concentration of

M13 in each phase and is defined as:

C
Kr\r;;ls = —ME0 (3.6)

CM13,t
Rearranging Equation (3.5) to solve for the concentration factor, CF, which is defined as the
measured concentration of M13 in the bottom phase divided by the initial concentration of M13

prior to phase separation, yields the following equation:

1+V—b
CM13b Vt
CF = M0 _ (3.7)
CM13,0 1 \i
Kﬂls Vt

For large values of Ky ,,, the concentration factor could be approximated as follows:

+1 (3.8)



Therefore, based on Equation (3.8), if the measured M13 partition coefficients, Kj,,,, obtained

experimentally are large, the concentration factor can be manipulated by varying the volume
ratio. In this study, the operating conditions yielded volume ratios of approximately 1/9 in the
aqueous two-phase polymer-salt systems. The average measured partition coefficient of M13
was 28 + 9. The average concentration factor was measured to be 8.8 + 2.3. Since Equation (3.8)
predicts a concentration factor of approximately 10 for a volume ratio of 1/9, there is reasonable
agreement between the experimentally measured concentration factor and the predicted value

obtained from Equation (3.8).

3.3.3. Detecting Bacteriophage M13 via the Lateral-Flow Immunoassay

After demonstrating that M13 could be concentrated via an aqueous two-phase polymer-
salt system, we prepared colloidal gold probes and LFA test strips by utilizing rabbit polyclonal
anti-goat 1gG for the control line and mouse monoclonal antibody to M13’s coat protein pVIII
for the test line. The LFA was performed as described in 3.2.6. Bacteriophage M13 Lateral-
Flow Immunoassay, and the results are shown in Figure 3.1. As mentioned previously, the top
line, which contains immobilized rabbit polyclonal anti-goat IgG antibody, is the control line,
indicating a valid test. The presence of the test line, which contains mouse monoclonal antibody
to M13’s coat protein pVIII, indicates the presence of M13. As indicated in Figure 3.1, while no
test line appeared for the negative control solution (Figure 3.1a), which did not contain any M13,
the intensity of the test line decreased with the decreasing concentration of M13 (Figure 3.1b-f)
until no test line appeared for the solution containing 1x10® pfu/mL (Figure 3.1f). This indicated

a detection limit of 5x10° pfu/mL for the M13 LFA performed without a prior concentration step.
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Figure 3.1. LFA used to detect bacteriophage M13 without a prior concentration step. The
negative control without any M13 is shown in panel (a). The remaining solutions contained M13
at concentrations of (b) 1x10™, (c) 5x10°, (d) 1x10°, (e) 5x10°, and (f) 1x10° pfu/mL.

3.3.4. Concentrating Bacteriophage M13 Prior to the Lateral-Flow Immunoassay

After establishing the detection limit of the M13 LFA, we investigated improving the
sensitivity of the assay by utilizing an aqueous two-phase polymer-salt system to concentrate
M13 prior to the detection step. To do so, 25% w/w PEGB8000 and 3.2% w/w potassium
phosphate salt in PBS solutions with different initial concentrations of M13 were incubated at
37.0°C for 30 minutes. After phase separation, the bottom, polymer-poor, M13-rich phases were
withdrawn using syringe and needle sets, and were subsequently applied to LFA strips as
described previously (see 3.2.7. Combining Concentration of M13 with the Lateral-Flow
Immunoassay). The results of the LFA with the prior concentration step are shown in Figure 3.2.
While no test line appeared for the negative control solution, which did not contain any M13, the
intensity of the test line decreased with the decreasing concentration of M13 until no test line
appeared for the solution containing 1x10” pfu/mL (Figure 3.2h). This indicated a detection limit
of approximately 5x10" pfu/mL for the M13 LFA when combined with the prior concentration
step, which represented a 10-fold improvement of the detection limit of the LFA assay.

Furthermore, the intensity of the test line for all the detectable concentrations clearly increased
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when the concentration step was incorporated prior to the detection step. It should be noted that
a volume ratio of only 1/9 was utilized as a proof-of-principle demonstration that the LFA’s
detection limit could be improved using the aqueous two-phase polymer-salt system. In the
future, even lower volume ratios may be implemented or extractions-in-series may be used to

yield greater concentration factors that can lead to even lower detection limits.

Control
Line —2
Test
Line -

Figure 3.2. LFA used to detect bacteriophage M13 with the prior concentration step. The
negative control without any M13 is shown in panel (a). The remaining solutions initially
contained M13 at concentrations of (b) 1x10%°, (c) 5x10°, (d) 1x10°, (e) 5x108, (f) 1x108, (g)
5x10’, and (h) 1x10" pfu/mL.

3.4. Conclusions

Concentrating infectious agents, such as infectious viruses, prior to a detection step via
LFA may improve the detection limit of the immunoassay, which in turn could significantly
increase the effectiveness of using LFA for patient management at the POC. However, the
concentration method must be implementable at the POC, meaning it must be able to utilize
small sample volumes and require minimal training and power. Therefore, in this study, an
aqueous two-phase polymer-salt system, which can be scalable for small sample volumes and
designed to require minimal training and power, was investigated for concentrating a model
virus, M13, prior to its detection via LFA. Furthermore, the aqueous two-phase polymer-salt

system studied in this investigation is an improvement over the aqueous two-phase micellar
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system previously studied by our research group [83] due to the faster phase separation time. The
aqueous two-phase polymer-salt system was generated using PEG and potassium phosphate salt
in phosphate-buffered saline. The partitioning behavior of M13 is expected to result from the
hydrophilic nature of the outer viral coat and the repulsive, steric, excluded-volume interactions
that operate between the polymer and M13 particles. The volume ratio was subsequently
manipulated to concentrate M13 particles in the bottom, polymer-poor phase. For large partition
coefficients, the concentration factor can be shown to depend on the volume ratio. At a volume
ratio of 1/9, M13 particles were concentrated in the bottom phase by approximately 9 fold,
matching closely with our predictions.

After demonstrating that we could concentrate M13 in the aqueous two-phase polymer-
salt system in a predictive manner, we developed an LFA for the detection of M13 in-solution.
The detection limit of the M13 LFA itself was found to be 5x10® pfu/mL. M13 was
subsequently concentrated approximately 10-fold by utilizing the aqueous two-phase polymer-
salt system, which led to a 10-fold improvement in the LFA detection limit to 5x10’ pfu/mL.
Therefore, we demonstrated that aqueous two-phase polymer-salt systems can be utilized to
concentrate a target virus prior to the detection step. This was shown to improve the detection
limit of the LFA and thereby increase the sensitivity of the immunoassay. This represents the
first time that a fast phase separating aqueous two-phase system has been combined with LFA,
and is an advance from our previous proof-of-concept study involving aqueous two-phase
micellar systems. Furthermore, we show that when using alternative colloidal gold nanoparticles
modified with a layer of PEG to provide stability in the high-salt containing solutions, the
viability of the LFA is still maintained, and is a novel addition to the assay. In the future, higher

concentration factors that yield even lower detection limits can be obtained through manipulating
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operating conditions to obtain even lower volume ratios or performing extractions-in-series. We
believe once optimized, the novel approach of utilizing aqueous two-phase systems to
concentrate target biomolecules, such as infectious viruses, prior to the detection step could
significantly improve the sensitivity of LFA. This in turn would enhance the LFA’s effectiveness

as a POC solution for preventing pandemic outbreaks, as well as for detecting biowarfare agents.
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Chapter 4: Concluding Remarks

In this thesis, we have developed and demonstrated novel approaches for enhancing the
lateral-flow immunoassay (LFA) detection of both proteins and viruses for applications in point-
of-care diagnostics. This was accomplished by employing aqueous two-phase systems (ATPS) to
concentrate the biomolecule target prior to its detection. In the first part of the thesis, we showed
that small biomolecule targets, such as proteins, which partition evenly between the two-phases,
could still be concentrated by employing colloidal gold nanoparticles to “fish” the target
biomolecule into one of the two phases. A model protein, namely transferrin (Tf), was
successfully concentrated using this method in an aqueous two-phase micellar system. Though
this “fishing” approach was demonstrated using an aqueous two-phase micellar system, this
method could be extended to other types of ATPS for concentrating small biomolecules. In the
second part of the thesis, we successfully developed a method for concentrating a model virus,
namely bacteriophage M13 (M13) in an aqueous two-phase polymer-salt system. This system,
which phase separates on the order of minutes, is an improvement to our previous proof-of-
principle study, which employed an aqueous two-phase micellar system that phase separates on
the order of hours. This is a significant advance for the implementation of this technique geared
towards improving detection and diagnostics in the point-of-care setting. In addition, we
developed a new approach to the LFA test by modifying the colloidal gold nanoparticles to
increase their stability in solutions of high-salt content. For both proteins and viruses, combining
the concentration step with the LFA led to a 10-fold improvement of both detection limits. Table
4.1 below summarizes the novel developments and improvements to the capabilities of the

biomolecule concentration method using the two ATPS that were investigated in this thesis.
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Table 4.1. Summary of the novel developments and improvements to the capabilities of the

biomolecule concentration method using ATPS.

ATPS Constituents Develqpe_d Phase separation
Capabilities time
“Fishing” with
colloidal gold probes
Aqueous Triton X-114 allows concentration
two-phase surfactant of small 18 hours
micellar system biomolecules
(<10 nm)
such as proteins
Faster phase
separation time is
more appropriate for
point-of-care
PEG8000 polymer diagnostics
Aqueous and
two-phase . Modified gold- < 30 minutes
Potassium-phosphate .
polymer-salt system salt nanoparticles to

achieve stability and

prevent aggregation
of the particles in
high-salt solutions
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